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Abstract

Abstract
Tissue hypoxia has been implicated in the pathogenesis of various kidney
diseases. Yet, because of technical limitations, temporal and spatial aspects of tissue
hypoxia in the pathogenesis of kidney disease have received little attention. The
recent development of the oxygen telemeter allowed for the possibility for the
investigation into the contribution of tissue hypoxia in the progression of kidney
diseases over long periods of time. We validated and established that the inherent
offset in the telemeter was stable throughout the implantation period after a 5 day
‘bedding in’ period.
The primary aim of this PhD project was to utilize the recently developed
oxygen

telemeter;

the

Clark

electrode

and

pimonidazole

adduct

immunohistochemistry to determine both the temporal and spatial distribution of
tissue hypoxia in the subacute phase of acute kidney injury induced by renal
ischemia reperfusion injury. The tissue damage in response to an hour of anoxia was
vast, such that tubular elements were often observed to be riddled with intraluminal
casts, cellular sloughing and thinning of the epithelium. Interestingly, despite the
extensive cellular damage, we could not detect tissue hypoxia at 24 h and 5 days
after reperfusion of the kidney in both the cortex and the medulla using the oxygen
telemeter and the Clark electrode. In contrast, the widespread staining pattern of
pimonidazole adduct suggest otherwise i.e. cellular hypoxia was prominent in the
subacute phase of ischemia reperfusion injury. A large proportion of these stained
adducts was associated with tissue damage. Thus, the presence of these adducts
was likely artifactual and is not reflective of ‘true hypoxia’. The absence of tissue
hypoxia was likely contributed by the marked reduction of renal oxygen consumption
and well maintained renal oxygen delivery. In conclusion, the absence of tissue
XVIII

Abstract

hypoxia in the acute and subacute phase of ischemia reperfusion injury indicates that
tissue hypoxia may not be an important driver of the pathogenesis of ischemia
reperfusion injury. However, tissue damage in the subacute phase may lead to tissue
hypoxia in the chronic phase of ischemia reperfusion injury. This line of inquiry could
be investigated by instrumenting rats with the oxygen telemeter for weeks following
recovery from ischemia surgery.
Using Clark electrodes, we directly quantified tissue PO2 in rats with
advanced polycystic kidney disease. There was extensive tissue hypoxia in both the
renal parenchyma and within the cysts. Renal tissue hypoxia in these rats was driven
by a greater reduction in renal oxygen delivery than renal oxygen consumption.
The data presented in this thesis reinforce the need to consider both spatial
and temporal aspects of tissue hypoxia in various forms of kidney disease in order to
verify the importance of tissue hypoxia in driving the pathogenesis of kidney
diseases.
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1.1. OVERVIEW: THE CLINICAL PROBLEM OF KIDNEY DISEASES
Our ever-growing knowledge in medical sciences and the accompanying
advancement of medical technologies incrementally improve patient care and quality
of life. Yet, it is likely one of the “culprits” that either directly or indirectly results in the
increasing incidence of acute kidney injury (AKI), particularly in hospital settings, and
the increasing global prevalence of chronic kidney disease (CKD). This is because,
accompanied with the favorable advancements are i) the global shift from infectious
disease and infant/childhood mortality to slowly developing chronic conditions such
as diabetes, hypertension and CKD (35) and ii) the increasing incidence of iatrogenic
complications after potentially life-saving medical procedures, resulting in the
increased incidence of hospital-acquired AKI. Indeed, deaths resulting from CKD
worldwide doubled between 1990 and 2010 (33). It was also estimated that as much
as two-thirds of patients either enter the intensive care unit (ICU) with AKI or go on to
develop it during their admission (22). Both CKD and AKI are associated with
significant morbidity and mortality (23, 27). While the timing of development of the
disease/condition and the underlying etiologies vary widely between both classes of
kidney disease, one commonality between them is the presence of tissue hypoxia
during progression of the disease. Tissue hypoxia has been observed in kidney
diseases of varying etiology (29, 37, 51) and has thus been thought to be an
important contributing factor in the pathogenesis of kidney disease. The focus of this
PhD project is the critical evaluation of the role that tissue hypoxia plays in the
pathogenesis of two animal models of kidney disease, using both established and
newly developed techniques of varying temporal and spatial resolution.
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1.2. THE ROLE OF TISSUE HYPOXIA IN KIDNEY DISEASES
Adequate oxygenation of tissues is often an obligate requirement for the
proper functioning of body systems. Disruption of the delicate balance between renal
oxygen delivery (DO2) and oxygen consumption (VO2) may increase the
predisposition for the development of a hypoxic milieu in the tissues, which can be
deleterious (15). The pathogenesis of AKI and CKD is interlinked (11), in that AKI
predisposes individuals to later development of CKD (13) and CKD predisposes
patients to development of AKI (42). This phenomenon is hypothesized to be driven
by the dysregulation of renal tissue oxygenation following insults to the kidney, which
eventually result in a vicious cycle (Fig 1.1) of renal tissue hypoxia and tissue injury
(16, 17).

Figure 1.1: Hypothesized relationship between tissue hypoxia and tissue
injury. Initial insults to the kidney, if severe enough, result in tissue injury. The tissue
injury likely includes capillary rarefaction, tubular atrophy and oxidative stress, which
in turn drive tissue hypoxia. Sustained tissue hypoxia can result in the upregulation of
inflammatory cascades, increased fibrogenesis and cellular death. The intertwined
phenomena of tissue hypoxia and tissue injury are proposed to result in a vicious
cycle described as the ‘chronic hypoxia hypothesis’ (17).
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Since the proposal of the ‘chronic hypoxia hypothesis’ almost 2 decades ago
(17), there have been considerable observations of the presence of tissue hypoxia in
various stages of kidney disease. Yet, despite this evidence for the presence of
diminished tissue oxygen levels in various forms of kidney disease, there has been
inadequate critical evaluation of the evidence for and against the hypothesis that
hypoxia is a major driver of pathogenesis. We propose that the following 6 lines of
evidence are needed to critically evaluate, and thus confirm or refute, the chronic
hypoxia hypothesis.
1)

Is the development of kidney disease always associated with tissue
hypoxia?

2)

Does tissue hypoxia drive signaling cascades that lead to tissue damage?

3)

Does tissue hypoxia per se lead to kidney disease?

4)

Does tissue hypoxia precede pathology?

5)

Is there co-localization of tissue hypoxia and pathology?

6)

Does prevention of tissue hypoxia prevent kidney disease?
The available evidence, both for and against a critical role of hypoxia in the

development of AKI and CKD, are reviewed and detailed in Chapter 2 of this thesis.
Of the 6 lines of evidence that we propose above, this PhD project was mainly
focused on shedding more light on lines 4 and 5. That is, we sought to examine the
temporal and spatial relationships between tissue hypoxia in the pathogenesis of
kidney disease. The obvious reason for the lack of evidence regarding the temporal
relationship between tissue hypoxia and kidney disease has been the general lack of
methods for continuous assessment of tissue oxygenation in conscious freely moving
animals. Recent development of the oxygen telemeter (24, 25) for use in rats and the
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chronic implantation of fiber optic probes in ewes (8, 28) made it possible to directly
and quantitatively assess tissue oxygen tension in animal models of kidney disease.

Figure 1.2: The strengths and limitations of methods employed in the
experimental studies described in this thesis. In order to establish the temporal
and spatial relationship between tissue hypoxia and kidney disease, we employed
three different methods, each of varying temporal and spatial resolution, for the
assessment of tissue oxygenation. * Denotes the Clark electrode. PO2: tissue oxygen
tension.
The development of an immunohistochemical marker of cellular hypoxia (46,
47), pimonidazole adduct immunohistochemistry, allows qualitative assessment of
renal tissue hypoxia and studies of the co-localization of cellular hypoxia and renal
damage. In this thesis, we used three different methods (Fig 1.2); the recently
developed oxygen telemeter, the immunohistochemical marker pimonidazole, and
the gold standard Clark electrode (12) to evaluate the temporal and spatial
relationships between changes in oxygenation of the kidney and the progression of
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polycystic kidney disease (PKD) and ischemia reperfusion injury (IRI). The underlying
principles and methodology associated with the use of these techniques are detailed
in Chapter 3.

1.3. HOW ARE THE DETERMINANTS OF TISSUE OXYGENATION
ALTERED IN POLYCYSTIC KIDNEY DISEASE?
PKD is a slow and debilitating inheritable kidney disease (21). Autosomal
dominant PKD is one of the major causes of genetically acquired CKD (44). It is
characterized by increased angiogenesis (6) and the enhanced proliferation of the
tubular epithelium (49) resulting in the formation of fluid-filled cysts in the entire
kidney. Total kidney volume, reflective of the expansion of fluid-filled cysts, increases
with age (9) and eventually results in renomegaly. Expansion of these fluid-filled
cysts causes significant compression and abnormalities to the renal vasculature such
that capillaries and arterioles appear to be flattened and tortuous (48). These
vascular abnormalities likely have a negative impact on renal DO2 and thus
oxygenation of the renal parenchyma. Additionally, increased deposition of fibrotic
tissue in the interstitium likely has a negative impact on renal DO2 as the diffusion
distance required for molecular oxygen to reach surrounding viable tissues
increases. Renal DO2 may be further compromised as a result of vasoconstriction
due to the upregulation of the intrarenal renin-angiotensin system (10, 32). Besides
renal DO2, the other major determinant of renal tissue oxygen tension (PO2) is the
consumption of oxygen by the kidney. Inappropriately high renal VO2 and reduced
renal DO2 may contribute to the kidney being in a hypoxic state, further driving the
severity of tissue damage. Translocation of Na+-K+ ATPase pumps from the
basolateral to the apical membrane of tubules (50) along with the increased

Chapter 1

6

Renal Tissue Hypoxia in Kidney Disease

localization of Na+-K+ ATPase pumps in the collecting ducts (45) may result in
increased renal VO2 as efficiency for tubular sodium reabsorption decreases.
The abovementioned factors are likely to have a major impact in driving the
observed cellular hypoxia that is mostly localized to the tubular epithelium (14). We
hypothesize that the kidney is hypoxic in PKD and that it is driven by an impairment
of renal DO2 and inefficient oxygen utilization for sodium reabsorption. Therefore in
the studies described in Chapter 4, we sought to i) characterize tissue PO2 in the
renal parenchyma and within the fluid-filled cysts using the Clark electrode and ii) to
evaluate the contributions of alterations of renal DO2 and VO2 in driving tissue
hypoxia in a rat model of PKD that mimics many of the clinical characteristics of
autosomal dominant PKD.

1.4. TISSUE OXYGENATION IN RENAL ISCHEMIA REPERFUSION
INJURY
Renal ischemia is commonly associated with many potentially life-saving
medical procedures such as cardiac surgery requiring cardiopulmonary bypass (43),
removal of renal carcinoma (40), renal transplantation (26), and imaging procedures
requiring administration of radiocontrast agents (20). Amongst the various underlying
etiologies of AKI, IRI is the most common cause of AKI in the hospital setting (34).
There is some evidence from studies in experimental animals for a role of hypoxia,
both during the period of ischemia and in the first hours after reperfusion, in the
development of AKI (29, 36). To study renal oxygenation during and after IRI as a
consequence of surgical interventions, many researchers have utilized models of
aortic cross-clamping for the temporary cessation of blood flow (29, 41). In these
models, blood flow is temporarily prevented to tissues below the level of the
occlusion. Consequently, these experimental models reflect systemic ischemia, at
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least below the level of the vascular clamp. Following reperfusion in these models,
renal tissue injury due to influx of inflammatory cascades, vasoconstriction and
oxidative stress may be enhanced, all of which could result in worsened renal
outcomes (18). Thus, it is not surprising that renal tissue hypoxia has been observed
in these models of IRI (29, 31, 41). To investigate the effects of ischemic insults
localized to the kidney, we conducted experiments in which temporary clamping of
the renal arteries and/or the renal vein was carried out, ceasing blood flow only at the
level of the kidney (1).
Using this model of renal IRI, we have established that during the acute
period (2 h) post reperfusion of the kidney, tissue oxygenation in the cortex and
medulla was relatively well maintained (1). Thus, these findings indicate that, when
ischemia is only localized to the kidney, tissue hypoxia may not be an obligatory
event in the acute period of renal IRI. However, while widespread tissue hypoxia in
the cortex and medulla may not have developed in the early hours following
reperfusion of the kidney, localized tissue hypoxia might still be present. Even under
physiological conditions, intrarenal perfusion, and thus renal tissue oxygenation, is
heterogeneous (30). Heterogeneity in tissue oxygen tension, coupled with
heterogeneity of oxygen consumption for tubular sodium reabsorption along the
nephron (19) may render some localized regions of the kidney more susceptible to
tissue hypoxia than other regions. The presence of localized renal tissue hypoxia in
IRI is supported by the findings of studies using blood oxygen level dependent
magnetic resonance imaging, showing that the outer medulla can be rendered
hypoxic while the cortex and the inner medulla are relatively unaffected (36, 38). This
proposition provides the impetus for examination of the spatial distribution of tissue
hypoxia in the acute phase of renal IRI. If localized cellular hypoxia is indeed present,
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it may contribute to the development of the abnormalities in tubular morphology often
observed in patients with AKI (7). To examine this proposition, we employed an
immunohistochemical method for the detection of cellular hypoxia, which required
pre-treatment of animals with pimonidazole chloride. Renal tissue can then be
perfusion fixed to allow localization of pimonidazole adducts that form in areas where
tissue PO2 is less than 10 mmHg (39). These studies of the spatial distribution of
renal tissue hypoxia two hours after reperfusion in a rat model of IRI, in a model in
which ischemia is localized to the kidney, are described in Chapter 5 of this thesis.
The development of the telemetric device that responds to changes in
oxygen concentration represents an important milestone in studies of tissue
oxygenation. However, one of the potential limitations of this method is the potential
for the offset level of the telemeter to change after implantation (24). Before we could
confidently use this method for the critical analysis of changes in tissue oxygenation
under experimental conditions, we first assessed the stability of the inherent offset
over time. This was achieved by implantation of an inflatable cuff around the renal
artery, together with the oxygen telemeter. Temporary cessation of blood flow, daily
across the course of implantation, allowed us to determine whether this offset value
changes over time after implantation. These studies are described in Chapter 6 of
this thesis.
One of the critical pieces of evidence required to implicate tissue hypoxia in
the pathogenesis of kidney disease is the demonstration that tissue hypoxia is
present during the development of disease. There is now good evidence that AKI can
progress to CKD that is characterized by fibrosis, capillary rarefaction, and tissue
hypoxia (3-5). Thus, the subacute phase (days to weeks after reperfusion) of IRI
provides a window of opportunity to examine the role of renal hypoxia in progression
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to CKD. Renal damage may either be resolved via reparative mechanisms or be
sustained and exacerbated as a result of maladaptive repair during this subacute
phase (2). Thus, the state of renal oxygenation in the subacute phase of IRI may be
an important factor in determining the longer-term outcomes after IRI. The recent
development of a chronically implantable oxygen telemeter allows exquisite temporal
resolution of renal tissue oxygenation (24, 25). Therefore, in the studies described in
Chapter 7 of this thesis, we employed this technique to document the changes in
oxygenation of the inner medulla during the first week of IRI. In complementary
studies, we used Clark electrodes to assess renal tissue oxygenation 24 h and 5
days after reperfusion, while using blood oximetry to quantify renal DO2 and VO2. To
further investigate the potential for localized cellular hypoxia in the subacute phase of
IRI, in the studies described in Chapter 8 of this thesis, we employed the use of
pimonidazole adduct immunohistochemistry.
The chief aim of this PhD project was to examine the temporal and spatial
relationships between tissue hypoxia and the pathogenesis of AKI and CKD. To
achieve this, we used a combination of techniques, each of varying spatial and
temporal resolution. These techniques are briefly described below and are described
in more detail in Chapter 3 of this thesis:
1) The oxygen telemeter
The oxygen sensing carbon paste electrodes were implanted in the inner
medulla of the left kidney, allowing continuous assessment of tissue oxygenation in
freely moving rats. Critically, this method allows assessment of tissue oxygenation in
the absence of stress from manual handling and the confounding effects of
anesthesia. The technique has been validated previously (24, 25). In the studies
described in Chapter 6 of this thesis we performed experiments to further test the
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validity of the method. This technique was then used to establish the temporal profile
of tissue oxygenation in renal IRI (Chapter 7).
2) Clark electrode in combination with blood oximetry
The Clark electrode has a fine tip (10 - 50 µm in our studies) allowing for finegrained resolution of tissue PO2. However, these electrodes are extremely fragile and
thus not suitable for chronic implantation. Consequently, measurements made using
this technique are confounded by the effects of anesthesia. Nevertheless, the
electrode can be positioned in multiple locations of the kidney, so providing some
information regarding the spatial distribution of tissue PO2. It can also be used in
conjunction with blood oximetry to determine renal DO2 and VO2. This approach was
applied to rat models of PKD (Chapter 4) and IRI (Chapter 7).
3) Pimonidazole adduct immunohistochemistry
Pimonidazole adduct immunohistochemistry provides excellent spatial
resolution of tissue hypoxia (39). We employed this method to test for the presence
of localized tissue hypoxia in the kidney 2 h (Chapter 5) and 24 h and 5 days
(Chapter 8) after renal ischemia.
The studies described in this thesis were aimed at improving our
understanding of the role of renal tissue hypoxia in the development of kidney
disease.
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2
The Temporal and Spatial
Relationships between Renal
Tissue Hypoxia and Kidney
Disease

Tissue Hypoxia and Kidney Disease

2.1. ABSTRACT
Tissue hypoxia has been proposed to be an important factor in the
pathogenesis of both chronic kidney disease (CKD) and acute kidney injury (AKI).
Tissue hypoxia, at various stages during the pathogenesis of kidney disease, is
thought to propagate tissue injury resulting in a vicious cycle of tissue hypoxia and
tissue injury. We propose that critical evaluation of the role of tissue hypoxia in the
development of kidney disease requires answers to the following questions:
1) Is the development of kidney disease always associated with tissue hypoxia?
2) Does tissue hypoxia drive signaling cascades that lead to tissue damage and
dysfunction?
3) Does tissue hypoxia per se lead to kidney disease?
4) Does tissue hypoxia precede pathology?
5) Is there co-localization of tissue hypoxia and pathology?
6) Does prevention of tissue hypoxia prevent kidney disease?
Our review of the literature related to these questions indicates that hypoxia
is a common feature of both AKI and CKD. Furthermore, at least under in vitro
conditions, renal tissue hypoxia drives signaling cascades that lead to tissue damage
and dysfunction. Tissue hypoxia itself can lead to renal pathology, independent of
other known risk factors for kidney disease. There is also some evidence that tissue
hypoxia precedes renal pathology, at least in some forms of AKI and CKD. However,
we have made relatively little progress in determining the spatial relationships
between tissue hypoxia and pathological processes (i.e. co-localization) or whether
therapies targeted to reduce tissue hypoxia can prevent or delay the progression of
renal disease. Thus, the hypothesis that tissue hypoxia is a ‘common pathway’ to
both CKD and AKI still remains to be adequately tested.
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2.2. INTRODUCTION
Kidney disease is broadly classified into two categories depending on the
rate of decline of renal function. Acute kidney injury (AKI) is characterized by a rapid
decline in renal function, typically within 72 h of an initial insult to the kidney. It is a
common complication of major surgery (24, 123, 134), imaging procedures that
require administration of radiocontrast agents (116, 121) and community or hospital
acquired infections resulting in sepsis (14, 122). The incidence of AKI in the hospital
setting varies widely between populations (185, 191). It has been estimated that two
thirds of the patient population in the intensive care unit (ICU) develop AKI (79).
Furthermore, 4-5% of patients in the ICU develop AKI severe enough to require renal
replacement therapy (79).
Chronic kidney disease (CKD), on the other hand, is commonly characterized
by the slow decline of renal function, over months and years (37). It often develops in
association with other co-morbidities such as hypertension (146), diabetes (142),
dysregulation of the immune system (100), or genetic abnormalities (78, 126). The
United States Renal Data System reported that the prevalence of CKD from 2005 to
2010 was 14% (201). Worldwide, the prevalence of CKD ranges from 8 to 16% (86).
Renal tissue hypoxia has been proposed as a common feature of both AKI
and CKD (36, 73, 130). In 1998, Fine et al, proposed the ‘chronic hypoxia
hypothesis’. They proposed that tissue hypoxia is a critical driver of the pathogenesis
of CKD, based largely on the proposition that the hallmarks of tissue damage in CKD,
such as tubulointerstitial fibrosis and capillary rarefaction, can be initiated and
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propagated by tissue hypoxia (47, 48). According to the chronic hypoxia hypothesis,
the abnormal tissue and vascular architecture resulting from such damage can
further propagate tissue hypoxia, setting in train a vicious cycle. Since the initial
presentation of the hypothesis, considerable evidence has been generated to support
an association of tissue hypoxia with multiple forms of CKD. However, as we will
discuss in detail herein, direct evidence of causation is rather limited.
It has also been proposed that tissue hypoxia plays a critical role in the
initiation and progression of AKI (186). AKI is often acquired in the hospital setting. In
such instances, individuals usually have underlying conditions that predispose them
to development of AKI. Temporary cessation of renal perfusion, commonly required
during renal transplantation (97), resection of renal mass (176) or reparation of an
aneurysm (128), is reported to be the greatest cause of hospital acquired renal
insufficiency (132). During such procedures, renal ischemia, and thus reduced renal
oxygen delivery, is inevitable (107, 109, 183). The heavily respiring outer medulla is
particularly sensitive to acute reductions of renal oxygen delivery (5, 107, 139). Outer
medullary hypoxia can then result in tubular necrosis, tubular and capillary
obstruction (74), loss of mitochondrial integrity (194) and oxidative stress (93). In the
longer term, tissue hypoxia may contribute to interstitial fibrosis and vascular
rarefaction that may then further exacerbate renal tissue hypoxia, setting in train a
vicious cycle just as Fine et al proposed in CKD (111).
In this article we address the evidence that dysregulation of renal tissue
oxygenation plays specific roles in the pathogenesis of both CKD and AKI. Therefore,
we performed a systematic review of the literature related to the potential roles of
hypoxia in renal pathology. To this end, in a Medline search we used the Medical
Subject Headings (MESH) and keywords “acute kidney injury” (33274 results) or
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“acute renal failure” (37902 results) or “chronic kidney disease” (18787 results) or
“polycystic kidney disease” (8622 results) and “hypoxia” or “anoxia” (107852), giving
a combined return of 646 results.
We propose that there are at least six lines of evidence that are required in
order to confirm or refute the hypothesis that renal tissue hypoxia initiates and drives
the progression of CKD and AKI. These are presented below as a series of six
questions, which we then address in turn.
1)

Is the development of kidney disease always associated with tissue hypoxia?

2)

Does tissue hypoxia drive signaling cascades that lead to tissue damage and
dysfunction?

3)

Does tissue hypoxia per se lead to kidney disease?

4)

Does tissue hypoxia precede pathology?

5)

Is there co-localization of tissue hypoxia and pathology?

6)

Does prevention of tissue hypoxia prevent kidney disease?

2.3. IS THE DEVELOPMENT OF KIDNEY DISEASE ALWAYS
ASSOCIATED WITH TISSUE HYPOXIA?
Before directly addressing this question, we must consider the strengths and
limitations of the various techniques used for the assessment of renal tissue
oxygenation. These have previously been reviewed in detail (42). In brief,
polarographic electrodes such as the Clark type electrode can directly quantify tissue
oxygen tension (PO2) (25). This method is highly invasive so does not allow for longterm measurements or studies in freely moving animals. It is also not suitable for use
in the clinical setting. Immunohistochemical methods such as pimonidazole adduct
immunohistochemistry provide qualitative assessment of tissue hypoxia with high
spatial resolution (200). However, positive staining is only indicative of tissue PO2
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less than 10 mmHg, and the method can only be applied at discrete single time
points.
Blood-oxygen level dependent magnetic resonance imaging (BOLD-MRI) is
non-invasive and can be used in experimental and clinical settings over multiple time
points. Thus, BOLD-MRI has the potential to characterize the evolution of tissue
hypoxia during the development of kidney disease. The major limitation of this
technique

is

that

it

is

indirect.

BOLD-MRI

assesses

the

proportion

of

deoxyhemoglobin to oxyhemoglobin in the blood (152) and thus only provides a
semi-quantitative and indirect measurement of tissue PO2. Other indirect methods for
assessment of tissue oxygenation such as immunohistochemistry or western blotting
for hypoxia inducible factor (HIF) provide information regarding downstream signaling
pathways arising in response to reduced tissue oxygenation and adaptive responses
to tissue damage (131). However, such methods assess the cellular responses to
hypoxia rather than hypoxia itself, which likely vary depending on physiological and
pathological conditions. Most recently, methods have been described that allow
continuous measurement of renal tissue PO2 in experimental animals (17, 19, 95,
96). These techniques promise to deliver exquisite temporal resolution of kidney
oxygenation in both small and large animal models of kidney disease. However, they
are yet to be widely employed to study models of kidney disease (17, 103).
2.3.1. Chronic kidney disease
CKD is a complex and multi-factorial disease often complicated by comorbidities such as diabetes and hypertension. However, despite the seemingly
varying underlying etiology across different forms of CKD, tissue hypoxia almost
always develops at some stage during progression of the disease (Fig 2.1). For
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example, tissue hypoxia appears to be common in kidney diseases of genetic nature.
Polycystic kidney disease (PKD) is the most common genetic form of CKD. It is
characterized by excessive and uncontrolled tubular epithelial proliferation resulting
in the formation of fluid-filled cysts (82) and thus renomegaly (22, 58). The increased
total kidney volume in conjunction with increased angiogenesis, results in flattened
and tortuous capillaries and arterioles (206). Vascular remodeling and the expansion
of the tubules in PKD not only has the potential to decrease tissue perfusion, it also
has the potential to increase the distance over which oxygen must diffuse to reach
renal tissue. There is also evidence that oxygen demand, at least in proportion to the
level of sodium reabsorption, is augmented in PKD (141). Thus, both decreased
oxygen supply to the tissue and inappropriately high oxygen consumption likely
contribute to the severe tissue hypoxia that has been observed using both
quantitative (141) and qualitative methods (10, 11, 31).
Systemic lupus erythematous is a polygenic auto-immune disorder of noncystic nature characterized by the presence of antinuclear antibodies indicative of an
aberrant immune response to autoantigens (118, 198). The aberrant immune
response in lupus nephritis (LN) (104) can promote fibrogenesis via production of
inflammatory cytokines (2, 213, 214) and can result in an expansion of extracellular
matrix that could ultimately contribute to tissue hypoxia by increasing the distance for
diffusion of oxygen to tissue. Deng et al assessed the expression of hypoxia
inducible factor 1-alpha (HIF-1α) in renal biopsies obtained from patients with LN and
revealed an abundance of HIF-1α in the glomerulus (29). Critically, HIF-1α
expression was positively correlated with severity of the disease and proliferative
index in LN (29). The positive correlation of downstream activation of hypoxia
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response elements, by way of increased HIF-1α protein levels, and severity of the
disease suggests that tissue hypoxia may contribute to the progression of LN.

Figure 2.1: Evidence of renal hypoxia in various forms of chronic kidney
disease. Panel A shows cortical tissue oxygen tension (PO2) measured by Clark
electrode in control rats (Lewis), and in the renal parenchyma (LPK(P)) and within the
renal cysts (LPK(C)) in a rat model of polycystic kidney disease. Panel B shows
images generated by blood oxygen level dependent magnetic resonance imaging
(BOLD-MRI) from patients with and without diabetic nephropathy. Note the greater
proportion of deoxyhemoglobin in the blood within the kidney in the individual with
diabetic nephropathy than the control subject. Panel C shows glomeruli in renal
sections from a mouse with lupus nephritis and a control mouse. Note the positive
(brown) staining for hypoxia inducible factor-1α in the glomerulus from the mouse
with lupus nephritis. Panel D shows immunohistochemical staining for pimonidazole
adducts (brown) in kidney tissue from a control rat and a rat with chronic kidney
disease induced by the removal of 5/6th of the kidney (remnant kidney). Images were
reproduced with permission from: (A), Ow et al (141), (B), Yin et al (212), (C), Deng
et al (29), (D), Palm et al (145).
One of the major co-morbidities associated with CKD is diabetes. In animal
models of diabetic nephropathy, hypoxia at the cellular and tissue level is positively

Chapter 2

23

Tissue Hypoxia and Kidney Disease

associated with the disease (143, 165). Treatment with insulin abolished cellular
hypoxia, suggesting that cellular hypoxia is dependent on hyperglycemia (165).
Extending these observations to the clinical setting, several studies using BOLD-MRI
provided evidence that the proportion of deoxygenated hemoglobin in the cortex and
medulla is greater in patients with diabetic nephropathy than those without (124, 212).
In contrast, using the same technique, Wang et al could not detect differences in the
BOLD signal in the renal cortex of patients with diabetic nephropathy compared to
healthy volunteers (205). Indeed, the medulla actually appeared to be better
oxygenated in patients with diabetic nephropathy than in controls (205). Additionally,
a population study of patients with CKD (inclusive of patients with diabetic
nephropathy) replicated similar findings to that of Wang et al in that tissue hypoxia
could not be detected (156).
The discrepancies in these clinical observations may be due to i) the relative
sensitivity of the BOLD-MRI technique to changes in tissue oxygenation per se and ii)
differences between studies in the severity of CKD in the patient population.
Importantly, the disparity in observations using BOLD-MRI in human diabetic
nephropathy indicate that the relationship between tissue hypoxia and progression of
the disease is likely complex. The absence of tissue hypoxia during any particular
stage cannot rule out a pathogenic role during an earlier or later stage. On the other
hand, the presence of hypoxia, even if throughout the natural history of kidney
disease, does not provide evidence that hypoxia contributes mechanistically to the
development of diabetic nephropathy.
Reduction of renal mass (a model used extensively in studies of the
pathogenesis of CKD) reduces the number of viable nephrons, resulting in
compensatory increases in single nephron glomerular filtration rate (GFR) (80). The
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increase in single nephron GFR appears to drive increased oxygen consumption in
the remaining viable nephrons (80, 133, 195). This, and other factors such as fibrosis
(192, 210) and oxidative stress (23, 101, 195), may drive the development of
tubulointerstitial hypoxia (Fig 2.1D). Following renal resection, the cortex (101, 125,
145) and medulla (125) have been shown to be hypoxic, suggesting that tissue
hypoxia may contribute to the progression of the disease. In contrast, Priyadarshi et
al observed that cortical and medullary tissue PO2 was greater, 6 to 8 weeks
following renal mass reduction (155). The discrepancy between these observations
may be related to the time course of progression of the disease. That is, tissue
hypoxia may be important in the acute and subacute phase following renal resection,
but not in the longer term. Nevertheless, the balance of evidence suggests that tissue
hypoxia is a characteristic of the remnant kidney model.
One of the determining factors for renal tissue oxygenation is renal blood
flow. Reduction in blood flow and compromised perfusion may result in reduced renal
oxygen delivery, subsequently resulting in tissue hypoxia. In renovascular disease,
once the narrowing of the main renal artery or its proximal branches reaches a critical
stage, marked reductions in renal blood flow occur (163, 173). Examination of renal
tissue oxygenation in animal models of renovascular disease has yielded conflicting
results, likely due to differences in severity and the time course progression of the
disease. Palm and colleagues found, in a rat model of renovascular disease, that
cortical hypoxia developed three weeks after stenosis and was accompanied by a
reduction in renal blood flow (144, 207). In contrast, Rognant and colleagues, using
BOLD-MRI, found that renal blood oxygenation changed little in the four weeks
following stenosis (163). In the clinical setting, patients with renovascular disease
had rather well oxygenated renal blood in comparison to the contralateral kidney,
Chapter 2

25

Tissue Hypoxia and Kidney Disease

despite reductions in cortical and medullary blood flow (56, 170, 171). However, it
appears that cortical hypoxia may develop once the stenosis reaches a critical level (>
70%) so that cortical blood flow is markedly reduced (55). The explanation for these
disparate findings may lie in the effect of a stenosis on the balance between oxygen
delivery and oxygen demand. Importantly, reductions in GFR induced by a stenosis
should act to reduce renal oxygen demand and so reduce the risk of renal hypoxia
(43).
2.3.2. Acute kidney injury
AKI is associated with increased morbidity, increased length of stay in
hospital in the case of hospital-acquired AKI, and increased risk of death (79).
Furthermore, patients with prior AKI were found to have a greater risk of developing
CKD and end stage renal disease than those without (26, 112). Renal tissue hypoxia
has been implicated as an important mediator in the pathogenesis of many forms of
AKI including those associated with renal transplantation (166), cardiopulmonary
bypass (148, 188), sepsis (204, 211) and administration of radiocontrast agents (75,
76) (Fig 2.2).
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Figure 2.2: Evidence of renal hypoxia in various forms of acute kidney injury.
Panel A shows the response of medullary tissue oxygen tension (PO2), measured by
Clark electrode in rats, to administration of an iodinated radiocontrast agent (CM).
Panel B shows immunohistochemical staining for pimonidazole adducts in control
mouse and a mouse with sepsis induced by cecal puncture and ligation. Panel C
shows medullary tissue PO2 in pigs, measured by fiber-optic probe, 24 h after
cardiopulmonary bypass or sham surgery. Panel D shows images generated by
blood oxygen-dependent magnetic resonance imaging (BOLD-MRI) in mice, during
renal ischemia and 24 h after reperfusion. Images were reproduced with permission
from: (A), Liss et al (114), (B), Wang et al (204), (C), Patel et al (148), (D),
Oostendorp et al (139).
Ischemia reperfusion injury (IRI) is the leading cause of AKI in the hospital
setting (132). Flow to the kidney is temporarily occluded during surgical procedures
such as renal transplantation (cold ischemia), or resection of a renal tumor or
reparation of an abdominal aneurysm (warm ischemia). Consequentially, oxygen
delivery to the kidney ceases and the kidney becomes anoxic. Following reperfusion
the kidney, particularly the medulla, is observed to be hypoperfused (107).
Hypoperfusion is likely driven by multiple factors, including capillary obstruction
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resulting from infiltration of immune cells, vasoconstriction and loss of endothelial
integrity (13, 30, 181). Hypoperfusion following reperfusion compromises renal
oxygen delivery, thus resulting in tissue hypoxia. Indeed, several investigators have
demonstrated that renal oxygen delivery is compromised following IRI (1, 107, 172,
183). Consequentially, renal tissue and/or cellular hypoxia (27, 107, 139, 150, 183)
develop.

During ‘recovery’ following the initial insult, in addition to impaired

reparation of endothelial damage resulting from IRI, epithelial cells undergo transition
acquiring mesenchymal phenotype contributing to interstitial fibrosis and vascular
rarefaction (6, 7). Increased interstitial fibrosis could impede optimal oxygen delivery
to tissue by increasing the distance for diffusion of oxygen and hence may result in
tissue hypoxia. In the longer term, ischemia-induced vascular rarefaction may
permanently compromise structural integrity, exacerbating underlying tissue hypoxia
and resulting in predisposition towards development of CKD (4, 6, 149).
The opacity of iodinated contrast agents is likely one of the more important
findings in medical history as it allows radiographic imaging of anatomical
boundaries. Iodinated contrast agents are known to be nephrotoxic (67, 196). In
addition to the direct nephrotoxicity effects of contrast agents, renal tissue hypoxia
has been implicated in driving the development of contrast-induced nephropathy
(76). In response to administration of contrast agents, medullary tissue PO2 has been
observed to decrease abruptly in many animal models (72, 114, 115, 153, 215).
These observations are consistent with a role of renal tissue hypoxia in the
pathogenesis of contrast-induced nephropathy.
Sepsis is one of the most common causes of AKI, with an incidence of
between 10 and 48% in the ICU (3, 199). The mortality rate for septic AKI of ~70%
(3, 136), is considerably greater than AKI of non septic nature (~45–60%) (3, 90,
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136, 199) or sepsis alone (~35%) (90). The hallmarks of septic AKI in many animal
models of sepsis are increased renal vasoconstriction and consequently renal
hypoperfusion (174). These observations have been widely replicated (35, 88, 110).
However, recent reports suggest that renal hypoperfusion may not be necessary for
septic AKI to occur (102). Most animal studies model septic AKI injury by infusing
lipopolysaccharide (LPS), a component of the outer surface membrane of gramnegative bacteria, resulting in systemic inflammation and ultimately renal
vasoconstriction (32). In LPS-induced septic AKI, renal blood flow is markedly
reduced and consequently, the under perfused kidneys become hypoxic (34, 84, 108,
204, 211). In contrast to these findings, Tran and colleagues could not detect any
difference in blood oxygenation status in the kidney despite markedly reduced renal
blood flow (197). Nevertheless, the balance of evidence suggests that reduced renal
tissue oxygenation by way of renal hypoperfusion may be a critical factor in driving
renal tissue injury in animal models of LPS-induced septic injury.
One of the marked differences between LPS-induced septic injury in animals
and sepsis in humans is that sepsis in humans is caused by bacterial infection. This
is usually associated with a hyperdynamic state (14). Calzavacca et al recently
modeled sepsis in a sheep by infusing live E.coli, thereby mimicking bacterial
infection in human with sepsis (17). In these ewes, the infusion of live bacteria
causes decreased arterial pressure but increased cardiac output and total peripheral
conductance (18). Despite increased total renal blood flow and well maintained
cortical perfusion and oxygenation, medullary perfusion and oxygenation decreased
(17). Extending this observation to the clinical setting where renal blood flow
increases in patients with sepsis (15, 119), one can then predict that medullary
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oxygenation may be compromised, consequently predisposing patients to developing
renal injury.
Cardiac surgery, particularly when requiring cardiopulmonary bypass (CPB),
is a major cause of AKI. To date, not much is known about renal oxygenation in
human patients during CPB. Stafford-Smith and colleagues, using a blood gas probe,
examined medullary oxygen tension in a porcine model of CPB. They found that 30
min into CPB, medullary PO2 was markedly reduced (188). Medullary hypoxia in
these pigs did not appear to recover 30 min post-CPB (188), suggesting persistent
medullary hypoxia after CPB. Medullary hypoxia also appeared to develop in rats
during CPB, and was augmented by anemia (28). Mathematical models have also
predicted that hemodynamic conditions associated with CPB, including hemodilution
and hypotension, render the medulla susceptible to hypoxia (178).
Renal hypoxia in AKI that occurs after CPB might be associated with
abnormalities in both renal oxygen delivery and consumption. In a prospective study,
Redfors et al assessed the renal hemodynamics of patients with AKI following
cardiac surgery requiring CPB. They demonstrated that renal blood flow (-40%) and
hence renal oxygen delivery was markedly reduced (160). GFR and hence tubular
sodium reabsorption was greatly decreased. Interestingly, the reduction in tubular
workload had no detectable effect on renal oxygen consumption (160). This is
perhaps indicative of inefficient oxygen utilization for sodium reabsorption, which
could be an important contributor to renal tissue hypoxia. Dysregulation of tissue
oxygenation is a common observation in animal models of CPB (28, 147, 188). In a
porcine model of CPB, Patel et al found that, after CPB total renal blood flow was
decreased and the medulla was hypoxic (147). Taken collectively, these
experimental and modeling studies provide evidence for medullary hypoxia during
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and after CPB. It has not yet been possible to confirm this in humans due to the
unavailability of simple and non-invasive methods for assessing medullary hypoxia in
the clinical setting.

2.4. DOES TISSUE HYPOXIA DRIVE SIGNALING CASCADES THAT
LEAD TO TISSUE DAMAGE AND DYSFUNCTION?
Examination of renal biopsies of patients with various kidney diseases
revealed that HIF-1α is often upregulated (11, 27, 29, 63, 135, 166). HIFs are
heterodimeric transcription factors consisting of an oxygen-sensitive α subunit and a
constitutively expressed β subunit (64). In response to hypoxia, the α subunit is
stabilized and subsequently translocates to the nucleus. Dimerization of the α and β
subunits results in the downstream transcription of hypoxia responsive elements (59,
64). There are many known HIF target genes, including but not limited to EPO,
VEGF, TGF-β, ET-1, MMP, NOS2 and Bcl-2. Hence HIFs have complex effects on
cellular activities (91, 177) (Table 2.1). The downstream activation of hypoxia
response genes in response to the activation of HIFs can be beneficial in some
cases, but deleterious in others (62).
2.4.1. HIFs and erythropoietin
Erythropoietin, transcribed from the EPO gene, is the master regulator for the
production of erythrocytes (33). The production of erythropoietin in the peritubular
fibroblasts of the cortex is tightly linked to the level of oxygen in arterial blood such
that in the face of hypoxia, synthesis of erythropoietin increases (33). HIF is the key
factor that directs transcription of the EPO gene (105). The general consensus is
that, during a hypoxic event, the stabilization of HIF-2α results in the transcription of
EPO and the subsequent production of erythrocytes (45, 189). The importance of this
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pathway is further highlighted by the observation that mutations in HIFs themselves,
or factors involved in stabilization/degradation of HIFs, often result in erythrocytosis
(105). Further to its role in the production of red blood cells, it appears that
erythropoietin may modulate tissue injury after an ischemic event by exerting antiapoptotic (180, 209) and anti-inflammatory (81) effects. It thus appears that the
downstream activation of hypoxia-induced production of erythropoietin may be
renoprotective. However, there is emerging evidence of deleterious outcomes in the
longer term that may contribute to worsening/predisposition to CKD. For example,
Gobe et al recently showed that when rats were given recombinant human
erythropoietin at the time of reperfusion, renal fibrosis developed one week after
reperfusion and persisted up to 28 days post treatment in a model of IRI (57). Taken
together, the available data are consistent with the hypothesis that erythropoietin
may be an effective treatment modality during the acute phase of IRI but may
contribute to development of CKD in the longer-term.
2.4.2. HIFs and fibrogenesis
Fibrosis is a hallmark of many forms of AKI and CKD. Fibrogenesis results in
microvascular changes that may ultimately create a barrier that impedes the diffusion
of oxygen into renal tissue, further propagating tissue injury. In response to
physiological hypoxia, the stabilization of HIF-1α in vitro upregulates translation of
lysyl oxidase which in turn drives the epithelial to mesenchymal transition of proximal
tubular epithelial cells (77). The morphology of these polarized epithelial cells
changes. They appear elongated and fibroblast-like and are thus capable of cell
migration. They are thus capable of transmigration into the basement membrane,
contributing to the expansion of the extracellular matrix (ECM) and tubulointerstitial
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fibrosis (63, 77). Regulation of the production and the turnover of the components of
the ECM appear to be tightly linked to the stability of HIF-1α.
There is a delicate balance between the production of ECM and its
destruction. In response to tissue hypoxia in vitro, expression of genes for the
production of collagen, Coll-1 and TGF-β, increases (54, 137, 138). In concert with
upregulation of the other constituents of the ECM such as fibronectin (159) increased
interstitial fibrosis is often observed across many kidney diseases (94, 117, 151). In
contrast, the destruction of ECM is downregulated by the increased activity of
inhibitors

of

metalloproteinases

(MMP)

such

as

the

tissue

inhibitors

of

metalloproteinases (TIMPs). The profibrotic MMPs such as MMP-9 and MMP-2,
whose production is regulated by the activity of TGF-β, can degrade the basement
membrane (190). This may in turn result in a chemotactic response, attracting
neutrophils and macrophages (193). The influx of immune complexes may ultimately
result in the remodeling of the ECM, so contributing to the pathology of various
kidney diseases (21). The activity of MMP inhibitors, the TIMPs, has been reported to
increase in kidney diseases (21). It appears that the activities of TIMP-1 and TIMP-2
increase in response to hypoxic conditions, in association with increased TGF-β and
Coll-1 (140). Thus, hypoxia dependent stabilization of HIF-1α and consequent
translation of downstream genes involved with fibrogenesis may be a critical
pathogenic event in the progression of CKD.
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Table 2.1: The adaptive and maladaptive responses to downstream transcription of various hypoxia responsive genes
induced by the activation of hypoxia inducible factors.
Target Gene of HIF
Function
Adaptive Response
Maladaptive Consequence
activation
Increased erythrocyte production (105), antiErythropoietin
Erythropoiesis
Increased fibrosis (57)
apoptosis (184), anti-inflammatory (168, 169)
Vascular endothelial
growth factor

Angiogenesis

Transforming growth
factor β

Cellular survival

Endothelin-1

Vascular tone

Matrix
metalloproteinases

Extracellular matrix
metabolism

Anti-fibrosis by degradation of the
extracellular matrix (83)

Epithelial-mesenchymal
transition (127), metastasis (87)

Nitric oxide synthase 2

Vascular tone

Vasodilatory

Pro-inflammation (89)

Insulin-like growth
factor 1

Cellular proliferation

Mediator for growth hormone (208) and thus
repair

Stimulate production of
extracellular matrix proteins
(154)
and thus fibrosis (46)

Oxidative stress regulation Anti-apoptotic (182) and anti-autophagic (12)

Arrest of cellular growth (106)

Heme oxygenase 1
Glucose transporter 1

Glucose metabolism

Increased vascular growth (157)

Pro-inflammation(161)
Increased fibrosis (8, 68)
Increased vasoconstriction (60,
98)

Increased anaerobic glycolysis (120)
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2.4.3. HIFs and the innate immune system
The activation (or overactivation) of the innate immune system, and its
priming for the activation of the adaptive immune system following injury, may be
detrimental to the cell (9, 13, 100). Rama and colleagues found that exposure of
immature dendritic cells to hypoxia (0.5% O2) resulted in their differentiation and
maturation, which was associated with a three-fold increase of HIF-1α mRNA (158)
This observation suggests that the activation of innate immunity may be dependent
on hypoxia induced stabilization of HIF-1α (158). Furthermore, HIF-1α activation in
response to hypoxia results in the upregulation of translation of toll-like receptors -2
and -6 mRNA on human dendritic cells ultimately resulting in the production of the
pro-inflammatory cytokine IL-6 (99). In response to the oxygen-starved cellular
environment, neutrophils are upregulated by HIF-1α dependent regulation of NF-κB
(162, 203). On the other hand the accumulation of macrophages at sites of tissue
injury, under hypoxic conditions, increases the gene expression of numerous
proangiogenic, proinflammatory, cytotoxic and immunosuppressive factors (129).
These factors in turn are modulated through the activity of HIF-1α. Thus, the
activation of innate immunity during hypoxic stresses has a wide range of
downstream effects including mechanical plugging of the vasculature, possibly
further compromising blood flow. Consequentially, further recruitment of immune
cells may result in propagative tissue injury and deranged cellular integrity (9, 16).
One of the caveats to consider with regard to the observations described
above is that many of these studies were performed under in vitro conditions. As
such, immortalized cells are often used and they may not mimic the normal
physiology of renal cells in vivo. Furthermore cell cultures may adapt to incubation
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conditions, so may respond to stimuli in a different manner to the cellular response in
vivo. Therefore, it is imperative that we extend these studies to in vivo conditions that
closely represent the physiological adaptations and responses to hypoxic conditions.
One way that we can examine the role of the activation of HIFs and its contribution to
the maladaptive responses to IRI in vivo is through imaging studies. The
improvements in multi-photon imaging in recent years has greatly improved our
ability to image the kidney in living, albeit anesthetized, rodents (65, 187). It is now
possible to simultaneously examine multiple physiological parameters such as blood
flow (179), mitochondrial energetics (66), oxidative stress (69) and leucocyte activity
(20) in vivo. Harnessing the advantages of this imaging technique, one could
examine the involvement of HIFs by examining these parameters in renal disease
using multi-photon imaging in models of HIF knockout, HIF inhibition, or HIF
activation. One limitation of this method is that, because of the limitation in tissue
penetration of the light source, imaging of the kidney is often restricted to the renal
cortex (175). Nevertheless, the combination of multi-photon imaging and models of
altered HIF activity might shed more light on the role of HIFs in the initiation and
progression of kidney disease.

2.5. DOES TISSUE HYPOXIA PER SE LEAD TO KIDNEY DISEASE?
The available evidence relating to this question is scarce. But recently,
Friederich-Persson et al used the mitochondrial uncoupler 2,4-dinitrophenol and the
thyroid hormone triiodothyronine to induce tissue hypoxia by increasing renal oxygen
consumption independent of tubular workload (52, 53). Chronic treatment with either
2,4-dintrophenol or triiodothyronine in rats resulted in increased renal oxygen
consumption and renal tissue hypoxia (52, 53). Interestingly, tissue hypoxia in this
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model was associated with proteinuria (52, 53). Additionally, they demonstrated that
renal tissue hypoxia induced by treatment of 2,4-dinitrophenol was associated with
nephropathy even in the absence of confounding factors such as diabetes,
hypertension, oxidative stress or tubular damage (53), indicating that chronic tissue
hypoxia per se can result in considerable tissue injury independent of traditional risk
factors associated with kidney diseases. The outcomes of the abovementioned
studies are monumental in providing evidence for the causative role of tissue hypoxia
in renal injury.
A major impediment to further progress in our understanding of the role of
tissue hypoxia in the development of kidney disease relates to the nature of the
models we study. Most experimental methods for inducing kidney disease inevitably
also induce tissue hypoxia. For example, in IRI blood flow to the kidney is temporarily
ceased and a period of anoxia is introduced to the kidneys (1, 125). Similarly removal
of 5/6th of renal mass results in hyperfiltration and thus presumably increased oxygen
consumption by individual tubules (80). Because of this, it is often hard to delineate
whether tissue hypoxia is a cause or consequence, or both, of the kidney disease.
New experimental models of kidney disease, and new methods to follow the temporal
and spatial relationships between hypoxia and renal damage, are required to
overcome this limitation.

2.6. DOES TISSUE HYPOXIA PRECEDE PATHOLOGY?
Acute kidney injury and chronic kidney disease are often described as
interconnected syndromes where prior episode(s) of AKI predisposes to the
development of CKD and vice versa. Indeed, a recent meta-analysis showed that
there was an 8.8 fold increase in the risk of developing CKD following recovery from
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AKI (26). Further, there was a ~ 28% of patients with AKI had prior CKD (92). Taken
together, these observations provide strong persuasion on the intimate relationship
between AKI and CKD. There has been considerable interest in the chronic
outcomes following recovery from AKI. One of the hypotheses put forth is that tissue
hypoxia develops, in part driven by capillary rarefaction following AKI contributes to
the progression of AKI to CKD. To investigate the role of tissue hypoxia in the
development of AKI to CKD, it is imperative that we consider the temporal changes in
tissue oxygenation following recovery from AKI and the subsequent development of
CKD.
One of the important factors to consider for the development of therapeutic
interventions to mitigate renal tissue hypoxia (discussed later in detail) is the timing of
the intervention. As such, it is important to investigate the time course of
development of tissue oxygen dysregulation relative to tissue injury. Due to the highly
invasive nature of most methods for the direct assessment of tissue oxygenation in
animal models of kidney disease, renal tissue oxygenation is often only assessed at
single time-points, providing only ‘snap-shots’ of the natural progression of disease.
Thus, it is imperative to develop methods that allow chronic measurement of tissue
oxygenation in vivo, and in the absence of the confounding effects of anesthesia.
Such methods will allow tissue PO2 to be assessed before and after manipulations
required for the generation of models of kidney diseases. Some progress has
recently been made in development of such methods.
A telemetric method has been developed for use in unrestrained rats that
allows

continuous

measurement

of

renal

tissue

oxygen

tension

via

the

electrochemical reduction of oxygen at the tip of an implanted carbon paste electrode
(95, 96). Using this technique, Emans and colleagues found that tissue hypoxia
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developed 15 h after the activation of the endogenous renin-angiotensin system in
Cyp1a1Ren2 transgenic rats, a model of angiotensin II dependent hypertensive CKD
(40). Importantly, tissue hypoxia in this model of CKD was present well before the
development of renal damage, consistent with the proposition that renal hypoxia
could contribute to CKD induced by activation of the renin-angiotensin system (70,
71).

Figure 2.3: Evidence that renal tissue hypoxia precedes renal dysfunction in
diabetic nephropathy and sepsis. Panel A shows the responses of renal tissue
oxygen tension (PO2), measured by paramagnetic resonance in mice, across a 15
day period after administration of alloxan rendering mice diabetic and in control mice.
Panel B shows urinary albumin excretion in the same mice at the end of the study.
Panel C shows medullary tissue PO2, measured by fiber-optic probe, in sheep
rendered septic by intravenous infusion of live E. coli. Panel D shows the time-course
of creatinine clearance in the same sheep. Images were reproduced with permission
from: (A) and (B), Franzen et al (51), (C) and (D), Calzavacca et al (17).
Electron paramagnetic resonance oximetry relies on the paramagnetic nature
of molecular oxygen (41). It requires implantation of a small probe, after which tissue
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PO2 can be monitored in anesthetized animals. Franzen and colleagues recently
used this technique to demonstrate tissue hypoxia developed as early as 3 days after
induction of type 1 diabetes that was sustained up to the end of the study, 15 days
after induction of diabetes (51) (Fig 2.3A). Critically, tissue hypoxia in this model of
CKD was evident before the onset of proteinuria (50) (Fig 2.3B).
Calzavacca et al recently implanted fiber-optic probes in the kidneys of sheep
in an attempt to investigate the time-course of development of tissue hypoxia in a
large animal model of sepsis (19). They demonstrated reduced medullary tissue
perfusion and PO2 in response to infusion of live bacteria (17) (Fig 2.3C). Critically,
medullary hypoxia developed before overt changes in creatinine clearance occurred
(Fig 2.3D), suggesting that medullary hypoxia precedes the development of renal
dysfunction in this model of AKI (17).
The recent observations described above, using techniques that allow longterm measurement of renal tissue PO2, are consistent with the hypothesis that tissue
hypoxia is a driver of pathophysiology of various forms of kidney disease. However,
they do not yet constitute a ‘smoking gun’ (44). There is considerable scope for
further use of these methods to generate more detailed information regarding the
temporal relationships between hypoxia, the molecular drivers of kidney disease, and
renal damage and dysfunction.

2.7. IS THERE CO-LOCALIZATION OF TISSUE HYPOXIA AND
PATHOLOGY?
To better characterize the role of tissue hypoxia in kidney damage and
dysfunction, we require a better understanding of the spatial relationships between
tissue hypoxia and tissue damage. Of the many methods available for the
examination of tissue hypoxia, most either have limited spatial resolution or are
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indirect indicators of tissue hypoxia (42). One method that overcomes the lack of
spatial resolution is pimonidazole adduct immunohistochemistry. However, this
method is not without limitations. Pimonidazole, a 2-nitroimidazole, has been used
extensively in studies of tumor biology (85, 202). Pimonidazole is given in vivo and
forms adducts in tissues where the oxygen tension is less than 10 mmHg (61). These
adducts can be detected by immunohistochemistry once the tissue of interest is
excised (167). Thus, this method does not allow quantification of the severity of
tissue hypoxia. It also readily detects what we might call ‘physiological hypoxia’, such
as that in the renal medulla. On the other hand, this method provides excellent
spatial

resolution.

Despite

the

limitations

of

pimonidazole

adduct

immunohistochemistry, it is currently the only available direct marker of cellular
hypoxia. This method was adapted for use in the kidney and was optimized by
Rosenberger and colleagues (167). Since then, it has been used to demonstrate
renal tissue hypoxia in many studies where direct quantification of tissue PO2 is not
available/not feasible. Indeed, Rosenberger and colleagues observed the colocalization of pimonidazole adducts and HIF-1α in the medulla but not in the cortex
(164) in a model of contrast-induced nephropathy (Fig 2.4A). This suggests that the
tissue hypoxia arising from administration of radiocontrast agents is associated with
downstream activation of HIF-dependent signaling pathways. Fong et al, in a model
of CKD induced by oral administration of adenine, showed the co-localization of
pimonidazole adducts to interstitial fibrosis (Fig 2.4B). This is indicative that cellular
hypoxia present in this model of CKD is associated with the development of
interstitial fibrosis (49).
To better characterize the spatial relationships between tissue hypoxia and
tissue injury in kidney disease, it should be possible to stain serial sections of kidney
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tissue for pimonidazole adducts and markers for tissue injury. It should also be
possible to tag pimonidazole adducts and markers of tissue injury with fluorophores
to compare their localization in three-dimensional rendering of fluorescence imaging.
Some markers of interest that may indicate tissue damage are periodic acid-Schiff
stain, Masson’s trichrome, vimentin, CD31 and CD34.

Figure 2.4: Evidence of co-localization of tissue hypoxia and pathology. Panel
A shows serial sections of renal medullary tissue from a rat with contrast-induced
nephropathy. The serial sections were stained with (a) hematoxylin & eosin, (b)
hypoxia-inducible factor-1α (HIF-1α) and (c) pimonidazole adducts. HIF-1α present in
tubules was co-localized with areas of moderate (blue asterisk and circle) and
extensive (red asterisk and circle) staining of pimonidazole adducts but not in areas
where there was absence of pimonidazole adducts (black asterisk and circle). Panel
B shows serial sections from the renal cortex in a model of chronic kidney disease
induced by daily oral administration of adenine. Positive staining for pimonidazole
adducts (b) was commonly seen to be co-localized with the blue component of
Masson’s trichrome stain (b), indicative of fibrosis. Images were reproduced with
permission from: (A), Rosenberger et al (164) and (B), Fong et al (49).
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2.8. DOES PREVENTION OF TISSUE HYPOXIA PREVENT KIDNEY
DISEASE?
If indeed tissue hypoxia is the critical driver of kidney diseases, then
abrogation of hypoxia may delay the progression of or even prevent kidney disease.
Unfortunately, there are currently few therapeutic options for abrogating tissue
hypoxia. One proposed therapy is the inducement of normobaric or hyperbaric
hyperoxia, which could increase renal oxygen delivery. Normobaric hyperoxic
treatment in a rat model of hemorrhagic shock reduced renal tubular damage and
abrogated cellular hypoxia (39). However, it appears that normobaric hyperoxia is
associated with oxidative stress that may in the longer-term contribute to
nephropathy (39). In contrast, treatment with hyperbaric hyperoxia in a rat model of
sepsis markedly reduced tubular and glomerular damage but did not result in
oxidative stress (38). Thus, there is scope to further explore the potential benefits of
this approach. But, critically, observations in most of these studies are generated in
animal models and may not necessarily reflect kidney disease in humans. Therefore,
the next step might be phase 1 and phase 2 clinical trials of normobaric/hyperbaric
hyperoxia in patients with certain forms of AKI or CKD.

2.9. CONCLUSIONS & FUTURE DIRECTIONS
The proposal that chronic hypoxia as an important driver in the pathogenesis
of kidney disease was first developed more than a decade ago (48). Since then,
much evidence has been produced to show that (i) hypoxia is a common feature of
both AKI and CKD, (ii) that at least under in vitro conditions, renal tissue hypoxia
drives signaling cascades that lead to tissue damage and dysfunction, and that (iii)
tissue hypoxia itself can lead to renal pathology, independent of other known risk
factors for kidney disease. There is also some evidence that (iv) tissue hypoxia
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precedes renal pathology, at least in some forms of AKI and CKD. However, we have
made relatively little progress in determining (v) the spatial relationships between
tissue hypoxia and pathological processes (i.e. co-localization) or (vi) whether
therapies targeted to reduce tissue hypoxia can prevent or delay the progression of
renal disease. These questions remain the greatest challenges for the field.
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3.1. ANIMALS
This section details the methods and procedures common to protocols
carried out in the various studies described in this thesis. All experimental animals
were obtained from the Animal Resources Centre (ARC) in Perth, Western Australia.
They were housed in a room maintained at 21 – 23 ºC with a 12 h light/dark cycle.
The rats were allowed free access to water and standard laboratory rat chow. All
procedures were approved in advance by the Animal Ethics Committee of the
Monash University Animal Resource Platform (MARP) as being in accordance with
the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes.

3.2. SURGICAL PREPARATIONS FOR ACUTE STUDIES OF RENAL
OXYGENATION
Tissue oxygenation is heterogeneous across the kidney. Thus to
quantitatively assess the spatial relationship of tissue oxygenation, the ‘gold-standard
method’ (3), the Clark electrode was used to measure renal tissue oxygen tension
(PO2) under anesthesia. This method was employed in experiments described in
Chapters 4 and 7 of this thesis.
Rats were anesthetized with an intraperitoneal injection of sodium
thiobutabarbital (100 mg/kg in studies described in Chapter 7 and 125 mg/kg in
studies described in Chapter 4, Inactin; Sigma Aldrich, St Louis, MO, USA). Surgical
preparations in Chapter 7 were typically longer therefore, a lower dose of anesthetic
was used while a surgical plane of anesthesia was maintained. The experimental
protocol typically took 3 h, therefore a longer-acting anesthetic was required. Sodium
thiobutabarbital is an extremely long-acting anesthetic. Thus, once a surgical level of
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anesthesia is achieved, it is possible to administer a neuromuscular blocking agent.
Neuromuscular blockade prevents spontaneous breathing and thus facilitates
efficient artificial ventilation. A tracheostomy was performed to allow artificial
ventilation (Ugo Basile, Model 7025, SDR Clinical Technology, NSW, Australia) with
40% inspired oxygen at a ventilation rate of 90-100 breaths/min and a tidal volume of
3.5 ml (Fig 3.1). In order to maintain arterial PO2 ≥ 70 mmHg, rats were ventilated
with 40% O2.
The left carotid artery was catheterized to facilitate the measurement of
arterial pressure and collection of blood samples. The right jugular vein was then
catheterized for the infusion of maintenance fluid of isotonic saline, at a rate of 6
ml/h, during the period of surgical preparation. The degree of saturation of
hemoglobin with oxygen was measured continually via pulse oximetry with a sensor
placed on a hind foot (Mouse Ox, Starr Life Sciences Corporation, Oakmont, PA,
USA). The bladder was catheterized, for collection of urine from the left kidney
throughout the protocol, to allow for later calculation of glomerular filtration rate
(GFR) using standard clearance methods.
The right kidney was then freed from surrounding fat and connective tissues
and the renal artery and vein permanently ligated. To facilitate the sampling of renal
venous blood, the right renal vein was catheterized and the catheter advanced
through the vena cava and into the left renal vein. The left renal artery and left kidney
were isolated and placed in a Lucite cup. Total renal blood flow (RBF) was measured
via a transit-time ultrasound flow probe (Type 0.7 VB, Transonic Systems Inc, Ithaca,
NY, USA) placed around the left renal artery. A thermocouple (F/OT, 230 µm tip
diameter, Oxford Optronix, Oxford, UK) was inserted into the renal cortex, so that its

Chapter 3

60

General Methods

tip lay 2 mm below the surface of the kidney, for measurement of tissue temperature
throughout the experiment.

Figure 3.1: Schematic of the surgical preparation in acute studies of renal
oxygenation. The right jugular vein and the left carotid artery were catheterized for
the infusion of maintenance fluid and the measurement of arterial blood pressure
respectively (A). The right kidney was tied off before an incision was made in the
right renal vein so that a catheter could be passed through to the left renal vein.
Renal cortical and core body temperature were monitored throughout the surgical
and experimental period. Hemoglobin saturation was monitored using a pulse
oximeter and the bladder catheterized for urine collection. Total renal blood flow was
monitored using a transit-time ultrasound flow probe placed around the renal artery
and urine was collected for later analysis. After an equilibration period of at least an
hour, a Clark electrode was inserted at desired depths from the renal surface for the
determination of renal tissue oxygen tension (B).
Upon completion of the surgical preparations (Figure 3.1A), rats received
bolus doses of [3H]-inulin (10 µCi, 50 µl, Perkin Elmer Australia, Melbourne,
Australia) and pancuronium bromide (2 mg/kg, Astra Zeneca Pty Ltd, NSW,
Australia) intravenously. A maintenance infusion of 2% w/v bovine serum albumin
(BSA, Sigma Aldrich, St Louis, MO, USA in 154 mM sodium chloride) delivered 676
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nCi/h [3H]-inulin and 0.1 mg/kg/h pancuronium bromide through the jugular vein, for
the rest of the experimental protocol, at a rate of 2 ml/h. A 1 h equilibration period
ensued before experimental manipulations commenced (see Chapters 4 and 7) and
tissue PO2 was measured at various regions of the kidney (Fig 3.1B).

3.3. INDUCTION OF BILATERAL RENAL ISCHEMIA
The time-course of renal oxygenation after ischemia reperfusion injury was
assessed in the experiments described in Chapters 7 and 8. Rats were anesthetized
with isoflurane (IsoFlo™, 05260-05, Abbott Laboratories, Illinois, USA), using an
isoflurane vaporizer. Isoflurane was used to anesthetize animals that underwent
surgical procedures from which they recovered. This choice was based on the fact
that animals rapidly recover from this mode of anesthesia. Anesthesia was induced
by placing the rat in an induction box through which 100% O2 (800 ml/min) containing
5% v/v isoflurane was passed.
Once a surgical level of anesthesia was achieved, as judged by abolition of
the pedal reflex, the rat was removed from the induction box. Anesthesia was then
maintained via a nose cone which delivered isoflurane at 2.5-3% v/v. Prior to the first
incision, rats received a subcutaneous injection of 0.1 ml antibiotic suspension
containing 80 mg/ml of trimethoprim and 400 mg/ml sulfadiazine (Tribactral®, Jurox
Pty Ltd, NSW, Australia) and 1.25 mg of rimadyl (Carprofen®, Pfizer, NSW,
Australia) for analgesia.
A midline incision was made in order to expose the left and right kidneys.
The left and right renal arteries and veins were first isolated from surrounding
connective tissues and fat before silk ligatures were placed around them. To induce
ischemic injury, blood flow to the kidneys was prevented by the use of microvascular
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clamps on the left renal artery in Chapter 5 and on both the left and on the right renal
arteries and veins in Chapters 7 and 8. The ligatures surrounding the vessels were
lifted and the microvascular occluders were applied on the vasculatures for an hour.
A separate cohort of rats underwent the same procedure, with the exception of
placement of the microvascular occluder thus serving as sham-controls.
After an hour, blood flow to kidneys was restored when the microvascular
clamps were removed. The ligatures were then removed and the midline incision
closed with sutures. Rats were placed on a heated pad for at least an hour before
they were returned to the animal house. They continued to receive antibacterial
treatment (5 mg/kg enrofloxacin; Baytril® 25, Bayer Australia Ltd, NSW, Australia) in
drinking water for two consecutive days following recovery from the surgery.

3.4. CONSTRUCTION OF THE OXYGEN TELEMETER
Renal tissue PO2 was measured telemetrically in the experiments described
in chapters 6 and 7 of this thesis. A fully functional oxygen telemeter consists of 2
separate units (Fig 3.2) (4, 5). The first component being the electrodes, which
comprise the oxygen sensing carbon-paste electrode (CPE; Millar, Inc., Texas, USA),
and the Teflon® coated reference and auxiliary electrodes (AG549511, Advent
Research Materials, Oxford, UK). The second unit is the probe body that houses the
battery unit and transmits the potential difference measured at the tip of the CPE
wirelessly to the receiver unit nearby.
Prior to use, the CPE together with the auxiliary and reference electrodes
were attached and joined to the color-coded wires of the probe body. This is a three
step process for which a step by step guide is provided in Appendix 5. Briefly, the
first step involved the etching of all three electrodes in fluoroethane (FluoroEtch®,
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Acton Technologies Inc., Pennsylvania, USA) to enhance bonding of the electrodes
to the color coded wires of the probe body. Following this, the etched electrodes
were inserted into the color coded wires of the probe body and the exposed joint was
then sealed with a 1:1 two-part silver conductive epoxy (8331-14G, MG Chemicals,
Ontario, Canada) and left to cure for at least 24 h (Fig 3.3). The silver conductive
epoxy acts as a “salt-bridge” and completes the circuit between the electrodes and
the probe body.

Figure 3.2: An oxygen telemeter. The oxygen sensing carbon paste electrode and
the auxiliary and reference electrodes were attached to the color coded wires of the
telemetry unit using an adhesive epoxy.
After at least 24 h, a layer of clear varnish was applied onto the cured silver
conductive epoxy. The last step involved the sealing and waterproofing of the joint by
the application of an adhesive epoxy. A piece of polyurethane tubing (~ 5 mm) was
placed over the silver conductive layer at the joint, completely covering the joint. The
tubing was then adhered firmly to the joint by the application of an adhesive epoxy
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(Araldite®, 9300697106384, Selleys, NSW, Australia), thereby providing significant
mechanical strength and waterproofing to the joint, thus preventing shorting of the
circuit (Fig 3.4).

Figure 3.3: Attaching the electrodes into the coiled wires of the telemetry unit.
Approximately 2 mm of the Teflon® coat was removed at the tip of the etched end of
the electrodes (a) and inserted into the coiled wire. Silver conductive epoxy was then
applied onto the insertion point in order to complete the circuit between the
electrodes and the telemetry unit (b).

Figure 3.4: Sealing of the exposed joints with an adhesive epoxy. Once the
joints were properly attached and the circuit completed (see Fig 3.2), a layer of an
adhesive epoxy was applied over the joints (A). The adhesive epoxy was left to cure
for at least 24 h. Once cured, the adhesive epoxy layer appears translucent (B).

Chapter 3

65

General Methods

3.5. CALIBRATION OF THE OXYGEN TELEMETER
The calibration of the CPE was shown to differ from that determined by the
manufacturer, once it was attached and formed part of the functional oxygen
telemeter (4). There also appeared to be some change in the calibration once the
telemeter was implanted (4). Consequently, it was imperative to calibrate the fully
functional telemeter after its construction and after explantation. Briefly, once
construction of the telemeter was complete, the electrodes were bent from the tip of
the electrode at the desired length and prepared for implantation (Fig. 3.5).
(A)
CPE
REF
AUX

Post-processing
(B)
CPE
REF
AUX

Figure 3.5: Post processing of electrodes after attachment to the telemeter. The
carbon paste electrode (CPE, blue), reference electrode (REF, black) and auxiliary
electrode (AUX, red) were inserted into their respective color-coded wires of the
telemeter (A). A polyurethane tube (green) was then inserted through the electrodes
and over the color-coded wires. After all open joints were sealed and the epoxy
cured, the CPE and REF were then bent at approximately 90° and to a desired length
from the tip of the electrode (B). Approximately 8 – 10 cm of the Teflon® coat of the
AUX (A) was removed from the tip and coiled (B) in preparation for calibration and
implantation.
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The electrodes were then submerged into a sealed beaker containing 0.1 M
phosphate buffered saline (PBS) at pH 7.4, bubbled with 100% N2 gas. For quality
control purposes, the electrodes were submerged into the solution past the
connecting joints to test for leakage in the system (i.e. improper sealing resulting in
cracks and thus permeability to the calibrant). Saturation of current (i.e. ~ 600 nA)
occurs if there are leaks in the joints.
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Figure 3.6: Typical trace of the calibration procedure. Current measured in
response to progressive step-change in oxygen concentration of 0.1 M PBS at pH
7.4 were generated by addition of 0.1 M PBS saturated by O2 to a solution saturated
with 100% N2. Inset depicts the current-concentration profile during the quiescent
steady state. Blue circles in the inset depict data points generated while the dottedline depicts the line of best fit determined by ordinary least squares regression
analysis (6). PBS: phosphate buffered saline
Successive aliquots of 0.1 M phosphate buffered saline (PBS) equilibrated
with 100% O2 (25 µM O2) were added to the 150 ml of 0.1 M PBS in the beaker to
achieve a final cumulative concentration of 25, 50, 75, 100 and 125 µM O2. This
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process was conducted twice, once before the telemeters were implanted and again
after they were explanted from the kidneys of the rats. A typical current-time profile of
this calibration procedure is provided in Fig 3.6.

3.6. IMPLANTATION OF THE OXYGEN TELEMETER
Prior to implantation, the telemeter (Figure 3.2) was sterilized using 2% w/v
glutaraldehyde (354400-500ML, 25% glutaraldehyde, Merck KGaA, Darmstadt,
Germany) in sterile isotonic saline. The telemetry device was sterilized by immersing
the telemeter up to the joints, connecting the electrodes and telemeter body, for at
least an hour. Subsequently, the sterilant was rinsed off using sterile isotonic saline.
The entire telemeter, including the electrodes and the joints, was then submerged in
sterile saline in preparation for implantation surgery.
Rats were anesthetized with the inhalation anesthetic isoflurane as described
above (see Section 3.3). A midline incision was made exposing the abdominal aorta
and the left kidney. The color-coded coiled wires were sutured onto the adventitia of
the abdominal aorta, after which the CPE and reference electrodes were inserted into
the left kidney. The depth of insertion of these electrodes was manipulated to allow
measurement at different regions of the kidney. For example, a depth of 2 mm
corresponds to the cortical region, 4 mm to the outer medulla and 5 – 6 mm to the
inner medulla of a healthy adult rat. Prior to insertion, a 30 gauge needle was used to
make 2 small holes, approximately 5 mm apart, in the capsule of the left kidney, in
order to facilitate insertion of the electrodes. The reference electrode and the CPE
were bent at the desired length so as to facilitate insertion of the electrodes at the
desired depth. They were inserted into the pre-made holes in the kidney and secured
onto the left kidney by application of tissue glue (3M Vetbond, 3M Animal Care
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Products, Minnesota, USA) onto a small piece of cellulose patch (No. 1469SB, Data
Science International, Minnesota, USA). The coiled auxiliary electrode was then
placed on the kidney surface and secured, with tissue glue applied onto a cellulose
patch, away from the 2 other electrodes (Fig 3.7).

Figure 3.7: Schematic of implantation of the electrodes of the telemetry device
in the left kidney of a rat. The blue, red and black lines represent the carbon paste
electrode (CPE), auxiliary and reference electrode respectively. The CPE and the
reference electrode were bent at the desired length and advanced into the kidney,
after which they were secured onto the kidney using a cellulose patch, shown by the
cyan ovals on the electrodes, and tissue glue. The CPE and reference electrodes
were placed ~ 5 mm apart from each other. The coiled auxiliary electrode was then
placed on the kidney and secured away from the other electrodes. The telemeter
(green rectangle) was then secured onto the muscle layer in the abdominal cavity.
The battery unit of the telemeter was then sutured onto the muscle layer of
the abdomen of the rat and secured in place. The midline incision was then sutured
and

neomycin

undenoate

(Hamilton

Laboratories,

Adelaide,

Australia),

an

antibacterial and antifungal topical cream, was applied onto the suture wound.
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Figure 3.8: Telemetric device in the rat placed in their home cage. After the
telemeter was implanted into the left kidney of the rat, the rat was returned to its
home cage and the home cage placed on top of a receiver pad. The receiver pad
receives signal from the radiotransmitter in the telemeter and recharges the battery of
the telemeter wirelessly via inductive power transfer.
Rats were then left to recover on a heated pad before being transferred to
the animal house where renal tissue PO2 was recorded continuously over the
implantation period (Fig 3.8), except for when they were removed from their home
cage. The rats received the same antibacterial and analgesic treatment, before and
after surgery, as per Section 3.3.

3.7. DETERMINING ZERO OFFSET OF THE TELEMETER
Koeners et al, when validating the telemetry technique, demonstrated an
inherent zero offset error in the telemeter. That is, when blood flow to the kidney was
prevented, the current measured by the telemetry system was not zero as
determined during the explantation procedure (4). Therefore to determine the zero
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offset for each animal, rats were killed at the end of the study period and current was
measured at death. Rats were anesthetized by an intraperitoneal injection of 60
mg/kg sodium pentobarbitone (Sigma Aldrich, St Louis, MO, USA). Sodium
pentobarbitone is a short-acting barbiturate that often requires titration when used in
rats. We chose to use this anesthetic because the duration of the surgical procedure
described herein is short, therefore will not require titration.
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Figure 3.9: Typical trace during explantation of the telemeter. After the rat was
anesthetized (cyan bar), a 1.5 ml of blood sample was taken from the left ventricle.
To induce cardiac arrest, a 2 ml potassium chloride (KCl) was delivered via cardiac
puncture. Upon confirmation of death, an average of the current (green bar) was
determined as the current offset and used in subsequent analysis.
Once a surgical level of anesthesia was achieved, a 1.5 ml sample of blood
was taken from the left ventricle for later analysis. The rats then received 2 ml of 0.25
g/ml potassium chloride via cardiac puncture to induce cardiac arrest (Fig 3.9).
Current in the telemetry system rapidly decreased and approached a stable baseline
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within ~ 30 s of death (Fig 3.9). This offset value was subsequently subtracted from
all data prior to analysis (see Section 3.10).

3.8. PERFUSION-FIXATION
To assess for cellular damage in response to renal ischemia, the kidneys
were perfusion-fixed. This process was carried out in Chapters 5 and 8. For studies
described in Chapter 5, rats were anesthetized with an intraperitoneal injection of 125
mg/kg sodium thiobutabarbital (Sigma-Aldrich, MO, USA). For studies described in
Chapter 8, rats were anesthetized with an intraperitoneal injection of 60 mg/kg
sodium pentobarbitone. Sodium pentobarbital is a short-acting barbiturate that often
requires titration when used in rats for long surgical procedures. We chose to use this
anesthetic because the duration of the surgical procedure described herein was
short, so a single loading dose is all that is required to achieve adequate surgical
anesthesia.
Once a surgical level of anesthesia was achieved, as judged by the abolition
of the pedal reflex, a midline incision was made exposing the abdominal cavity. The
abdominal aorta, inferior vena cava, left and right kidney were isolated and freed
from surrounding fat and connective tissues. Silk ligatures (3/0, Dysilk, Dynek Pty
Ltd, SA, Australia) were placed around vasculatures. The first ligature was placed
around the abdominal aorta and vena cava below the level of the left kidney and the
second ligature placed around the abdominal aorta above the level of the right
kidney. An additional ligature was placed around the left renal artery and vein for
studies described in Chapter 8. In Chapter 8, the left kidney was removed and flash
frozen in liquid nitrogen. For studies described in Chapter 5, the right kidney was
permanently tied off by ligating the right renal artery and vein. An incision was made
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in the abdominal aorta below the level of the left renal artery following which a
polyethylene catheter (PE 160, Becton Dickinson and Company, NJ, USA)
connected to a perfusion apparatus was advanced into the vasculature, facing
upstream, thereby facilitating retrograde perfusion of the kidneys.

Figure 3.10: Schematic for perfusion-fixation of the kidney. To facilitate
retrograde fixation of the kidney (F), silk ligatures (depicted as green lines) were
placed around the vasculatures. A catheter attached to the perfusion apparatus was
advanced into the abdominal aorta (depicted as yellow arrow). In studies described in
Chapter 5 (A), the right kidney was tied off (depicted by the red cross) by permanent
ligation of the right renal artery and vein. For studies described in Chapter 8 (B), the
left kidney was removed and flash frozen in liquid nitrogen (N). The viable or
remaining kidneys in both studies (F) were then perfusion-fixed at 150 mmHg.
The ligatures around the vena cava and abdominal aorta were tied off and
the kidneys were perfused with 100-150 ml of 4% paraformaldehyde (PFA) at room
temperature and at a pressure of 150 mmHg. The perfusion fixed kidneys were
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decapsulated and placed in 4% PFA for 48 h before being processed for embedding
and staining.

3.9. HISTOLOGICAL STAINING
Kidney tissue samples were processed and embedded within 48 h of
collection, at the Histological Platform of Monash University. Paraffinized kidney
samples were sectioned at 5 µm and prepared for later staining.
3.9.1. Pimonidazole immunohistochemistry
This method was applied, in the experiments described in Chapters 5 and 8
of this thesis to detect hypoxia at the cellular level. Pimonidazole (pimonidazole
chloride, Hydroxyprobe Inc., USA), a 2-Nitroimidazole, is a marker for cellular
hypoxia. It was administered intraperitoneally at a dose of 60 mg/kg at least an hour
(1 h in the studies described in Chapter 5 and 3 h in the studies described in Chapter
8) prior to perfusion-fixation. Kidney sections were then dewaxed in a series of
absolute alcohol and xylene. Antigen retrieval was carried out by incubating the
sections in citrate buffer (Target Retrieval Solution, DAKO Australia Pty Ltd, VIC,
Australia) at 90°C for 30 minutes. Sections were then washed in tris-buffered saline
with Tween 20 (TSBT; 0.05 mol/L Tris-HCl, 0.15 mol/L NaCl, 0.05% Tween 20,
DAKO Australia) once they had cooled to 80°C. Excessive tissue peroxidase activity
was then quenched using 0.03% v/v hydrogen peroxide containing sodium azide
(DAKO Australia) for 10 minutes, after which the sections were then washed twice
more in TSBT. Sections were then incubated in a protein block serum (Protein Block
Serum-free, DAKO Australia) for 5 minutes, in order to remove non-specific binding,
and washed twice more in TSBT. Sections were then treated with the anti-mouse
monoclonal antibody (1:3000 dilution, Hydroxyprobe Inc., USA) for 1 h before
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incubation in horseradish peroxidase conjugated with goat anti-mouse secondary
antibody (DAKO Australia) for 30 minutes. Sections were washed twice with TSBT
before incubation with 3-diaminobenzidine (DAB, DAKO Australia). Sections were
then counterstained with hematoxylin.

3.10. MEASUREMENTS AND CALCULATIONS
Arterial pressure, heart rate (triggered by arterial pressure, RBF, core body
and tissue temperature and renal tissue PO2 measured by Clark electrode were
digitized as previously described (1). Urinary and plasma concentrations of sodium
were

determined

using

ion-sensitive

electrodes

(EasyElectrolytes,

Medica

Corporation, Bedford, USA). Glomerular filtration rate (GFR) was determined by the
clearance of [3H]-inulin and was calculated by the following equation:
GFR !" !"# =

Urine Flow !" !"# × 3H
3H
plasma

urine

Blood oximetry was performed using a point-of-care device (iSTAT®, CG8+
Cartridges; Abbott Laboratories, Abbott Park, IL, USA). Arterial and venous blood
oxygen content was calculated using information provided by oximetry and the
formula below:
Arterial Oxygen Content !" !2 !" = 0.0139 × Hb !/!" × SAO2 % + [0.003 ×
PAO2 (!!"#)]
Venous Oxygen Content !" !2/!" = 0.0139 × Hb (! !")× SVO2 % + [0.003 ×
PVO2 !!"# ],
where Hb was the average of arterial and venous blood hemoglobin content
calculated as determined empirically previously (1):
Hb ! !" =

Hematocrit % − 6.073
2.628
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SAO2 and SVO2 are the oxygen saturation of hemoglobin in arterial and renal venous
blood respectively. PAO2 and PVO2 are the partial pressures of oxygen in the arterial
and renal venous blood respectively.
Renal oxygen delivery (DO2) and renal oxygen consumption (VO2) were
calculated as:
DO2 !" !2 !" =
VO2 !" !2 !" =

Arterial Oxygen Content !" !2 !" × RBF (!" !"#)
100

Arterial - Venous Oxygen Content !" !2 !" × RBF (!" !"#)
100

Fractional oxygen extraction (FEO2) was calculated as VO2 expressed as a
percentage of DO2, i.e.
FEO2 % =

DO2 (!" !2 !")
× 100%
VO2 (!" !2 !")

In the experiments described in Chapters 6 and 7, renal tissue PO2 was
measured telemetrically. In these studies, the current measured from the telemeter
was filtered with a 25 Hz low-pass filter and artifacts were removed when the 1st
order derivative of the measured current exceeded the threshold of 5-500 nA/s. As
mentioned in Section 4.6, the inherent zero-offset current of the implanted telemeters
varied between each implantation. Therefore, the zero offset current acquired at
death of each rat was determined during the termination procedure and the “true”
current measured was calculated as below:
Current !" = Filtered current !" − zero-offset current (!")
The current measured at the tip of the electrode is proportionate to the
amount of oxygen available, thus the renal tissue PO2 can be then be determined as:
Tissue PO2 !!"# =

Current (!")
× 0.631
Calibration of CPE (!" !")

where the calibration of the CPE was determined post-explantation.
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3.11. STATISTICAL ANALYSES
Statistical and graphical analyses were performed using the software
packages SYSTAT (Version 13, Systat Software, IL, USA) and GraphPad Prism
(Version 6, Graph-Pad Software, USA) respectively. Two-sided P ≤ 0.05 was
considered statistically significant.
Normality of the data was assessed using the Shapiro-Wilk test (8). Data that
did not violate normality are presented as mean ± standard error of the means (SEM)
and data that violated normality are presented as median (25th percentile, 75th
percentile). Data presented as mean ± SEM are depicted as blue and data presented
as median (25th percentile, 75th percentile) are depicted as green in graphical figures
reported. Analysis of variance (ANOVA) was used to assess the independent effects
of treatment (sham & ischemia) and time (24 h & 5 days). For data that violated
normality, an ANOVA on ranking (2) was performed instead. Dichotomous
comparisons of continuous variables were made using Student’s t-test in data that
did not violate normality. For data that violated normality, a Mann-Whitney U-test was
performed for dichotomous comparisons. A repeated measures ANOVA was
performed to determine differences in group means within subjects that were
exposed to the same treatment (7).
Ordinary least squares regression analysis (6) was performed to generate a
linear regression and takes into account the experimental error associated with the
dependent but not the independent variable. Ordinary least products regression
analysis (6) was performed to generate lines of best fit that take into account the
experimental error associated with both the dependent and independent variables
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Ow CP, Abdelkader A, Hilliard LM, Phillips JK, Evans RG. Determinants of renal tissue hypoxia in a rat model of polycystic kidney disease.
Am J Physiol Regul Integr Comp Physiol 307: R1207–R1215, 2014. First
published September 10, 2014; doi:10.1152/ajpregu.00202.2014.—Renal tissue oxygen tension (PO2) and its determinants have not been
quantified in polycystic kidney disease (PKD). Therefore, we measured kidney tissue PO2 in the Lewis rat model of PKD (LPK) and in
Lewis control rats. We also determined the relative contributions of
altered renal oxygen delivery and consumption to renal tissue hypoxia
in LPK rats. PO2 of the superficial cortex of 11- to 13-wk-old LPK
rats, measured by Clark electrode with the rat under anesthesia, was
higher within the cysts (32.8 ! 4.0 mmHg) than the superficial
cortical parenchyma (18.3 ! 3.5 mmHg). PO2 in the superficial
cortical parenchyma of Lewis rats was 2.5-fold greater (46.0 ! 3.1
mmHg) than in LPK rats. At each depth below the cortical surface,
tissue PO2 in LPK rats was approximately half that in Lewis rats.
Renal blood flow was 60% less in LPK than in Lewis rats, and arterial
hemoglobin concentration was 57% less, so renal oxygen delivery was
78% less. Renal venous PO2 was 38% less in LPK than Lewis rats.
Sodium reabsorption was 98% less in LPK than Lewis rats, but renal
oxygen consumption did not significantly differ between the two
groups. Thus, in this model of PKD, kidney tissue is severely hypoxic,
at least partly because of deficient renal oxygen delivery. Nevertheless, the observation of similar renal oxygen consumption, despite
markedly less sodium reabsorption, in the kidneys of LPK compared
with Lewis rats, indicates the presence of inappropriately high oxygen
consumption in the polycystic kidney.
chronic kidney disease; anoxia; ischemia; oxygen; oxygen consumption; oxygen delivery; renal circulation

(PKD) is characterized by enhanced
proliferation of the epithelium (25) resulting in the formation
of renal cysts (20), renomegaly (50), and abnormalities of the
renal vasculature (3, 52). Renal tissue hypoxia also appears to
be characteristic of PKD, having been demonstrated using
pimonidazole adduct immunohistochemistry, an indirect method
for assessing tissue oxygenation (4, 10). These observations
indicate that hypoxia is present throughout the renal parenchyma, but that the epithelium lining the cysts is particularly
hypoxic (2, 4, 10). However, we are not aware of any previous
studies in which renal tissue oxygen tension (PO2) has been
measured directly in PKD. Renal hypoxia might be important in
POLYCYSTIC KIDNEY DISEASE
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PKD in at least two respects. First, there is evidence that in
chronic kidney disease renal tissue hypoxia can activate sensory
nerves within the kidney to activate the sympathetic nervous
system (18). Second, hypoxia may exacerbate progression of
PKD by hypoxia-inducible factor-dependent cystogenesis (6, 41).
In chronic kidney disease, an imbalance between renal
oxygen delivery (DO2) and consumption (V̇O2), the main determinants of tissue oxygenation, can result in kidney tissue
hypoxia (15). Renal DO2 may be compromised because of the
presence of structural abnormalities in the renal vasculature
(52), vasoconstriction due to activation of intrinsic factors such
as the intrarenal renin-angiotensin system (26), activation of
the sympathetic nervous system (22), and/or anemia (1, 11).
Renal V̇O2 might be expected to be augmented in PKD due to
the presence of oxidative stress (27) and/or dislocation of
membrane transport proteins (9, 24). However, we are not
aware of any previous reports of measurement of renal DO2 or
V̇O2 in PKD.
In this study, we quantified renal tissue PO2 by Clark electrode, considered the “gold-standard” method (13), in a Lewis
rat model of autosomal recessive PKD (LPK) (28). We also
measured renal DO2 and V̇O2 to test the hypothesis that renal
tissue hypoxia in PKD is driven by impaired renal DO2 and
inefficient oxygen utilization. Because of the possible confounding effects of anesthesia on renal function, we also
assessed creatinine clearance and other markers of chronic
kidney disease in unanesthetized LPK and Lewis control rats.
The LPK model was chosen because it is a well-characterized
model of cystic kidney diseases that is phenotypically similar
to PKD in humans, being accompanied by hypertension, activation of the sympathetic nervous system, and cardiac hypertrophy (22, 38, 43, 46). Cyst development in this model is
predictable and phenotypically recapitulates the renal pathology of human autosomal recessive PKD. In LPK rats, cystic
renal disease develops from early in the postnatal period, arises
from dilated segments of collecting ducts, and progresses to
renal failure over a period of approximately 24 wk (45).
METHODS

General
Male LPK rats (Nek8/NPHP9 model) (28) (n " 17, 219 ! 14 g)
and age-matched Lewis rats (n " 18, 353 ! 9 g) were obtained from
the Animal Resources Center (Perth, Western Australia). They were
housed in a room maintained at 23–25°C with a 12-h light/dark cycle.
The rats were allowed free access to water and standard laboratory rat
chow. All procedures were approved in advance by the Animal Ethics
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Committee of the School of Biomedical Sciences, Monash University
or that of Macquarie University. Experiments were thus conducted in
accordance with the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes.
Protocol 1: Renal Function and Kidney Oxygenation Under
Anesthesia
Surgical preparation and experimental protocol. Rats (n " 12
Lewis and 11 LPK) were anesthetized with sodium thiobutabarbital
(125 mg/kg ip, Inactin; Sigma Aldrich, NSW, Australia), and a
tracheostomy was performed to allow artificial ventilation (model
7025, Ugo Basile, SDR Clinical Technology, NSW, Australia).
The left carotid artery was catheterized to facilitate the measurement of arterial pressure and collection of blood samples. The right
jugular vein was then catheterized for the infusion of maintenance
fluid containing 2% wt/vol bovine serum albumin (BSA; Sigma
Aldrich, in 154 mM sodium chloride) and [3H]inulin at a rate of 2
ml/h. The degree of saturation of arterial hemoglobin with oxygen
was measured continually via pulse oximetry with a sensor placed
on the foot (Mouse Ox, Starr Life Sciences, Oakmont, PA). The
bladder was also catheterized for collection of urine from the left
kidney throughout the protocol for later calculation of glomerular
filtration rate (GFR) by determination of the clearance of [3H]inulin
using standard methods (34).
Renal venous PO2 was measured by sampling from a catheter
inserted into the left renal vein via the right renal vein. Consequently,
the right renal artery and vein were ligated. The left kidney was then
placed in a stable cup, and a temperature probe (F/OT, 230 #m tip
diameter, Oxford Optronix, Oxford, UK) was inserted into the cortex
so that its tip lay 2 mm below the surface of the kidney for measurement of tissue temperature throughout the experiment. A transit-time
ultrasound flow probe (Type 0.7 VB, Transonic Systems, Ithaca, NY)
was placed around the left renal artery to facilitate measurement of
total renal blood flow (RBF). Upon completion of the surgical preparations described above, rats received bolus doses of [3H]inulin (10
#Ci, Perkin-Elmer Australia, Melbourne, Australia) and pancuronium
bromide (2 mg/kg, Astra Zeneca, NSW, Australia) intravenously. The
maintenance infusion of 2% wt/vol BSA delivered 676 nCi/h [3H]inulin and 0.1 mg·kg$1·h$1 pancuronium bromide throughout the experiment. A 1-h equilibration period ensued before experimental manipulations commenced. Throughout the protocol, all rats were artificially ventilated with 40% oxygen-60% nitrogen at a ventilation rate
of 80 breaths/min and a tidal volume of 3.5 ml.
Fig. 1. Schematic of the protocol for measurement of renal tissue PO2 in the Lewis
control rats (A, B) and in Lewis rats with
polycystic kidney disease (LPK) (C, D). Two
series of measurements were taken during
the renal clearance period. In the first series
(A, C), cortical tissue PO2 in both the LPK
and Lewis rats was measured by advancing
the Clark electrode 2 mm from the kidney
surface into the superficial cortex (blue circle) in six randomly chosen spots. Tissue PO2
within the cysts of LPK rats (C) was also
determined (green circle) by advancing the
tip of the electrode 1 mm into the cysts, so as
to prevent puncturing the other side of the
cyst wall. The red circle represents the site of
insertion of the electrode for the second series of measurements where measurements
were made at 1-mm intervals in the kidney in
Lewis control rats (B) and LPK rats (D). The
electrode was advanced at 1-mm increments
until its tip was 10-mm and 15-mm below
the kidney surface of the Lewis and LPK
rats, respectively.

A

At the end of the equilibration period, the clearance period commenced. First, a sample of arterial blood (0.5 ml) was taken from
which hematocrit was measured. Plasma was then separated from the
cellular component for the measurement of the concentrations of
[3H]inulin and sodium. Arterial and renal venous blood (0.1 ml)
samples were also taken for oximetry. Tissue PO2 was measured using
a Clark electrode (10 #m tip, Unisense, Denmark) attached to a
micromanipulator, under the guidance of a microscope. Cortical tissue
PO2 of both Lewis and LPK rats was measured first, from randomly
chosen sites, 2 mm below the cortical surface. In the LPK rats, tissue
PO2 in the fluid-filled cysts was measured 1 mm below the cortical
surface, ensuring that the tip of the electrode did not pass through the
other side of the cyst wall. The tip of the electrode was then moved to
a position above the center of the kidney, and a series of measurements were made in 1-mm increments, moving from the cortical
surface to the medulla and back into the cortex on the other side of the
kidney (Fig. 1; 10 mm for Lewis and 15 mm for LPK rats). Urine
produced by the left kidney was collected during the clearance period
for later analysis. At the end of the clearance period, arterial and renal
venous blood samples were taken as at the beginning of the clearance
period. The duration of the clearance period was defined by the time
it took to generate the measurements of renal tissue PO2 but varied
from 32.5 to 133 min (73.5 ! 6.9 min) and did not differ significantly
between the two groups of rats.
Measurements and calculations. Arterial pressure, heart rate (triggered by the arterial pulse pressure), RBF, core body temperature,
kidney tissue temperature, and PO2 measured by Clark electrode were
digitized as previously described (23). GFR was determined by the
clearance of [3H]inulin. Urinary and plasma sodium concentration
was analyzed using an electrolyte analyzer (Rapidchem, Siemens
Healthcare Diagnostics, Bayswater, VIC, Australia). Blood oximetry
was performed using a point-of-care device (iSTAT, CG8% Cartridges; Abbott Laboratories, Abbott Park, IL). Renal DO2 was calculated as the product of blood oxygen content and RBF. Renal V̇O2 was
calculated as the product of the arteriovenous oxygen concentration
difference and RBF. Fractional oxygen extraction was calculated as
V̇O2 expressed as a percentage of DO2.
Protocol 2: Arterial Pressure and Renal Function in
Unanesthetized Rats
In six Lewis rats and six LPK rats, tail-cuff systolic blood pressure
was measured as the average of three measurements after acclimatization to the procedure (NIBP controller, ADI Instruments, NSW,
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D
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Table 1. Characteristics of anesthetized Lewis rats and
Lewis rats with polycystic kidney disease

RESULTS

LPK rats were anemic, relatively hypoglycemic, hyperkalemic, and hypocalcemic compared with Lewis control rats,
although arterial blood sodium concentration was similar in the
two groups (Table 1). Arterial blood HCO3 was less in LPK
rats ($15.8%) and PCO2 tended to be less in LPK rats
($17.8%, P " 0.07) than Lewis control rats (Table 1). However, arterial blood pH was similar in the two groups (Table 1).
Neither arterial PO2 nor SO2 differed significantly between LPK
and Lewis control rats (Table 2). Arterial oxygen content was
54% less in LPK than Lewis control rats (Table 2).
Mean arterial pressure (MAP) in the Lewis and LPK rats
varied across the surgical preparations for the experiment.
Immediately after anesthesia, but before the abdominal wall
was breached, MAP averaged 207 ! 9 mmHg in LPK rats and
129 ! 4 mmHg in Lewis control rats (data not shown). Once
the midline incision was made, MAP fell sharply, particularly
in the LPK rats. Consequently, during the clearance period
when urine was collected and tissue PO2 was measured, MAP
did not differ significantly in the LPK rats compared with
Lewis rats (Fig. 2). Heart rate did not differ significantly
between the groups at any stage of the experiment (Fig. 2).
Renal hemodynamics and function. RBF was less in LPK
rats than Lewis control rats. The deficit in RBF was $55.5%
when RBF was expressed in absolute terms, $34.0% when
RBF was corrected for body weight, and $93.5% when RBF
was corrected for kidney weight (Fig. 2). All measured indices
of renal function were significantly less in LPK rats than Lewis
control rats, including urine flow ($72.2%), sodium excretion
($70.7%), and GFR ($99.0%) (Fig. 3).
Renal tissue oxygenation. Tissue PO2 in the outer cortical
parenchyma of Lewis and LPK rats, as well as within the
superficial cysts of LPK rats, was distributed in a unimodal
fashion (Fig. 4). The average PO2 of the superficial renal
parenchyma of LPK rats was 60.3% less than that of Lewis
control rats (Fig. 5). PO2 within the superficial cysts of LPK
rats was 79.1% greater than that within the parenchyma but
was still significantly lower than that of the superficial parenchyma of the Lewis control rats (Fig. 5). Regardless of the
depth below the cortical surface, or the distance from the
cortico-medullary junction, renal tissue PO2 of LPK rats was
consistently lower than that of Lewis control rats (Fig. 5).
Renal oxygen consumption and delivery. Renal DO2 was
78.5% less in LPK rats than Lewis control rats due both to the
deficit in RBF ($55.5%) and blood hemoglobin content
($56.5%). Renal venous PO2 was 30.9% less, and SO2 was
19.8% less in LPK rats than Lewis control rats. As a consequence of the greater fractional oxygen extraction in LPK rats

Protocol 1: Renal Function and Kidney Oxygenation Under
Anesthesia

Table 2. Blood oxygenation

Parameters

Morphology
Left kidney weight, g
Left KW:BW, g/kg
Temperature
Core temperature, °C
Renal Cortical Temperature, °C
Arterial blood chemistry
Hematocrit, %
Hemoglobin, mg/dl
Glucose, mmol/l
Sodium, mmol/l
Potassium, mmol/l
Ionized calcium, mmol/l
PCO2, mmHg
HCO3, mmol/l
pH

Lewis

LPK

P

1.4 ! 0.1
4.0 ! 0.1

9.4 ! 0.8
40.0 ! 2.0

& 0.001
& 0.001

38.1 ! 0.1
36.2 ! 0.2

37.8 ! 0.1
31.6 ! 0.4

0.085
& 0.001

45.9 ! 1.1
15.0 ! 0.5
13.0 ! 1.1
136.2 ! 1.3
4.2 ! 0.1
1.22 ! 0.02
35.2 ! 2.4
22.7 ! 0.9
7.42 ! 0.02

23.8 ! 1.4
6.7 ! 0.5
6.9 ! 0.4
134.9 ! 2.6
5.2 ! 0.2
1.07 ! 0.04
28.9 ! 2.2
19.1 ! 1.0
7.44 ! 0.03

& 0.001
& 0.001
& 0.001
0.66
& 0.001
0.005
0.07
0.02
0.06

Values are means ! SE in Lewis rats (n " 12 for morphology, temperature,
arterial blood chemistry) and Lewis rats with polycystic kidney disease (LPK)
(n " 11 for morphology and temperature; n " 10 for arterial blood chemistry).
KW, kidney weight; BW, body weight. P values are outcomes of Student’s
unpaired t-test.

Australia) (38). Each rat was placed in a metabolic cage 2 days before
euthanasia, and a 24-h urine sample collected. The volume of urine
was measured. After removal of particulate matter by centrifugation,
urinary concentrations of creatinine and protein (IDEXX VetLab
analyzer, IDEXX Laboratories, Rydalmere, NSW, Australia) and
urine osmolality (VAPRO 5520, Vapor Pressure Osmometer, Wescor)
were determined. Animals were then euthanized using 100 mg/kg ip
pentobarbital sodium, and a blood sample (0.5 ml) was collected via
cardiac puncture and placed into lithium heparin. The plasma was
separated after centrifugation for subsequent analysis of plasma concentrations of urea and creatinine (IDEXX VetLab analyzer). Creatinine clearance was then calculated as the rate of excretion of
creatinine divided by its plasma concentration.
Statistical Analysis
Data are presented as means ! SE. Statistical and graphical
analyses were performed using the software SYSTAT (Version 13,
Systat Software, Chicago, IL) and GraphPad Prism (version 6, GraphPad Software), respectively. Comparisons in the measured variables
between the Lewis control rats and LPK rats were made using
Student’s unpaired t-test. Two-sided P ! 0.05 was considered statistically significant.

Systemic parameters. LPK rats were significantly lighter
(32%) and their left kidneys were significantly heavier (559%)
than Lewis rats (Table 1). Kidney weight expressed as a
fraction of body weight was 10-fold greater in LPK rats than
Lewis control rats. Under the conditions of our experiment,
renal cortical tissue temperature was 1.9 ! 0.2°C and 6.3 !
0.4°C less than core body temperature in Lewis and LPK rats,
respectively. Body temperature of Lewis rats did not differ
significantly to that of LPK rats. However, cortical tissue
temperature was significantly less ($12.8%) in LPK rats than
Lewis control rats.

Lewis

LPK

Parameter

Arterial

Venous

Arterial

Venous

PO2, mmHg
SO2, mmHg
[O2], ml O2/dl

111.1 ! 8.0
98.0 ! 0.3
19.3 ! 0.6

59.3 ! 2.5
90.7 ! 0.6
18.3 ! 1.0

118.1 ! 7.6
98.3 ! 0.3
8.9 ! 0.7‡

41.0 ! 2.7†
72.7 ! 2.7†
7.3 ! 0.1‡

Values are means ! SE of Lewis control rats (nA "12, nv "5) and LPK rats
(nA "10, nv "5). P values are the outcomes of Student’s unpaired t-test. nA,
number of subjects in which arterial samples were collected; nv " number of
subjects in which renal venous blood samples were collected; SO2, saturation
of oxygen in blood; [O2], concentration of oxygen in blood. *P ! 0.05, †P !
0.01, ‡P ! 0.001 for comparison between Lewis and LPK rats.
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RBF
(ml/min)

A

(26.7%) than Lewis rats (8.9%), calculated V̇O2 did not differ
significantly between the two groups (Fig. 6). However, sodium reabsorption in LPK rats (1.7 ! 1.1 #mol/min, n " 5)
was 98% less than that of Lewis rats (88.3 ! 18.8 #mol/min,
n " 12).

4
3
2

P = 0.003

1

RBF
(µl/min/g body wt)

B

0
8
P = 0.3
6
4
2

RBF
(ml/min/g kidney wt)

C
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2.0
1.5
P < 0.001

1.0
0.5
0.0

MAP
(mmHg)
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P = 0.4
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0
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P = 0.7

400

HR
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Systolic arterial pressure in freely moving LPK rats was
double that of Lewis rats (Table 3). When compared with
Lewis rats, LPK rats had 2.5-fold greater urine flow, 4.3-fold
greater plasma creatinine concentration, and 6.6-fold greater
blood urea nitrogen concentration. They were also frankly
albuminuric. Creatinine clearance per gram body weight in
LPK rats was 92% less than that of Lewis rats.
DISCUSSION

0

D

Protocol 2: Arterial Pressure and Renal Function in
Unanesthetized rats

300

In the present study, we quantified the degree of hypoxia in
the kidneys of LPK rats and demonstrated that tissue hypoxia
in this model is driven both by a deficit in DO2 and V̇O2 that is
inappropriately high given the level of tubular sodium reabsorption.
Previous investigations of kidney oxygenation in animal
models of PKD have provided qualitative evidence of hypoxia
within the walls of renal cysts, using immunohistochemical
methods (4, 10). Such methods have two major limitations.
First, they are unable to quantify the level of hypoxia. Our
current observations show the severity of hypoxia in the LPK
model, with PO2 within the superficial cortex being an average
60.2% less than that in Lewis rats. Indeed, relative hypoxia is
present across the entire corticomedullary axis. The second
major limitation of immunohistochemical methods is that they
are unable to provide information regarding levels of oxygen
within the cysts themselves. Our current findings indicate that
the PO2 within the cysts is approximately double that of the cyst
wall. This finding might seem surprising, since oxygen that
diffuses into the cyst fluid must come from the wall itself.
However, corrosion casts of the renal vasculature of humans
with autosomal dominant PKD revealed the presence of a
dense network of (albeit abnormal) capillaries surrounding the
cyst wall (3, 52) despite a decreased total density of blood
vessels within the polycystic kidney (54). The presence of
these “vascular capsules” may even be an important mechanism facilitating the growth and proliferation of cysts (52).
Thus we speculate that the relatively better oxygenation of the
cyst fluid compared with the cyst wall may reflect the delivery
of oxygen into the cyst fluid from the network of capillaries on
the luminal wall of the cyst. The gradient in PO2 between the
cyst fluid and the epithelial cells of the cyst wall can thus be
explained by the absence of significant oxygen consumption
within the fluid of the cyst but the likely avid oxygen consumption of the cyst wall. Application of the basic principles of

200
100
0

Lewis

LPK

Fig. 2. Renal and systemic hemodynamic parameters in Lewis control rats and
Lewis rats with LPK. Columns and error bars represent means ! SE. Total
renal blood flow (RBF) measured using a transit-time ultrasound flow probe
during the clearance period (A) was factored for body (B) and kidney (C)
weight. Mean arterial pressure (MAP, D) and heart rate (HR, E) were also
averaged during the clearance period. P values are the outcomes of Student’s
unpaired t-test.
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Fig. 3. Renal function factored for body weight in Lewis control rats and Lewis
rats with LPK. Columns and error bars represent means ! SE. Glomerular
filtration rate (GFR, A), urine flow (Uvol, B), urinary sodium excretion (UNa%V,
C), and filtration fraction (FF, D) were determined over the clearance period.
P values are the outcomes of Student’s unpaired t-test.

diffusion would predict a gradient of PO2 from the cyst to the
cyst wall, along the lines of our current observation.
Delivery of oxygen to the kidney is a product of total RBF
and the quantity of oxygen carried in arterial blood. Previous
studies have demonstrated deficits in RBF (17) and anemia in
both human PKD (11) and animal models of PKD (38, 47, 56).
However, to our knowledge, the current experiments are the
first to quantify the relative contributions of these phenomena

C

LPK
Parenchyma
n = 58

10
5

0

20

40

60

80

100

120

Tissue PO2 (mmHg)
25
20
15

LPK Cyst
n = 76

10
5
0

20
0

25

0

Number of
measurements

UNa+V
(nmol/min/g body wt)

2.0

Number of
measurements

Uvol
(µl/min/g body weight)

B

to reduced renal DO2 in PKD. We found that both RBF
(expressed in absolute terms) and blood hemoglobin concentration in the LPK rat were approximately half of their normal
levels in the Lewis rat. Thus anemia and renal ischemia make
quantitatively similar contributions to the deficit in renal DO2 in
this rat model of PKD. Their combined effects result in a total
renal DO2 in the kidney of the LPK rat that is only 22% that of
the Lewis control rat.
Renal ischemia is also likely to contribute to renal hypoxia
in human PKD. We are not aware of any observations of
kidney oxygenation in humans with PKD. Thus we assume that
hypoxia is present in human PKD from observations in murine
models of the disease (current study, see also Refs. 4 and 10).
Effective renal plasma flow was found to be '12% (17) to
37% (29) less in patients with autosomal dominant PKD
compared with unaffected individuals and to decrease with
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Fig. 4. Frequency of the measurements made of tissue PO2 (5-mmHg bins) in
the superficial parenchyma of Lewis rats with PDK (LPK) (A, 11 rats), within
the cysts of LPK rats (B), and in the superficial parenchyma of Lewis rats (C,
12 rats). n " total number of observations.
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In addition to the effects of a deficit in total renal DO2,
oxygen delivery to tissue may be further compromised in PKD
by the presence of vascular abnormalities and fibrosis. Total
kidney volume is markedly increased, reflecting the gross
enlargement of the kidneys as a result of cysts expansion (16).
Vascular architecture is thus altered, such that capillaries and
smaller arterioles are flattened and arterial vessels are often tortuous (52). Perhaps more importantly, interstitial fibrotic tissue
gradually replaces normal renal tissue as disease progresses (10,
35, 52). The expansion of interstitial fibrotic tissues will increase
the distance over which oxygen must diffuse from the vasculature
to metabolically active tissues (predominantly tubules), hence
contributing to renal tissue hypoxia.
Despite a very marked deficit in GFR (and thus total sodium
reabsorption) in the kidneys of LPK rats, renal V̇O2 was not
less than that of Lewis rats. Thus oxygen consumption independent of sodium reabsorption may be greater in LPK than
Lewis rats. It might also be that the efficiency of oxygen
utilization for sodium reabsorption is reduced in the kidney of
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progression of the disease (21, 50). Thus ischemia likely
contributes to deficient renal oxygen delivery, and thus renal
hypoxia, in human PKD. While anemia does develop with the
advancement of PKD in humans (8), it is not as severe as this
animal model. Thus it seems likely that anemia makes a
smaller contribution to renal hypoxia in human PKD that in
rodent models of PKD.

C
Fractional O2
Extraction(%)

Fig. 5. Renal tissue oxygenation of Lewis rats (n " 12) and Lewis rats with
LPK (n " 11). Columns and error bars represent means ! SE. A: tissue oxygen
tension (PO2) of the superficial parenchyma of Lewis rats and LPK [LPK (P)]
rats, and within the cysts of LPK rats [LPK (C)] was measured using a Clark
electrode during the clearance period. B: a series of measurements of tissue PO2
were made in 1-mm increments, moving from the cortical surface to the
medulla and back into the cortex on the other side of the kidney. C: tissue PO2
is also presented relative to the corticomedullary junction (CMJ). P values are
the outcomes of Student’s unpaired t-test.

40
P = 0.006

30
20
10
0
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Fig. 6. Renal oxygen delivery (DO2), oxygen consumption (V̇O2), and fractional extraction of oxygen (FEO2) of Lewis rats and LPK rats. Columns and
error bars represent means ! SE of DO2 (Lewis; n " 12, LPK; n " 10; A), V̇O2
(Lewis; n " 5, LPK; n " 5; B), and FEO2 (Lewis; n " 5, LPK; n " 5; C). P
values are the outcomes of Student’s unpaired t-test.
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Table 3. Characteristics of freely moving Lewis rats and
Lewis polycystic kidney disease rats
Parameters

Lewis

LPK

P

Systolic blood pressure, mmHg
Urine flow, ml/min
Urine osmolality, mmol/kg
Urine creatinine, mg/dl
Plasma creatinine, mg/dl
Creatinine clearance,
#l/min/g BW
Blood urea nitrogen, mmol/l
Urinary protein, g/l

108 ! 4
0.089 ! 0.002
2458 ! 87
123 ! 5
0.41 ! 0.03

217 ! 8
0.022 ! 0.002
390 ! 5
9!1
1.76 ! 0.11

& 0.001
& 0.001
& 0.001
& 0.001
& 0.001

8.25 ! 1.77
8.1 ! 0.3
& 0.05

0.68 ! 0.06
53.2 ! 3.7
2.63 ! 0.65

0.002
& 0.001
& 0.001

Data are means ! SE of n " 6 in each group. Note that creatinine clearance
in conscious rats was approximately fourfold greater than inulin clearance in
anesthetized rats (Fig. 3). This is probably due to 1) unilateral nephrectomy in
the anesthetized animals and 2) tubular secretion of creatinine (7). P values
were derived from Student’s unpaired t-test.

LPK rats. However, our current limited observations are not
sufficient for us to tease out basal renal oxygen consumption
from oxygen consumption dependent on sodium reabsorption
in Lewis and LPK rats (14).
Oxidative stress has been implicated in the pathogenesis of
both acute and chronic kidney disease (30, 32, 44). Indicators
of the production and/or bioavailability of reactive oxygen
species have often been found to be elevated in animal models
of chronic kidney disease (27, 36). In such models, renal tissue
hypoxia has often been observed (37, 53) in association with
abnormally high renal V̇O2, at least for the prevailing level of
sodium reabsorption in the diseased kidney (12). Furthermore,
scavengers of reactive oxygen species have often been found to
increase the oxygen tension in both the cortex and medulla (37)
while reducing renal V̇O2. Collectively, these data suggest that
oxidative stress plays an important role in dysregulation of
renal oxygenation in chronic kidney disease by increasing renal
V̇O2. We certainly observed renal hypoxia and inappropriately
high renal V̇O2 in the kidney of LPK rats. Moreover, this model
of PKD is also associated with renal oxidative stress (10).
However, amelioration of oxidative stress by chronic administration of the superoxide dismutase mimetic tempol failed to
ameliorate hypoxia or progression of PKD in the LPK model
(10). Thus oxidative stress may not be the major driver of renal
hypoxia in PKD.
One of the complications that arises during progression of
PKD in murine models is the development of hypoglycemia
(42). In vitro and in vivo studies have shown that mutations of
the PKD1 gene, which account for '85% of the mutations in
patients with autosomal dominant PKD (20), leads to decreased intracellular glucose concentration accompanied with
increased intracellular lactate concentration (42). This observation led to the proposition that loss of function mutations in
the PKD1 gene may be associated with altered glucose metabolism. That is, cells switch from the more efficient (in terms of
ATP generation) oxidative phosphorylation to the less efficient
aerobic glycolysis (40, 42). This phenomenon, known as the
“Warburg effect,” is seen in some highly proliferative cancer
cells, which preferentially metabolize glucose to lactate (51).
Cells lacking functional PKD1 were also observed to have
significantly higher intracellular ATP content (42). This mechanism could potentially contribute to the relative hypoglycemia
we observed in LPK rats. This proposition was not the focus of
the current study but does merit investigation.
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We must acknowledge a number of limitations to our study.
First, the MAP of LPK rats fell during surgical preparations in
protocol 1. Hypertension in unanesthetized LPK rats has previously been documented by tail-cuff plethysmography (38),
direct measurement from the tail artery (10), and radiotelemetry (19). There is strong evidence for a role of activation of the
sympathetic nervous system in the development of hypertension in LPK rats (19). In the current study we confirmed the
presence of hypertension in conscious LPK rats by tail-cuff
plethysmography. RBF and GFR are tightly autoregulated
across relatively wide ranges of arterial pressure (39, 49).
However, once arterial pressure falls below the autoregulatory
range, both RBF and GFR become dependent on its level. We
did not assess renal autoregulation in the current study but can
be fairly confident that the marked fall in arterial pressure,
observed in LPK rats during preparation for the experiment,
led to some degree of underestimation of both RBF (and so
renal V̇O2) and GFR (and thus the tubular reabsorptive load)
with respect to their values in the unanesthetized rat. Consequently, our findings may overestimate the contribution of
reduced DO2, and perhaps underestimate the contribution of
inappropriately high V̇O2, to renal tissue hypoxia in the LPK
model. However, our finding that the deficit in creatinine
clearance in unanesthetized LPK rats compared with Lewis rats
was comparable to the deficit in [3H]inulin clearance when
these animals were under anesthesia gives us some level of
confidence in the generalizability of our findings. A second
limitation of our study stems from the fact that the animals
used in protocol 1 were studied after acute unilateral nephrectomy, which might be expected to alter renal hemodynamic
function. Indeed it has been shown that RBF in the remaining
kidney increases in the 2 h after unilateral nephrectomy (55).
Consequently, unilateral nephrectomy in our current study may
have led to increased RBF and thus renal DO2.
In conclusion, the kidneys of LPK rats are severely hypoxic.
There is a deficit in renal DO2 that is partly due to renal
ischemia and partly due to anemia and thus reduced oxygen
carrying capacity of arterial blood. But in addition, V̇O2 is
inappropriately high in the LPK kidney when one considers the
minimal level of sodium reabsorption in these rats under the
conditions of the current experiment. The specific causes of
renal “dysoxia” in PKD merit further investigation.
Perspectives and Significance
PKD commonly progresses to end-stage renal disease, thus
represents a significant burden on patients, their families, and
health systems (31). Progression of PKD appears to be driven
by multiple factors, including signaling pathways driven by
cAMP (33) and vascular endothelial growth factor (48). Recent
observations in experimental models of PKD have provided
evidence for a role of hypoxia-inducible factors in cyst expansion in PKD (5). Consequently, renal tissue hypoxia may
represent an important therapeutic target in PKD. Our current
work characterized the nature of hypoxia and its causes in a rat
model of PKD. Further characterization of the causes of
hypoxia, at a molecular level, may lead to new approaches to
delay the progression of PKD to end-stage renal disease.
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5.1. ABSTRACT
Tissue hypoxia has been hypothesized to be an important factor driving the
pathogenesis of kidney diseases. We have recently attempted to establish the status
of tissue oxygenation in a model of ischemia reperfusion injury (IRI) where restriction
of blood flow is localized to the kidney. In this model of IRI, using fluorescence
optodes, we could not detect tissue hypoxia in the cortex and the inner medulla 2 h
after reperfusion following 60 min of ischemia. In that study, tissue oxygenation was
only established at a single discrete location within the cortex and the inner medulla.
Therefore we could only determine the average tissue PO2 over relatively small areas
of the kidney. This technique, however might not permit detection of localized tissue
hypoxia.

Therefore,

in

the

current

study

we

used

pimonidazole

adduct

immunohistochemistry to better spatially resolve tissue hypoxia. Rats were subjected
to an hour of unilateral renal ischemia in the left kidney or sham surgery. One hour
after reperfusion, the rats were given a bolus of 60 mg/kg pimonidazole chloride, a
marker of cellular hypoxia, via the jugular vein. One hour later, the left kidney of the
rats was perfusion fixed with 4% paraformaldehyde. Kidneys were then processed
and stained for the presence of pimonidazole adducts. In rats that underwent sham
surgery, pimonidazole staining was restricted to some medullary thick ascending
limbs of the loop of Henle. In rats that underwent unilateral renal ischemia, there was
extensive staining of pimonidazole adducts, particularly in the outer and inner
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medulla. Tubular profiles in the cortex appear dilated and cellular debris was present
in the lumen. In the outer medulla, tubular profiles were often filled with tubular casts.
These observations raise the possibility that localized hypoxia, associated with
significant renal tissue injury, may be present in the acute phase of IRI in the
absence of a measureable deficit in tissue PO2.

5.2. INTRODUCTION
Reduced tissue oxygenation has been widely touted as an important event in
the pathogenesis of both acute and chronic kidney diseases (9, 10). There has been
considerable interest in the examination of its role as an initiator of dysregulation of
renal function and thus propagation of renal damage in kidney disease. FriederichPersson et al in 2013 demonstrated that renal tissue hypoxia, independent of
traditional risk factors for development of chronic kidney disease such as diabetes
and hypertension, drives renal tissue damage (12, 13). This study was an important
milestone for further investigations into the role of tissue hypoxia in the pathogenesis
of kidney diseases.
Ischemia reperfusion injury (IRI) is the most common cause of hospitalacquired renal insufficiency (26). It is often a necessary complication arising from
potentially life-saving medical interventions, such as cardiopulmonary bypass,
resection of renal carcinomas and reparation of aneurysm, where blood flow to the
kidneys is often reduced or temporarily ceased. There are multiple animal models of
IRI, which differ in terms of the location of the vascular occlusion (14), the
temperature of the kidney during ischemia (16), and whether renal ischemia is
bilateral or unilateral. It appears that the alterations in renal blood flow (RBF) and
renal tissue oxygenation, and thus tissue damage, may widely differ between these
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various animal models of IRI (14, 16). For example, using a model of suprarenal
aortic occlusion, Legrand and colleagues demonstrated the development of cortical
and medullary microvascular hypoxia in the kidney as early as 2 h into the
reperfusion period (22). This was in stark contrast to the observations of relatively
well maintained oxygenation in the cortex and inner medulla as demonstrated by
Oostendorp et al in a model of flow prevention restricted to the kidney (27). To avoid
the possible confounding effects of ischemia in remote organs (such as that
observed during aortic cross clamping) and its impact on renal tissue oxygenation,
we recently investigated renal tissue oxygenation during the acute phase of
reperfusion in a model of flow prevention limited to the kidney (1). To this end, we
prevented blood flow into the kidney via occlusion of the renal artery (1). To assess
renal oxygen delivery (DO2) and consumption (VO2) in that study (1), we modified a
method developed by Ince and colleagues (18, 24) based on fluorescence lifetime
oximetry. We also used fluorescence optodes (BF/OT/E, E-series PO2/temperature
sensor, Oxford Optronix, Oxford, UK) to document changes in tissue oxygenation
during the 2 h reperfusion period after the rats were subjected to an hour of ischemia
restricted to the kidney. The outcomes of that study can be summarized as follows:
1)

Total RBF and cortical blood flow were markedly reduced immediately
following occlusion of the renal artery and did not appear to recover over the
reperfusion period. Medullary blood flow was, on the other hand, virtually
completely recovered after the ischemic event.

2)

Renal DO2, VO2 and glomerular filtration rate (GFR) were markedly reduced
2 h after the kidneys were reperfused following an hour of ischemia.

3)

During the reperfusion period, tissue hypoxia could not be detected in the
renal cortex or the inner medulla.
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The observation of the apparent absence of renal tissue hypoxia 2 h
following an hour of renal ischemia could be attributed to the relatively well
maintained balance between renal DO2 and VO2. That is cortical and medullary
tissue PO2 may have been maintained during the acute phase of reperfusion after
renal ischemia in this model because the deficit in renal VO2 was greater than the
deficit in renal DO2.
One of the limitations of the fluorescence optode used for the determination
of renal tissue PO2 is that it only allows for measurements to be taken at a single
location at any one time. Furthermore, fluorescence optodes ‘average’ tissue PO2
over a relatively large volume of tissue (~ 1 mm3), so could potentially fail to detect
hypoxia at a local, cellular, level. Therefore, in the studies described in this chapter,
we

employed

an

immunohistochemical

method,

pimonidazole

adduct

immunohistochemistry, to test for the presence of hypoxia and its tissue distribution.
Establishing the presence of cellular hypoxia has been central to the study of
tumor biology. In 1976, Varghese et al demonstrated that pimonidazole, a 2nitroimidazole, binds readily to tumor cells cultured under hypoxic conditions (32). It
has been established, in tumor cells, that pimonidazole can be reduced by one
electron reductases such as NADPH and NADH forming a nitro radical anion
intermediate (Fig 5.1) (3). This reaction is reversible such that in the presence of
oxygen, the anion intermediate is oxidized back to its native form, 2-nitroimidazole. In
the absence of oxygen (specifically at oxygen tensions of 10 mmHg and below), the
nitro radical anion intermediate is further reduced to a hydroxylamine intermediate,
which then binds irreversibly to thiol containing compounds such as glutathione and
proteins (Fig 5.1) (3). The property of irreversible binding of adducts, which can be
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detected immunohistochemically, makes pimonidazole an attractive reagent for the
assessment of tissue hypoxia at the cellular level.

Figure 5.1: Schematic of metabolism of pimonidazole. The parent compound, 2nitroimidazole (pimonidazole) undergoes reversible reduction by one-electron
reductases into a nitro radical anion intermediate (C). Under well oxygenated
conditions, the anion intermediate can be oxidized back into the parent compound.
Under hypoxic conditions, the anion intermediate is reduced further forming a
hydroxylamine intermediate (D), which in turn binds non-reversibly to compounds
containing thiol groups such as glutathione (E) and proteins (F). The formation of
pimonidazole adducts can then be assessed immunohistochemically as an indicator
of cellular hypoxia. Schematic reproduced with permission from Arteel et al (3).

Chapter 5

96

Cellular Hypoxia in Acute Renal Ischemia Injury

The outcomes of pimonidazole immunohistochemistry will complement the
data we previously acquired using fluorescence optodes (1) in that the study as a
whole provides us with both direct measurements of tissue PO2 and assessment of
hypoxia at the cellular level in the acute setting following renal IRI. We hypothesize
that cellular hypoxia is present in the acute phase following an hour of renal
ischemia. Note that the data presented in this chapter have been published (1). This
paper is presented in Appendix 3 in this thesis.

5.3. METHODS
5.3.1. Animals
Male Sprague-Dawley rats (n = 10, mean weight: 373.8 ± 11.7 g) obtained
from the Monash University Animal Research Platform were housed in a climate
controlled room (21 – 23 °C) with a 12 h light/dark cycle. Rats were fed standard
chow ad libitum and had free access to water. All procedures were approved in
advance by the Animal Ethics Committee of the Monash Animal Research Platform
as being in accordance with the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes.
5.3.2. Ischemia reperfusion injury and perfusion-fixation
Rats were anesthetized with an intraperitoneal injection of 125 mg/kg sodium
thiobutabarbital (Sigma-Aldrich, MO, USA). A tracheotomy was performed to facilitate
artificial ventilation (Ugo Basile, model 7025, SDR Clinical Technology, NSW,
Australia) with 40% O2/60% N2 at a ventilation rate of 80 breaths/min and a tidal
volume of 3.5 ml. The carotid artery and jugular vein were catheterized to facilitate
measurement of arterial blood pressure and the infusion of maintenance fluid,
respectively. During surgical preparation, a solution of 2% w/v bovine serum albumin
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(BSA) in isotonic saline was infused via the jugular vein at a rate of 6 ml/h. A pulse
oximeter (Mouse Ox, Starr Life Sciences Corporation, PA, USA) was placed on the
hind foot of the rat in order to continuously measure the degree of saturation of
hemoglobin with oxygen during the experimental procedure.

Figure 5.2: Schematic (A) and time line (B) of the surgical and experimental
procedure. Surgical preparations (Surgery) commenced for the catheterization of the
carotid artery and jugular vein for the measurement of arterial pressure and the
infusion of maintenance solutions (A). The right renal artery and vein were
permanently ligated. One hour into the equilibration period, rats either underwent
ischemia or sham ischemia consistent with the procedures in the previous study by
Abdelkader et al (1) for a period of an hour. Pimonidazole chloride was delivered
intravenously 1 h into the reperfusion period (PIM). At the end of the reperfusion
period, the kidneys were perfusion-fixed with 4% paraformaldehyde (FIX).
A midline incision was made exposing the abdominal cavity. The right kidney
was decapsulated and the right renal artery and vein permanently ligated. This was
necessary to mimic the experimental conditions in studies in which renal oxygenation
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was assessed in this model of IRI using fluorescence optodes (1). The left renal
artery and the left kidney were then isolated and freed from surrounding fat and
connective tissues. Upon completion of the surgical preparations (Fig 5.2), rats
received a bolus dose of pancuronium bromide (2 mg/kg, Astra Zeneca Pty Ltd,
NSW, Australia) intravenously. A maintenance infusion of 2% w/v BSA delivered 0.1
mg/kg/h pancuronium bromide through the jugular vein, for the rest of the
experimental protocol, at a rate of 2 ml/h
After a 1 h equilibration period a microvascular occluder was applied on the
left renal artery in a subgroup of rats (n = 5, mean weight = 381.1 ± 16.6 g), so that
blood flow into the left kidney was prevented (Fig 5.2A). One hour later, the
microvascular occluder was removed and the left kidney was reperfused. A separate
cohort of rats (n = 5, mean weight = 366.6 ± 17.6 g) underwent the same procedure
with the exception of the application of the microvascular occluder (i.e. blood flow to
the left kidney was not prevented). Pimonidazole chloride (Hydroxyprobe Inc., USA),
a marker for cellular hypoxia was administered intravenously at a dose of 60 mg/kg,
1 h into the reperfusion period. At the end of the reperfusion period (i.e. 1 h following
administration of pimonidazole chloride), the left kidney was perfused with 4% w/v
paraformaldehyde (paraformaldehyde powder, no. 158127, Sigma-Aldrich) at a
pressure of 150 mmHg (Fig 5.2B). The perfused kidney was then decapsulated and
processed for pimonidazole adduct immunohistochemistry (See Appendix 3 for
further details).
5.3.3. Histology
The kidneys were processed, embedded in paraffin and sectioned at 5 µm.
Two sets of 3 serial sections were generated from each kidney. One of the serial
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sections was stained to assess the presence of pimonidazole adducts, an indicator of
cellular hypoxia. The adjacent section was stained with hematoxylin and eosin.
Staining procedures were performed as detailed in Chapter 3: General methods (see
section 3.9).

5.4. RESULTS
Renal tissue sections from rats subjected to sham surgery appeared
relatively normal. The absence of pimonidazole adducts indicate that the kidneys
were relatively well oxygenated (Fig 5.3A). There was occasional positive
pimonidazole adduct staining present in tubular elements in the outer and inner stripe
of the outer medulla and the inner medulla, in thin limbs of the loop of Henle, but not
in collecting ducts (Fig 5.3C, E, G and I). In contrast, kidney sections from rats
subjected to renal ischemia showed extensive staining for pimonidazole adducts
particularly in the outer and inner medulla (Fig 5.3B). Patchy positive staining was
found in the cortex of kidneys exposed to IRI, chiefly in the brush border of proximal
tubules (Fig 5.3D). More consistent staining was found on the apical aspects of
tubular elements in the outer and inner stripes of the outer medulla (Fig 5.3F and H).
In the outer stripe in particular, pimonidazole staining appeared to be largely
restricted to the apical membranes of dilated tubules (Fig 5.3H). In the inner medulla,
both thin limbs of the loop of Henle and collecting ducts displayed consistent
pimonidazole staining (Fig 5.3J). Note also that the lumen of some tubular elements
within the kidneys subjected to IRI was also found to contain pimonidazole staining.
This luminal staining appeared to correspond to the presence of tubular casts, so is
likely to be artifactual (Fig 5.4).
The cortex of rats subjected to ischemia displayed occasional tubular casts.
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Other tubular profiles appeared slightly dilated, but the brush border of proximal
tubules appeared relatively normal. In the outer stripe of the medulla, about half of
the tubular profiles were filled with casts (Fig 5.4). Many of the remaining tubular
profiles were dilated with some flattening and irregularity of the brush border. In the
inner stripe, erythrocytes were observed in some capillaries, despite the use of
perfusion fixation, suggesting the presence of vascular congestion. As observed in
the outer stripe, many tubules were filled with casts or had irregular thinning of the
brush border. In the inner medulla, apart from the presence of tubular casts,
morphology was relatively normal.
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Figure 5.3: Pimonidazole adduct immunohistochemistry. A–J: representative
images of kidney sections of sham-operated rats (A, C, E, G, and I) and rats
subjected to ischemia reperfusion (B, D, F, H, J). A and B: the whole kidney; C and
D: the cortex (C); E and F: the outer stripe of the medulla (OSM); G and H: the inner
stripe of the medulla (ISM); I and J: the inner medulla (IM). Images are typical of the
2 sections from each of the 10 kidneys that were examined. Sections were
counterstained with hematoxylin, and pimonidazole adduct staining is shown in
brown. The positions from within the kidney where the images were taken are shown
in the images of the whole kidney (A and B). The kidney of rats subjected to sham
ischemia showed little or no pimonidazole staining except in thin limbs of the loop of
Henle (T) and in occasional tubular casts (arrows) in the inner stripe of the medulla.
Tubules in the kidneys of rats subjected to ischemia and reperfusion were often
dilated with a flattened brush border that stained strongly for pimonidazole. Tubular
casts were abundant, particularly in the inner stripe of the medulla (H), and capillaries
were often plugged with erythrocytes (*). In the inner medulla, pimonidazole staining
was observed in the collecting ducts (CD) as well as the thin limbs of the loop of
Henle. Bars = 500 µm in A and B, 100 µm in C–H, and 50 µm in I and J.
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Figure 5.4: Adjacent serial sections stained for pimonidazole (top) and with
hematoxylin and eosin (bottom) showing the presence of pimonidazole
staining in tubular casts in rats subjected to ischemia and reperfusion. Three
consecutive sections were taken for the analysis of each of the 10 kidneys. The first
section was stained for pimonidazole adducts and counterstained with hematoxylin,
and the third section was stained with hematoxylin and eosin. Pimonidazole adduct
immunostaining is shown in brown. Note that tubules in which pimonidazole staining
is largely localized to the apical aspect correspond to those with a patent lumen (i–
ix). In contrast, tubules in which pimonidazole staining is present in the lumen (1–7)
correspond with those filled with casts, suggesting that such luminal pimonidazole
staining is artifactual. Bars =100 µm.
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5.5. DISCUSSION
The abundance of pimonidazole adducts in tissue sections 2 h after renal IRI
provides evidence for the presence of hypoxia at the cellular level, particularly in the
outer and inner medulla. It is noteworthy that there were numerous tubular casts, as
evident by the dark brown smear in the cytoplasm that was also reflected in adjacent
tissue sections stained with hematoxylin and eosin, predominantly localized to the
outer medullary region. Pimonidazole adduct staining in these tubular casts was
clearly artifactual. But in addition to this artifactual staining, was the presence of
mesh-like networks in the tubular lumen, continuous with the apical membrane,
which were also positively stained for pimonidazole adducts, suggesting that the
tubular membrane was damaged by renal ischemia. This is consistent with previous
findings where acute tubular necrosis is often described as a hallmark of renal IRI (6,
30) and may provide a mechanistic link to long-term tubular damage and
inflammation leading to the development of chronic kidney disease. Indeed, Basile
and colleagues demonstrated that renal function does not fully recover after
reperfusion and that susceptibility to development of chronic kidney disease as a
result of secondary insults is exacerbated (4, 5).
In addition to the mechanical damage, it appears that, at least in intact
tubules, pimonidazole adducts were localized to the apical membrane of the tubules.
This might appear counter-intuitive. The most “energy” consuming activity in the
tubule is that used to “power” the sodium-potassium adenosine triphosphatase (Na+K+ ATPase) pump that drives reabsorption of sodium and other solutes. These
pumps are normally localized to the basolateral membrane but can be translocated to
the apical membrane when cellular polarity is disrupted in response to tubular injury
associated with renal ischemia (21, 25). It is thus tempting to suggest that
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translocation of the Na+-K+ ATPase pumps from the basolateral to the apical
membrane of tubules essentially results in futile cycling of sodium and thereby
increased oxygen consumption within this cellular micro-domain. Our current studies
provide no direct support for this hypothesis. It is worth noting that the total renal VO2
is markedly reduced during the acute phase of reperfusion in this model of IRI (1).
Nevertheless, we cannot discount the possibility that changes in renal VO2 in the
acute phase of IRI are heterogeneous, favoring increased renal VO2, and thus local
hypoxia, at the apical regions of tubular epithelial cells.
The contrasting observations of apparent tissue hypoxia reflected by the
prominent staining for pimonidazole adducts, compared with our failure to detect
tissue hypoxia by fluorescence optode, remain to be reconciled. One of the more
obvious differences between these techniques is the area in which tissue PO2 is
sampled. The measurements made with fluorescence optodes were in the cortical
and inner medullary regions, yet the most prominent staining of pimonidazole
adducts were in the outer medulla. Secondly, the fluorescence optodes used by
Abdelkader et al have diameters of 350 µm. Thus, insertion of these rather thick
probes into renal tissue may result in significant tissue damage, potentially affecting
measurement of tissue PO2. On the other hand, these probes provide information on
the average PO2 in tissue surrounding the probe tip (8). In this respect the relatively
large probe size is an advantage as it provides an average over a relatively large
area of tissue. This probably explains why measurements made using fluorescence
optodes were found to be less variable, than those made using the ‘gold standard’
Clark electrode, and thus more sensitive to minute changes in tissue PO2 (23).
Pimonidazole adduct staining, on the other hand, provides information
regarding tissue hypoxia at the level of individual tubular and vascular elements in
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the kidney. Pimonidazole adduct immunohistochemistry, however, does have some
flaws as an indicator of tissue oxygenation. Firstly, pimonidazole only binds to and
forms adducts to tissues at oxygen tension of 10 mmHg or less (15). Thus, it does
not permit quantification of the severity of hypoxia. Secondly, the chromogen, 3diaminobenzidine (DAB), most commonly used to visualize pimonidazole adducts,
does not obey by the Beer-Lambert law (31). Consequently, the intensity of staining
is not directly proportional to the concentration of the pimonidazole adducts.
Essentially, this means that one cannot infer how hypoxic (quantitatively) the tissue is
by quantifying the intensity of the stain. Nevertheless, we are reassured that
pimonidazole adduct immunohistochemistry provides excellent information on the
spatial distribution of tissue hypoxia at the individual cellular level, and is
complementary to data acquired at the tissue level.
Therefore, to avoid the possible confounders associated with the use of
fluorescence optodes, we opted to use polarographic microelectrodes to directly
quantify tissue PO2 in subsequent studies of the pathogenesis of IRI (Chapter 7). The
Clark electrode is considered a gold standard for quantifying tissue PO2 and has
been used extensively for the determination of tissue PO2 in various tissues such as
the brain (7, 17), kidney (28, 29) and skeletal muscle (2). The electrode directly
quantifies tissue PO2 via the electrochemical reduction of oxygen at the tip of the
electrode. The relatively small diameter (~ 50 µm in our studies) of the electrode tip
minimizes mechanical damage arising from insertion of the electrode. In addition, it
allows for the placement and re-placement of the probe tip at various positions
across the kidney without causing major tissue damage. Thus, it allows for the semispatial assessment of tissue oxygenation. However, experiments using Clark
electrodes are highly invasive and must be performed under anesthesia. Thus,
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observations made using Clark electrodes are confounded by the effects of
anesthesia and provide very limited temporal resolution. To overcome this, we
employed another polarographic electrode, the oxygen telemeter, which when
chronically implanted facilitates the quantitative assessment of tissue PO2 for periods
of weeks (19, 20).
In conclusion, our current observations, in the acute phase of renal IRI using
pimonidazole adduct immunohistochemistry, are at odds with our previous
observations using fluorescence optodes in the same experimental model. It thus
appears that, in the absence of measureable reductions in renal tissue PO2, localized
cellular hypoxia may develop in the acute phase of renal IRI (1). It has been widely
established that tubular and cellular injury, such as tubular necrosis and capillary
rarefaction following an ischemic event, may contribute to tissue hypoxia, which may
then in turn drive further tissue damage, in accordance with the ‘chronic hypoxia
hypothesis’ (11). Thus, we postulate that the cellular hypoxia observed in the acute
phase of renal IRI may drive further tissue injury and consequently result in
widespread tissue hypoxia in the subsequent subacute phase (first week) of renal
IRI. This proposition will be addressed in the experiments described in Chapters 7
and 8 of this thesis.
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6.1. ABSTRACT
The telemetric method for continuous measurement of renal tissue oxygen
tension (PO2) in unrestrained rats provides a new tool to assess the role of hypoxia in
the progression of renal disease. However, conclusions drawn from studies in which
this method is employed over long time scales (days to weeks) could be confounded
by drift in the ‘zero offset current’ (i.e. the current measured in vivo when PO2 = 0
mmHg). To assess whether the zero offset current changes over time, rats (n = 6)
were equipped with both an oxygen telemeter for measurement of medullary tissue
PO2 and an inflatable vascular occluder around the renal artery. The vascular
occluder was inflated daily to determine the current measured by the telemeter when
blood flow to the kidney was impeded. At the end of the study, the rats were
anesthetized and then humanely killed by induction of cardiac arrest so the offset
current could be determined. In an additional 16 rats that were equipped with an
oxygen telemeter only, current detected by the telemeter was measured in the
conscious state, after anesthesia, and at death. All 22 telemeters were calibrated
after explantation so medullary tissue PO2 in vivo could be calculated retrospectively.
Current measured when the vascular occluder was inflated was labile across the first
5 days after implantation (-212.8 ± 44.8 nA, within rat coefficient of variation (CV) =
42.7 ± 6.9%), but thereafter remained relatively stable (-168.2 ± 45.2 nA, CV = 15.9 ±
8.6%) until explantation, 7 to 18 days after implantation. This observation provides
confidence that chronic telemetric measurement of renal tissue PO2 is feasible and
valid. Anesthesia was associated with a marked reduction in medullary tissue PO2
(by 25.1 ± 5.8%). Thus, our findings suggest that the entire body of work in which
medullary tissue PO2 has been measured in anesthetized animals and humans is at
least partly confounded by the effects of anesthesia.
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6.2. INTRODUCTION
One of the important questions we must answer if we are to critically
evaluate the ‘chronic hypoxia hypothesis’ is whether tissue hypoxia precedes
pathology (see Chapter 2). This issue has been difficult to address, due to the lack,
until recently, of methods for chronic assessment of renal tissue oxygenation in
unrestrained animals. The development of a telemetric oxygen sensor for continuous
measurement of renal tissue oxygen tension (PO2) thus provides new opportunities
for studies of the role of tissue hypoxia in kidney disease (7). The oxygen telemeter
can be implanted into rats for weeks without significant negative impact on the kidney
(5, 7). Furthermore, because it can be chronically implanted, tissue oxygenation can
be assessed without the confounding factors of anesthesia. Additionally, after a
recovery period of 5 days, measurements of both cortical and medullary tissue PO2
were found to be relatively stable throughout a 19 day period of implantation (5, 7).
But one of the limitations of this method is the presence of an ‘offset current’ (i.e. the
current measured when PO2 = 0 mmHg) after implantation (7). The offset current can
be measured at the end of the experiment when the rat is killed. However, if the
offset current were to vary across the course of prolonged implantation of the
telemeter, interpretation of studies of kidney oxygenation during the progression of
disease would be confounded. Therefore, in the experiments described in this
chapter, we sought out to determine whether the offset current of the telemeter
changes over time. We did this by equipping rats with vascular occluders on the renal
artery that could be inflated daily during the period of implantation of the telemeter.
These studies also provided an opportunity to assess the effects of anesthesia on
renal medullary PO2.
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6.3. METHODS
6.3.1. General
Male Sprague-Dawley rats (n = 22) were obtained from the Animal
Resources Centre (Perth, WA, Australia). Rats were housed individually in a climatecontrolled room at 21 – 23 °C with a 12 h light/dark cycle. They were fed standard
laboratory chow diet ad libitum and had free access to water. All procedures were
approved in advance by the Animal Ethics Committee of Monash University Animal
Resources Platform. Experiments were thus conducted in accordance with the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
6.3.2. Implantation of the telemeter and the vascular occluder
The oxygen telemeter (7, 8), after construction and calibration (see Sections
3.4 & 3.5), was implanted into the left kidney of the rats (see Section 3.6). Briefly,
once the rat was anesthetized, a midline incision was made to expose the left and
right kidneys. The oxygen sensing carbon paste electrode (CPE) and the reference
electrode of the oxygen telemeter were inserted 4-5 mm, into the medullary region,
approximately 5 mm apart from each other. The auxiliary electrode was placed on
the renal surface away from the other electrodes. Electrodes were secured onto the
kidney via the application of tissue glue onto cellulose patches covering the
electrodes. The midline incision was closed and the rat was allowed to recover on a
heated pad before being returned to the animal house and placed on the receiver
pad where recordings of tissue oxygenation commenced.
In a subset of rats (n = 6), an inflatable cuff (OC1.5, In Vivo Metric, California,
USA) was implanted around the left renal artery prior to the implantation of the
oxygen telemeter (Fig 6.1). The implantation of the inflatable cuff facilitated the
temporary occlusion of the left renal artery and allowed us to determine the current of
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the telemeter when blood flow to the kidney was impeded. The cuff was inflated after
the oxygen telemeter was implanted and flow prevention was visually inspected and
confirmed by the observation of blanching of the left kidney. The polyvinyl tube
connected to the inflatable cuff was exteriorized through an incision between both
scapulae. The tube was protected by a metal guard attached to a swivel system. The
cuff was inflated daily and the current measured by the telemeter recorded for the
rest of the implantation period.
At the end of the protocol, the telemeters were explanted and calibrated (see
Sections 3.5 & 3.7). Tissue oxygenation was continuously recorded before and
during the explantation procedure. Briefly, the rats were anesthetized with an
intraperitoneal injection of 60 mg/kg of sodium pentobarbital (Sigma Aldrich, MO,
USA). A 1.5 ml blood sample was taken via cardiac puncture, as part of another
ongoing study, and stored for later analyses. A 2 ml bolus of 0.25 g/ml potassium
chloride was then delivered by cardiac puncture to induce death by cardiac arrest.
The current measured by the telemeters at death is deemed to be the offset current
(i.e. PO2 = 0 mmHg).
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Figure 6.1: Implantation of the vascular occluder. To allow assessment of the
offset current of the telemeter, a vascular occluder (A) was implanted. After the
vascular occluder was placed around the renal artery (B), the three electrodes
(auxiliary electrode, AUX; carbon paste electrode, CPE; reference electrode, REF) of
the telemeter were implanted and secured onto the left kidney. The vascular occluder
was then exteriorized between both scapulae and passed through a metal tube
(catheter guard) attached to a swivel system (C). This allowed for the daily
assessment of the current measured by the telemeter during occlusion of the renal
artery in rats that were conscious and freely moving.
6.3.3. Measurements and calculations
The current measured by the telemeter was filtered with a 25 Hz low-pass
filter. Artifacts were removed when the 1st order derivative of the measured current
exceeded the threshold of 5 – 500 nA/s. Because of the presence of an inherent
offset in the telemeter, the zero offset current acquired at death of each rat was
determined during the termination procedure and the “true” current measured was
calculated as below:
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Current !" = Filtered current !" − zero offset current (!")
The current measured at the tip of the electrode is proportional to oxygen
concentration. Thus, renal tissue PO2 can then be determined as:
Tissue PO2 !!"# =

Current (!")
× 0.631
Calibration of CPE (!" !")

where the calibration of the CPE was determined post-explantation (see Section 3.6).
6.3.4. Statistical analyses
Statistical and graphical analyses were performed using the software
packages SYSTAT (Version 13, Systat Software, IL, USA) and GraphPad Prism
(Version 6, Graph-Pad Software, USA), respectively. Two-sided P ≤ 0.05 was
considered statistically significant. Data are presented as mean ± standard error of
the mean (SEM). Dichotomous comparisons of continuous variables were made
using Student’s paired t-tests.
Within animal differences of the offset current measured by the oxygen
telemeter over the implantation period was assessed using the coefficient of variation
(CV). The CV was calculated in percentage as below:
Standard deviation of the mean current (nA)
× 100%
Mean current (nA)
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6.4. RESULTS
6.4.1. Changes in current measured during inflation of the vascular occluder
Inflation of the vascular occluder was followed by a rapid reduction in the
current measured by the telemeter (Fig 6.2). A new stable level of current was
typically reached within 90 - 130 s of inflation of the cuff. After deflation of the cuff,
current typically rapidly returned to its pre-inflation level. Two of the telemeters
implanted were irresponsive to inflation of the vascular occlude because of a short in
the electrical circuit of the telemeters. Data from these telemeters were excluded
from the analysis.
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Figure 6.2: Typical trace of the current profile following inflation of the vascular
cuff implanted around the renal artery. The traces represent inflation of the cuff
over two consecutive days in a rat. Once the cuff was inflated, the current registered
from the telemeter decreases and reaches a plateau. Once a new stable level was
reached, the cuff was deflated and current returned to its pre-inflation level.
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The current, during inflation of the vascular occluder, was recorded daily for
up to 18 days after implantation of the telemeter. The current was labile in most rats
for up to 5 days after implantation. The within-rat CV was 42.7 ± 6.9% during the first
5 days of implantation (Fig 6.3). In contrast, during the period from 5 days after
implantation of the telemeter until explantation, the within-rat CV in the offset current
was only 15.9 ± 8.6%.

Current (nA)
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0
0
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Days after implantation
Figure 6.3: Daily determination of the current measured during occlusion of the
renal artery. The vascular occluder around the left renal artery was inflated daily to
temporarily obstruct flow to the left kidney, to estimate the offset current under in vivo
conditions. Each individual symbol and their associated connecting lines are
representative of recordings from a single rat. *Note that the current determined by
the telemeter can be converted to mmHg by factoring in i) the calibration of the
telemeter and ii) the zero offset determined at death, both of which vary between
rats.
Apart from determining the offset of the current while the rats were freely
moving, we also determined the offset at death upon the induction of cardiac arrest.
The offset current at death was consistently less than that of when the rats were
conscious and freely-moving (Fig 6.4). This represented a significant reduction of
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60.7 ± 10.4% in the offset current determined at death than before termination (Fig
6.4B).
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Figure 6.4: The current measured by the oxygen telemeter during renal artery
occlusion in vivo on the day of explantation and at death. Values are presented
as mean ± SEM. The current measured by the telemeter on the day of implantation
was determined by inflation of the vascular occluder (A, Inflation of cuff). The offset
current was also determined after induction of cardiac arrest (A, Death). The
percentage difference, between the current measured during inflation of the cuff on
the renal artery and the offset current at death is depicted in (B). Each individual
symbol and their associated connecting lines in (A) are representative of recordings
made in a single rat. P value is the outcome of Student’s paired t-test.
6.4.2. The effect of anesthesia on tissue oxygenation
Once the offset current was determined and the telemeter was calibrated
after explantation, current could be converted to PO2 in mmHg. Medullary tissue PO2
in conscious rats, just prior to anesthesia, was estimated to be 80.1 ± 10.3 mmHg
(Fig 6.5A). Anesthesia was accompanied by a marked reduction in estimated
medullary tissue PO2, to 59.9 ± 8.7 mmHg, representing a 25.1 ± 5.8% decrease.
(Fig 6.5B).
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Figure 6.5: Tissue PO2 estimated by the telemeter before and after anesthesia.
Values are mean ± SEM (n = 22). Values are presented as mean ± SEM. PO2
estimated from measurements made while the rats were conscious and freely
moving prior to anesthesia is depicted by the red open bar (A). PO2 estimated once a
surgical level of anesthesia was established is depicted as the blue open bar. The
percentage change in estimated tissue PO2 induced by anesthesia is depicted in (B).
Each line and their corresponding connecting symbols are representative of
recordings taken from a single rat before and after anesthesia. The P value is the
outcome of a Student’s paired t-test. PO2: tissue oxygen tension.

6.5. DISCUSSION
The present study generated two important new findings. Firstly, we found
that the current measured by the oxygen telemeter during inflation of an occluding
cuff on the renal artery was relatively stable after the initial 5-day recovery period
post implantation. This observation gives us confidence that interpretation of the
findings of studies using oxygen telemeters, requiring long-term measurements of
kidney tissue PO2, are unlikely to be confounded by changes in offset current.
Secondly, we found that estimated medullary tissue PO2 fell markedly after
anesthesia. We believe these are the first available observations of the effects of
anesthesia on medullary tissue PO2 in any species. Our findings indicate that
interpretation of all previous studies of medullary tissue PO2 in anesthetized rats are,
to some extent at least, confounded by the effects of anesthesia.
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The zero offset current of the oxygen telemeter can only really be measured
once the animal is killed and the kidney becomes anoxic. In the present study, we
attempted to estimate the zero offset in conscious rats by temporarily occluding blood
flow to the kidney using an inflatable cuff. The current measured during inflation of
the cuff was highly variable during the first five days after the implantation of the
telemeter. This is likely due to the initial physical interactions between the carbon
paste mixture, consisting of carbon powder and silicon oil, within the carbon paste
electrode (13) and the surrounding renal tissue. This variability in the estimated offset
current likely contributes to the variability in cortical (5) and medullary tissue PO2
observed in previous studies during the first 5 days after implantation of the telemeter
(7). But critically, from day 6 after implantation to the end of the implantation period,
the variability in the current measured during inflation of the cuff was less than half
that during the first 5 days after implantation. We interpret this observation to indicate
that the zero offset of these telemeters reaches a stable level by 5 days after the
surgical procedure. It also seems reasonable to conclude that the stability of cortical
and medullary PO2 observed in previous studies of otherwise untreated rats, after the
first 5 days from implantation of the telemeter (5, 7), is partly attributable to by the
stability of zero offset across the implantation period.
The current measured at death was consistently less than the current
measured during inflation of the occluder on the renal artery in conscious rats. One
possible explanation for this observation is that inflation of the occluder may not have
completely prevented blood flow to the kidney. Consequently, the current measured
during inflation of the occluder does not represent the true zero offset. Nevertheless,
great care was taken to ensure that the occluder was inflated with the same volume
of fluid each time. Thus, within each rat, the degree to which renal blood flow was
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reduced by inflation of the vascular occluder should have been consistent across the
period of implantation of the telemeter. Taken together with our previous
observations (5, 7), the findings from this set of studies further strengthens our
confidence in the validity of this telemetric method for chronic estimation of renal
tissue PO2 in unrestrained rats.
The medulla has often been described to be hypoxic under physiological
conditions. Yet tissue PO2 in the renal medulla is nearly always measured under
anesthesia (1, 2, 6, 9, 12). Recently, Calzavacca and colleagues measured very
similar levels of tissue PO2 in the renal cortex and medulla in conscious sheep (3, 4).
Their findings raise the possibility that the degree of hypoxia in the renal medulla
under physiological conditions might be over-stated. Our current findings support this
proposition, since we found that medullary tissue PO2 fell by approximately 25%
when rats were anesthetized. We are not aware of any previously published
observations of the effects of anesthesia on renal medullary PO2 in any species.
Thus, our findings have important implications for the interpretation of the huge body
of work in the literature in which medullary tissue PO2 has been measured in
anesthetized animals and man (10, 11).
The absolute levels of tissue PO2 estimated from measurements of current
from the oxygen telemeter in conscious rats varied widely, and in some cases were
physiologically implausible (i.e. > 100 mmHg). Thus, while this method allows
changes in tissue PO2 to be measured with a reasonable level of precision, it does
not provide accurate estimates of absolute tissue PO2. Consequently, it appears
prudent to use this technique to determine relative changes in tissue PO2 only.
In conclusion, the recently developed oxygen telemeter provides us with a
tool with which we can more critically evaluate the role of tissue hypoxia in the
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progression of renal pathology. The technique allows assessment of tissue
oxygenation without the confounding influence of anesthesia. It also allows
measurements to be made over periods of hours, days, weeks, and perhaps even
months. Our current findings indicate that, following an initial period of up to 5 days of
relative instability, the inherent zero offset of the telemeter remains stable for long
periods. Thus, it is feasible to use this technique for long-term studies of kidney
oxygenation. Based on this conclusion, we employed the telemetric method for
studies described in Chapter 7, in which we determined the temporal profile of
changes in tissue oxygenation during a 5 day period after an hour of bilateral renal
ischemia.
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7.1. ABSTRACT
Tissue hypoxia has been postulated to play an important role in the
progression of acute kidney injury (AKI) induced by ischemia reperfusion injury (IRI).
It has also been postulated to drive maladaptive processes during recovery from AKI
that can increase susceptibility to development of chronic kidney disease (CKD).
Tissue hypoxia in the acute phase of AKI may further drive the development of renal
dysfunction resulting in a vicious cycle of chronic hypoxia. Thus, we hypothesize that
tissue hypoxia is present in the subacute phase of renal IRI.
We determined the time-course of changes in, and the spatial distribution of,
tissue oxygen tension (PO2) during the subacute phase of IRI using two established
methods for direct quantification of tissue PO2. We also determined the relative
contributions of dysregulation in renal oxygen delivery (DO2) and oxygen
consumption (VO2) in changes in tissue PO2, 24 h and 5 days following recovery
from IRI. Using radiotelemetry, inner medullary PO2 was significantly increased by 23
± 13% and 25 ± 12% at 24 h and 48 h following IRI respectively. Tissue PO2 was
consistently greater 24 h following IRI than after sham surgery, at a range of depth
below the cortical surface. Cortical and inner medullary tissue PO2, measured by
Clark electrode, was 41% and 53% greater at 24 h after IRI than after sham surgery.
Tissue PO2 at 5 days after IRI was not significantly different to that at the same time
after sham surgery. Renal blood flow and renal DO2 were relatively well maintained
in the subacute period of IRI. In contrast, renal VO2 was 55% and 49% less at 24 h
and 5 days after IRI than after sham surgery. Thus, tissue hypoxia may not be
present in the subacute phase of IRI, due to relatively well maintained renal perfusion
and a marked reduction in renal oxygen utilization.
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7.2. INTRODUCTION
The increasing incidence of acute kidney injury (AKI) worldwide (25) is of a
major concern, not only because of its direct burden on patients and the healthcare
system, but also because it renders patients more susceptible to later development
of chronic kidney disease (CKD) (4, 11, 37). In the clinical setting, ischemia
reperfusion injury (IRI) is the most common cause of AKI (31). The restriction or
complete prevention of blood flow to the kidney during some surgical procedures
inevitably results in hypoxic or even anoxic episodes that can have detrimental
repercussions. Indeed, during the period of reperfusion after prolonged renal
ischemia, cellular damage such as acute tubular necrosis and tubular apoptosis is
evident and is widely established (13, 17). There is evidence that the cellular damage
that develops during reperfusion is also associated with, and driven in part by, the
development of renal tissue hypoxia. Previous studies, using multiple animal models
of IRI, documented the development of cortical (26, 27, 36) and medullary tissue
hypoxia (26, 27, 33) during the first few hours of reperfusion after ischemia.
Following recovery from AKI, patients have an approximate 8.8 fold greater
risk of developing CKD than individuals who have not experienced AKI (11). The risk
of later development of CKD increases with the severity of AKI (11). The
mechanisms that drive the maladaptive repair processes that lead to progression of
AKI to CKD have only been partially identified (4). Basile and colleagues, in a series
of studies, demonstrated a deficit in renal blood flow (RBF) 5 weeks following renal
ischemia (5). This has been largely attributed to the permanent loss of capillaries (22)
that may result in the kidneys being in a semi-permanent state of hypoxia (5). In
addition, they determined that renal ischemia resulted in diminished urinary
concentrating capability despite seemingly intact tubular structure (6). These renal
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functional deficits were associated with cellular hypoxia (5) and sustained oxidative
stress (8). Tissue hypoxia has been postulated to be associated with capillary loss
(5). Indeed Basile and colleagues reported sustained loss of peritubular capillaries
(30-50%) from 4 to 40 weeks after renal ischemia (6). The loss of capillary density
was in part driven by reduced angiogenesis (3, 7) suggesting maladaptive repair.
Importantly, capillary rarefaction and cellular hypoxia appear to precede the
development of proteinuria (6), suggesting that the postulated hypoxia following
recovery from IRI may drive the further development of CKD. Taken together, these
observations suggest that tissue hypoxia observed in the acute phase of renal IRI
may persist and increase susceptibility to development of CKD.
As postulated by Fine et al, in the ‘chronic hypoxia hypothesis’, insults to the
kidney may lead to tissue hypoxia that may in turn result in further tissue injury and
fibrosis, thus propagating a vicious cycle of renal hypoxia and tissue injury (16). One
would expect, therefore, that tissue hypoxia should be an early and persistent
characteristic of the period of initial recovery from AKI (i.e. the subacute phase of
AKI). Thus, in this set of studies, we tested the hypothesis that renal tissue hypoxia is
present during the subacute phase of AKI induced by IRI. The chief aim of this study
was to assess the time-course of changes in, and the spatial distribution of, tissue
PO2 during the subacute (recovery) phase of IRI. Two separate methods with varying
spatial and temporal resolution were used. The aim of the first study was to examine
the time-course of changes in inner medullary tissue PO2, over the 5 day period after
a period of renal ischemia, using radiotelemetry (20, 21) in freely moving rats. We
hypothesized that the inner medulla is hypoxic in the first 24 h after reperfusion and
becomes more hypoxic as the repair processes occur during the 5 day period
following reperfusion. The aims of the second study were two-fold. The first aim was
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to investigate the contribution of changes in renal oxygen delivery (DO2) and oxygen
consumption (VO2) to alterations in renal tissue PO2 24 h and 5 days after renal
ischemia. The second aim was to characterize the spatial variations in renal tissue
PO2 across the renal cortex and medulla at these time points. We hypothesized that
renal tissue hypoxia after IRI is driven in part by inadequate renal oxygen delivery
and/or increased renal oxygen consumption.

7.3. METHODS
7.3.1. General
Male Sprague-Dawley rats (n = 46) were obtained from the Animal
Resources Centre (Perth, WA, Australia). They were housed individually in a climate
controlled room maintained at 21 – 23 °C with a 12 h light/dark cycle. The rats were
fed ad libitum on a standard laboratory chow diet and were allowed free access to
water. All procedures were approved in advance by the Animal Ethics Committee of
the Monash University Animal Resources Platform. Experiments were thus
conducted in accordance with the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes.
7.3.2. Induction of bilateral renal ischemia
Rats were anesthetized with the inhalation anesthetic, isoflurane (IsoFlo™,
05260-05, Abbott Laboratories, Illinois, USA), using a vaporizer and maintained at
2.5 – 3.0% v/v. Prior to the first incision, rats received a subcutaneous injection of 0.1
ml antibiotic suspension containing 80 mg/ml of trimethoprim and 400 mg/ml
sulfadiazine (Tribactral®, Jurox Pty Ltd, NSW, Australia) and 1.25 mg of Rimadyl®
(carprofen, Pfizer, NSW, Australia) for analgesia.
A midline incision was made exposing the left and right renal arteries. To
induce bilateral renal ischemia (n = 24), blood flow to both kidneys was prevented by
Chapter 7

132

Renal Tissue Oxygenation in Ischemia Reperfusion Injury

the application of microvascular clamps placed on both the left and right renal
arteries and veins. Flow prevention was confirmed via visual inspection of blanching
of the kidneys. After an hour, the microvascular clamps were removed, so blood flow
to both kidneys was restored. Rats were then allowed to recover from the surgery. A
separate cohort of rats (n = 22) underwent the same procedure with the exception of
the application of the microvascular clamps and so served as controls (sham
surgery).
7.3.3. Protocol 1: Temporal changes of renal oxygen tension following renal
ischemia
To characterize the temporal profile of changes in renal tissue PO2 after
ischemia and reperfusion, we employed a radiotelemetric method (20, 21). Briefly,
the oxygen telemeter was implanted so that the oxygen-sensing carbon paste
electrode was inserted into the inner medullary region of the left kidney. One week
following recovery from the implantation surgery, the rats underwent a second
surgical procedure for the induction of either bilateral renal ischemia (n = 7) or sham
ischemia (n = 5). Renal tissue PO2 was recorded for 5 days following recovery from
surgery. The telemeters were then explanted and calibrated as described in detail in
Chapter 3 and elsewhere (21).
7.3.4. Protocol 2: Renal tissue oxygenation and its determinants after ischemia
and reperfusion
Either 24 h or 5 days following recovery from renal ischemia or sham
surgery, rats were anesthetized and prepared for the assessment of regional tissue
PO2 using a Clark electrode (50 µm tip, OX-50, Unisense, Denmark). We assessed i)
cortical tissue PO2 across a range of sites on the dorsal surface of the kidney and ii)
a profile of tissue PO2 with depth from the cortical surface. In this set of studies, we
also determined the major determinants of tissue PO2, renal DO2 and VO2.
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Rats (n = 6-11 per group) were anesthetized with sodium thiobutabarbital
(100 mg/kg i.p., Inactin; Sigma, St Louis, MO, USA). A tracheostomy was performed
to facilitate artificial ventilation (Ugo Basile, Model 7025, SDR Clinical Technology,
NSW, Australia) with 40% inspired oxygen at a ventilation rate of 90 – 100
breaths/min and a tidal volume of 3.5 ml. The left carotid artery was catheterized to
facilitate arterial blood sampling and blood pressure measurement. The right jugular
vein was catheterized to facilitate infusion of maintenance fluid (isotonic saline) at a
rate of 6 ml/h during the period of surgical preparation. The bladder was catheterized,
for collection of urine from the left kidney, for assessment of renal function using
standard clearance methods. The degree of saturation of hemoglobin with oxygen
was measured continuously using a sensor placed on the foot (Mouse Ox, Starr Life
Sciences, Oakmont, PA, USA). Core body temperature was monitored, using a rectal
thermometer, throughout the protocol.
The right kidney was decapsulated and the right renal artery and vein were
ligated. A catheter was then passed from the right renal vein through the vena cava
and into the left renal vein for the sampling of renal venous blood. The decapsulated
left kidney was then placed into a stable Lucite cup and a thermocouple (F/OT, 230
µm tip diameter, Oxford Optronix, Oxford, UK) was inserted so that its tip lay 2 mm
below the surface of the cortex, for the measurement of tissue temperature. Total
renal blood flow (RBF) was measured using a transit-time ultrasound flow probe
(Type 0.7 VB, Transonic Systems Inc., NY, USA) placed around the left renal artery.
Following completion of the surgical preparations, rats receive bolus doses of [3H]
inulin (10 µCi in 50 µl, Perkin Elmer Australia, Melbourne, Australia) and
pancuronium bromide (2 mg/kg, Astra Zeneca Pty Ltd, NSW, Australia)
intravenously. A maintenance infusion of 2% w/v bovine serum albumin (Sigma
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Aldrich, St Loius, MO, USA) in 154 mM sodium chloride delivered 676 nCi/h [3H]
inulin and 0.1 mg/kg/h pancuronium bromide through the jugular vein at a rate of 2
ml/h. The infusion commenced once all surgical preparations were completed and
was maintained throughout the rest of the protocol.
After a 1 h equilibration period, a 0.5 ml sample of arterial blood was taken
for blood oximetry. The plasma component of the sample was later used for
assessment of the concentrations of [3H] inulin and sodium. A 0.1 ml sample of renal
venous blood was also collected for blood oximetry. Renal tissue PO2 was then
assessed using a Clark electrode attached to a micromanipulator. Two series of
measurements were taken. In the first series, the electrode was advanced 2 mm from
the renal surface, into the cortex, at 6 randomly chosen sites across the left kidney.
The second series allowed for the establishment of a profile of tissue PO2 with depth
below the cortical surface. The electrode was moved to the mid-point of the cortical
surface of the kidney and advanced into the kidney at 1 mm increments up to a depth
of 10 mm from the renal surface as previously described (32). Once all
measurements were taken, a second set of blood samples, from the carotid artery
and the renal vein, was taken as before. Urine made by the left kidney, during the
period of measurement of tissue PO2, was collected for measurement of the
concentrations of [3H] inulin and sodium.
7.3.5. Measurements and calculations
Protocol 1: Temporal changes of renal oxygen tension following renal ischemia
Current measured by the telemeters was filtered with a 25 Hz low-pass filter
and artifactual measurements were removed when the 1st order derivative of the
measured current exceeded the threshold of 5-500 nA/s. The zero offset current,
acquired when the rat was humanely killed at the end of the experiment via induction
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of cardiac arrest, was determined (20) and the “true” current measured was
calculated as:
Current nA = Filtered current nA - zero offset current (nA)
The current measured at the tip of the electrode is proportional to the
concentration of oxygen in the vicinity of the carbon paste electrode. Thus the renal
tissue PO2 was determined as:
Tissue PO2 mmHg =

Current (nA)
× 0.631
Calibration of CPE ( nA µm )

Where the calibration of the carbon paste electrode (CPE) was determined during the
terminal calibration procedure (see Section 3.5).
Protocol 2: Renal tissue oxygenation and its determinants after ischemia and
reperfusion
Arterial pressure, heart rate (triggered by arterial pressure), RBF, core body
and tissue temperature and renal tissue PO2 measured by Clark electrode were
digitized, as previously described (32). Urinary and plasma concentrations of sodium
were

determined

using

ion-sensitive

electrodes

(EasyElectrolytes,

Medica

Corporation, Bedford, USA). Glomerular filtration rate (GFR) was determined by the
clearance of tritiated inulin according to the following equation:
GFR ml/min =

Urine Flow ml/min ×[ 3H Urine]
[3H Plasma]

.

Arterial and venous blood oxygen content were calculated using information
provided by oximetry and using the formula below:
Arterial Oxygen Content ml O2 dl = 0.0139 × Hb g/dl × SAO2 %
+ [0.003 × PAO2 (mmHg)]
Venous Oxygen Content ml O2/dl = 0.0139 × Hb ( g dl )× SVO2 %
+ [0.003 × PVO2 mmHg ],
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where Hb is the average of arterial and venous blood hemoglobin content determined
from hematocrit using a formula determined empirically in a previous study (1),
Hb g dl =

Hematocrit % -6.073
2.628

. SAO2 and SVO2 represent the oxygen saturation of

hemoglobin in arterial and renal venous blood respectively. PAO2 and PVO2 represent
the partial pressures of oxygen, in the arterial and renal venous blood, respectively.
Renal DO2 and renal VO2 were calculated as:
DO2 ml O2 min =
VO2 ml O2 min =

Arterial Oxygen Content ml O2 dl × RBF ( ml min )
100

Arterial - Venous Oxygen Content ml O2 dl × RBF ( ml min )
100

Fractional oxygen extraction (FEO2) was calculated as VO2 expressed as a
percentage of DO2, i.e.
FEO2 % =

VO2 (ml O2 min)
× 100
DO2 (ml O2 min )

7.3.6. Statistical analyses
Statistical and graphical analyses were performed using the software
packages SYSTAT (Version 13, Systat Software, IL, USA) and GraphPad Prism
(Version 6, Graph-Pad Software, USA), respectively. Two-sided P ≤ 0.05 was
considered statistically significant. Normality of the data was assessed using the
Shapiro-Wilk test (35). Data that did not violate normality are presented as mean ±
standard error of the mean (SEM) while data that violated normality are presented as
median (25th percentile, 75th percentile). Data presented as mean ± SEM are
depicted in blue and data presented as median (25th percentile, 75th percentile) are
depicted in green in the graphical figures in this chapter.
Analysis of variance (ANOVA) was used to assess the independent effects of
treatment (sham & ischemia) and time (24 h & 5 days). For data that violated
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normality, an ANOVA on ranking (12) was performed instead. Dichotomous
comparisons of continuous variables were made using Student’s t-test for data that
did not violate normality. For data that violated normality, a Mann-Whitney U-test was
performed for dichotomous comparisons. To protect against the risk of type I error
arising from multiple comparisons, conservative adjustment of p-values was carried
out using the Dunn-Sidak procedure (29). Repeated measures ANOVA was
performed when changes were observed over time (30). P-values derived from
within-subjects factors were conservatively adjusted using the method of
Greenhouse and Geisser (30).

7.4. RESULTS
7.4.1. Time-course of changes in renal tissue PO2 in the 5 days following renal
ischemia
Inner medullary tissue PO2 measured by telemetry in freely moving rats after
ischemia and reperfusion was 25 ± 12 and 12 ± 7% greater, respectively, than its
control level (Day -1) across the first two days after reperfusion (Fig 7.1). Inner
medullary tissue PO2 then gradually fell to be close to its control level by the fifth day
after reperfusion of the kidney (Fig 7.1). In contrast, in rats subjected to sham
surgery, inner medullary tissue PO2 gradually fell to be 22 ± 11% less than its control
level by day five after surgery (Fig 7.1).
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Figure 7.1: Temporal changes of inner medullary tissue PO2 following renal
ischemia or sham ischemia. Values are mean ± SEM for rats subjected to either an
hour of sham (n=5, open circles) or bilateral renal ischemia (n=7, closed circles).
Tissue PO2, averaged over 24 h (7 am–7 pm), was recorded before (day -1) and
after (days 0-5) surgery. Tissue PO2 is expressed as percentage relative to the day
before the surgery (Day -1). PTr, PT and PTr*T are the outcomes of a 2 way repeated
measures ANOVA with factors treatment and time. * denotes P ≤ 0.05 for specific
comparisons between the two treatment groups at each time point using Student’s
unpaired t-test.
7.4.2. Spatial distribution of tissue PO2 24 h and 5 days after renal ischemia
Tissue PO2 measured by Clark electrode in the renal cortex was highly
heterogeneous across 24 h and 5 days after either sham surgery or ischemia, with a
lowest value of 4.8 mmHg and a highest value of 120.2 mmHg (Fig 7.2A). Cortical
tissue PO2 was, on average, 40% greater 24 h following renal ischemia than after
sham surgery. By five days after renal ischemia, cortical tissue PO2 was 39% less
than 24 h after recovery from renal ischemia and similar to that measured in rats
subjected to sham surgery five days previously (Fig 7.2B). In rats subjected to sham
surgery, tissue PO2 varied little with depth from the cortical surface. In the group of
rats studied 24 h after sham surgery, the lowest value (41.6 ± 5.8 mmHg) was
observed at 5 mm and the greatest value (55.7 ± 5.5 mmHg) was observed at 6 mm
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below the cortical surface (Fig 7.2C). In the group of rats studied five days after sham
surgery, the lowest value (36.5 ± 6.1 mmHg) was observed at 9 mm and the greatest
value (55.5 ± 8.0 mmHg) was observed at 5 mm below the cortical surface 5 days
after sham surgery (Fig 7.2D). In summary, in the group of rats studied 24 h after
reperfusion, tissue PO2 was greater than after sham surgery (Fig 7.2C). In the group
of rats studied five days after reperfusion, tissue PO2 did not differ significantly from
that in the corresponding group of sham-operated rats (Fig 7.2D).
7.4.3. Renal oxygen supply and utilization
Renal DO2 tended to be 29% less 24 h after renal ischemia than sham
surgery, although this apparent effect was not statistically significant (P = 0.06, Fig
7.3A). By five days after renal ischemia there was no apparent deficit in renal DO2.
When both time points were considered together (24 h and 5 days), renal VO2 was
55% less in rats subjected to ischemia than in those subjected to sham surgery (Fig
7.3B). However, these apparent differences were not statistically significant at either
time point when considered individually (P ≥ 0.10). The fractional extraction of
oxygen did not differ significantly between the treatments (Fig 7.3C). Total sodium
reabsorption and total sodium reabsorption factored for renal VO2 were 99.0% and
99.8% less respectively, at 24 h following renal ischemia than after sham surgery
(Fig 7.3D, E). By five days after renal ischemia, total sodium reabsorption and total
sodium reabsorption factored for renal VO2 did not differ significantly from shamoperated rats (Fig 7.3D, E).
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Figure 7.2: Assessment of tissue PO2 by Clark electrode. The electrode was first
inserted 2 mm into the cortex at 6 randomly chosen spots across the left kidney (A,
B). In panel A, each colored circle (sham surgery, n=10 at 24 h and n=7 at 5 days)
and triangle (ischemia, n=9 at 24 h and n=8 at 5 days) represents recordings from a
different rat (A). Measurements of cortical tissue PO2 for each rat were averaged and
are presented in (B). In panel B, PTr, PT and PTr*T are the outcomes of a 2 way
analysis of variance with factors treatment and time. A tissue PO2 profile with depth
was established by advancing the electrode from the cortical surface at 1 mm
increments, up to 10 mm into the left kidney either 24 h (C) or 5 days (D) following
recovery from either sham or renal ischemia. Blue symbols and error bars are the
mean ± SEM for rats subjected to either an hour of sham (open circles) or bilateral
renal ischemia (closed circles). In panels C and D, PD, PTr and PD*Tr are the
outcomes of 2 way repeated measures ANOVA with factors depth and treatment. *
denotes p ≤ 0.05 and is the outcome of Student’s unpaired t-test in (C and D). Pvalues for dichotomous comparisons were conservatively adjusted using the DunnSidak correction with k=2 to account for the fact that comparisons were made at 24 h
and 5 days. However P-values were not adjusted to account for the fact that
measurements were made at various depths below the cortical surface in (C, D).
PO2: tissue oxygen tension.
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Figure 7.3: Renal oxygen delivery and oxygen utilization following renal
ischemia or sham ischemia. Values are expressed as mean ± SEM for renal
oxygen delivery (DO2, A) and oxygen consumption (VO2, B) or median (interquartile
range) for fractional extraction of oxygen (FEO2, C), total sodium reabsorption
factored for body weight (D) and total sodium reabsorption factored for renal VO2 (E).
Open circles and closed circles represent individual data points for rats subjected to
sham surgery and renal ischemia respectively. PTr, PT and PTr*T are the outcomes of
2 way analysis of variance (A, B) or analysis of variance on ranking (C-E) with factors
treatment and time. Paired comparisons were made using Student’s t-test (A, B) or
the Mann-Whitney U-test (C-E). P-values for dichotomous comparisons were
conservatively adjusted using the Dunn-Sidak correction with k=2 to account for the
fact that comparisons were made at 24 h and 5 days. BW: body weight.
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7.4.4. Renal hemodynamics and function
Renal blood flow was similar in rats subjected to ischemia, compared with
sham-operated rats, both 24 h and 5 days after surgery (Fig 7.4A). Twenty-four hours
after ischemia, GFR (-99%, Fig 7.5B), urine flow (-81%, Fig 7.5D) and sodium
excretion (-83%, Fig 7.5E) were less than in sham-operated rats. Similarly, filtration
fraction 24 h after ischemia (0.6 ± 0.4%) was less than in sham-operated rats (48.8 ±
7.7%, Fig 7.5C). Fractional excretion of sodium did not differ in rats 24 h after
ischemia compared with sham-operated controls (Fig 7.4F). By five days after
ischemia none of these variables differed significantly from their level in rats
subjected to sham surgery.
7.4.5. Blood oxygen content, arterial blood oximetry and electrolytes
Arterial

blood

hematocrit

(-12%,

Fig

7.5A),

and

thus

hemoglobin

concentration (-14%, Fig 7.5B) 24 h after renal ischemia was less than after sham
surgery. By 5 days after renal ischemia, arterial hematocrit and hemoglobin
concentration normalized to levels seen in control animals.
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Figure 7.4: Renal hemodynamics and function after renal ischemia or sham
ischemia. Values are expressed as mean ± SEM for renal blood flow (RBF, A) or
median (interquartile range) for glomerular filtration rate (GFR, B), filtration fraction
(FF, C), urine flow factored for body weight (D), sodium excretion factored for body
weight (E) and the fractional excretion of sodium (FENa+, F). Open circles and closed
circles represent individual data points for rats subjected to sham and renal ischemia
respectively. PTr, PT and PTr*T are the outcomes of 2 way analysis of variance (A) or
analysis of variance on ranking (B-F) with factors treatment and time. Paired
comparisons were made using Student’s t-test (A) or Mann-Whitney U-test (B-F). Pvalues for dichotomous comparisons were conservatively adjusted using the DunnSidak correction with k=2 to account for the fact that comparisons were made at 24 h
and 5 days. BW: body weight.
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Figure 7.5: Arterial blood hematocrit after renal ischemia or sham ischemia.
Values are expressed as median (interquartile range). Open circles and closed
circles represent individual data points for rats subjected to sham and renal ischemia
respectively. PTr, PT and PTr*T are the outcomes of analysis of variance on ranking
with factors treatment and time. Paired comparisons were made using the MannWhitney U-test. P-values for dichotomous comparisons were conservatively adjusted
using the Dunn-Sidak correction with k=2 to account for the fact that comparisons
were made at 24 h and 5 days.
Arterial blood PO2 was 22% less in rats 24 h after renal ischemia than after
sham surgery (Fig 7.6A). The saturation of arterial hemoglobin with oxygen (SO2)
was also less in rats 24 h after renal ischemia (95 ± 1%) than after sham surgery (98
± 0.4%) (Fig 7.6B). Consequently, arterial blood oxygen content was 17% less 24 h
after recovery from renal ischemia than after sham surgery (Fig 7.6C). In contrast 24
h after renal ischemia, neither venous PO2 nor SO2 significantly differed from the
Chapter 7

145

Renal Tissue Oxygenation in Ischemia Reperfusion Injury

sham-operated rats. Five days after surgery, none of these variables (hematocrit,
blood hemoglobin content, arterial and renal venous PO2, SO2 and blood oxygen
content) differed significantly in rats subjected to renal ischemia compared with
sham-operated rats (Fig 7.5 & 7.6). Consequently, by 5 days after surgery, venous
blood oxygen content in rats subjected to renal ischemia did not significantly differ
from that in sham-operated rats.
Arterial blood pH did not differ significantly 24 h after renal ischemia
compared with sham surgery (Fig 7.7A). In contrast, arterial blood pH was greater by
5 days after renal ischemia than after sham surgery. Arterial blood bicarbonate was
16% less 24 h after renal ischemia than after sham surgery (Fig 7.7C) but did not
differ significantly to its level in sham-operated rats by 5 days after renal ischemia.
Arterial blood PCO2 and blood glucose concentration after renal ischemia did not
differ significantly from corresponding values in sham-operated rats at 24 h and 5
days following surgery (Fig 7.7B, D).
Rats were relatively hyperkalemic and hypocalcemic 24 h following renal
ischemia (Fig 7.8B, C). By 5 days after renal ischemia, these parameters were close
to their levels in sham-operated rats. There was an apparent deficit in plasma sodium
concentration 24 h after ischemia and reperfusion, but this apparent difference was
not statistically significant (P = 0.11). Urinary sodium (-63% Fig 7.7D), potassium (99%, Fig 7.7E) and chloride (-99%, Fig 7.7F) concentrations were less 24 h after
renal ischemia than after sham surgery. Five days after ischemia, urinary sodium,
potassium and chloride concentrations were not significantly different from their
levels in sham-operated controls.
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Figure 7.6: Arterial and venous blood oximetry and oxygen content following
recovery from bilateral renal ischemia. Values are expressed as mean ± SEM for
arterial blood oxygen tension (PO2, A) or median (interquartile range) for arterial
blood oxygen saturation (SO2, B), arterial blood oxygen content (C), venous blood
PO2 (D), venous blood SO2 (E) and venous blood oxygen content (F). Open circles
and closed circles represent individual data points for rats subjected to sham and
renal ischemia respectively. PTr, PT and PTr*T are the outcomes of 2 way ANOVA (A)
or analysis of variance on ranking (B-F) with factors treatment and time. Paired
comparisons were made using Student’s t-test (A) or the Mann-Whitney U-test (B-F).
P-values for dichotomous comparisons were conservatively adjusted using the DunnSidak correction with k=2 to account for the fact that comparisons were made at 24 h
and 5 days.
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Figure 7.7: Arterial blood oximetry. Values are expressed as mean ± SEM for
arterial blood pH (A) and partial pressure of carbon dioxide (PCO2, B) or median
(interquartile range) for arterial blood bicarbonate concentration (HCO3, C) and
arterial blood glucose concentration (D). Open circles and closed circles represent
individual data points for rats subjected to sham surgery or renal ischemia
respectively. PTr, PT and PTr*T are the outcomes of a 2 way analysis of variance (A, B)
or analysis of variance on ranking (C, D) factored for treatment and time. Paired
comparisons were made using Student’s t-test (A, B) or the Mann-Whitney U-test (C,
D). P-values for dichotomous comparisons were conservatively adjusted using the
Dunn-Sidak multiple correction with k=2 to account for the fact that comparisons
were made at 24 h and 5 days.
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Figure 7.8: Plasma and urinary electrolytes. Values are expressed as mean ±
SEM for plasma sodium concentration (Na+, A), plasma potassium concentration (K+,
B), urinary K+ concentration (E) and urinary chloride concentration (Cl-, F) or median
(interquartile range) for plasma ionized calcium concentration (iCa, C) and urinary
Na+ concentration (D). Open circles and closed circles represent individual data
points for rats subjected to sham surgery or renal ischemia respectively. PTr, PT and
PTr*T are the outcomes of a 2 way analysis of variance (A-B and E-F) or analysis of
variance on ranking (C-D) with factors treatment and time. Paired comparisons were
made using Student’s t-test (A-B and E-F) or the Mann-Whitney U-test (C-D). Pvalues for dichotomous comparisons were conservatively adjusted using the DunnSidak correction with k=2 to account for the fact that comparisons were made at 24 h
and 5 days.
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7.4.6. Systemic hemodynamics, morphological parameters and temperature
Under the conditions of our experiment, mean arterial pressure (Fig 7.9A)
and SO2 (Fig 7.9C) determined by pulse oximetry were similar in rats subjected to
ischemia, compared with sham-operated rats at both 24 h and 5 days after surgery.
Heart rate tended to be less after ischemia than after sham surgery. However, the
apparent differences (-4% at 24 h and -15% at 5 days) were not statistically
significant at either time point when considered individually (Fig 7.9B).
Body weight before any surgical procedure was not significantly different
between treatment groups. Twenty-four hours after renal ischemia, body weight of
rats subjected to ischemia did not differ significantly to that in rats after sham surgery.
By 5 days after renal ischemia, rats had lost 39.2 ± 6.1 g of their body weight (Fig
7.10A-B). Left kidney weight 24 h after renal ischemia was similar to that after sham
surgery. In contrast, left kidney wet weight was 56% greater 5 days following renal
ischemia than after sham surgery. Accordingly, kidney weight expressed per body
weight was 102% greater at 5 days after renal ischemia as compared to after sham
surgery (Fig 7.10C). Throughout the surgical procedure, core body temperature (Fig
7.11A) and renal cortical tissue temperature (Fig 7.11B) were similar in rats
subjected to renal ischemia and sham surgery.
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Figure 7.9: Systemic hemodynamics after recovery from renal ischemia or
sham surgery. Values are expressed as mean ± SEM for heart rate (HR, B), or
median (interquartile range) for mean arterial pressure (MAP, A) and oxygen
saturation (SO2, C). Open circles and closed circles represent individual data points
for rats subjected to sham surgery and renal ischemia respectively. PTr, PT and PTr*T
are the outcomes of 2 way ANOVA (B) or ANOVA on ranking (A and C) with factors
treatment and time. Paired comparisons were made using Student’s t-test (B) or the
Mann-Whitney U-test (A and C). P-values for dichotomous comparisons were
conservatively adjusted using the Dunn-Sidak correction with k=2 to account for the
fact that comparisons were made at 24 h and 5 days
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Figure 7.10: Morphometric parameters after renal ischemia or sham ischemia.
Values are expressed as mean ± SEM for body weight before and after surgery (A
and B) or median (interquartile range) for kidney weight factored for body weight after
surgery (C). Open circles and closed circles represent individual data points for rats
subjected to sham surgery or renal ischemia respectively. PTr, PT and PTr*T are the
outcomes of 2 way ANOVA (A-B) or ANOVA on ranking (C) with factors treatment
and time. Paired comparisons were made using Student’s t-test (A-B) or the MannWhitney U-test (C). P-values for dichotomous comparisons were conservatively
adjusted using the Dunn-Sidak correction with k=2 to account for the fact that
comparisons were made at 24 h and 5 days. BW: body weight.
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Figure 7.11: Core body and renal tissue temperature in anesthetized rats.
Values are expressed as mean ± SEM for kidney temperature (B) or median
(interquartile range) for body temperature (A). Open circles and closed circles
represent individual data points for rats subjected to sham and renal ischemia
respectively. PTr, PT and PTr*T are the outcomes of 2 way ANOVA (B) or ANOVA on
ranking (A) with factors treatment and time. Paired comparisons were made using
Students’ t-test (B) or Mann-Whitney U-test (A). P-values for dichotomous
comparisons were conservatively adjusted using Dunn-Sidak multiple comparisons
with k=2 to account for the fact that comparisons were made at 24 h and 5 days.
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7.5. DISCUSSION
In the present study, we determined the time-course of changes in, and the
spatial distribution of, renal tissue PO2 during the subacute phase of renal IRI. Using
two different methods for direct quantification of tissue PO2, we failed to detect tissue
hypoxia during the subacute phase of IRI. Indeed, if anything, there was relative
hyperoxia up to 48 h after an hour of renal ischemia. The apparent absence of renal
hypoxia is consistent with the pattern of renal DO2 and VO2 after ischemia and
reperfusion. That is, RBF was relatively normal but there was a marked reduction in
sodium reabsorption, and so presumably oxygen utilization for sodium reabsorption,
at both 24 h and 5 days after reperfusion. When both time-points were considered
together, both renal DO2 and VO2 tended to be less in rats subjected to ischemia
than in sham-operated controls. Thus, tissue PO2 appears to be well maintained
during the subacute phase of renal IRI because changes in renal DO2 and VO2 are
relatively balanced.
Reduced sodium reabsorption in AKI would be expected to result in reduced
renal VO2. In the rats we studied, the deficit in sodium reabsorption 24 h after
ischemia and reperfusion could be attributed to the decreased filtered load of sodium.
This appears to drive downregulation of Na+-K+ ATPase pumps. For example, in
response to severe renal ischemia (i.e. 60 min), the abundance (and activity) of
basolateral Na+-K+-ATPase pumps, the apical Na-K-2Cl and the thiazide-sensitive
Na-Cl cotransporters were shown to be greatly reduced (24). But the apparent
reduction in renal VO2 we observed was of considerably lesser magnitude to the
reduction in sodium reabsorption. For example, 24 h after reperfusion sodium
reabsorption was 76.3% less in rats subjected to ischemia than that in shamoperated rats (P < 0.001), while the apparent deficit in VO2 (-55.1%) was not
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statistically significant (P = 0.26). These observations are consistent with the concept
that oxygen utilization for sodium reabsorption becomes less efficient in AKI. For
example, Redfors and colleagues studied renal oxygen utilization in patients with AKI
subsequent to cardiothoracic surgery (34). They found a deficit in sodium
reabsorption of 59% in patients with AKI after cardiothoracic surgery compared to
patients without AKI (34). In contrast, renal oxygen consumption was similar in the
two groups of patients. Furthermore, renal VO2 per unit of reabsorbed sodium was
2.4 times greater in patients with AKI than in those without AKI (34). The inefficiency
of oxygen utilization for sodium reabsorption in AKI appears to be driven by multiple
factors, including loss of polarity of Na+-K+ ATPase pumps, oxidative stress and
reduced bioavailability of nitric oxide (18, 23).
Using two independent methods, we provided evidence of relative tissue
hyperoxia 24 h after reperfusion in this model of severe renal IRI. At this stage, the
deficits in GFR and sodium reabsorption were profound and there were multiple
abnormalities in blood chemistry. But by 5 days after reperfusion there was
considerable recovery of GFR and normalization of hematocrit, arterial blood
oxygenation, and blood concentrations of bicarbonate, potassium, and ionized
calcium. By 5 days after renal ischemia, tissue PO2 was normalized to that of shamoperated rats. Consistent with these functional observations, in the studies described
in Chapter 8 of this thesis we provide evidence of considerable (although certainly
not complete) recovery of renal morphology by 5 days after reperfusion in this model.
Thus, this experimental model provides a window of opportunity to study the adaptive
and maladaptive processes that govern the fate of the kidney after IRI, including
those that lead to the later development of CKD in susceptible individuals (5, 8).
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The current findings are consistent with previous observations during the first
2 h of reperfusion, where direct quantification of tissue PO2 using fluorescence
lifetime oximetry indicated that medullary and cortical tissue oxygenation are
relatively well maintained (1). Thus, while the absence of oxygen during the period of
complete ischemia no doubt makes an important contribution to the development of
AKI in renal IRI, tissue hypoxia after reperfusion may not be an obligatory event in
the development of CKD after recovery from AKI induced by IRI. Nevertheless, there
is good evidence that CKD that develops after renal IRI is associated with tissue
hypoxia, capillary rarefaction and fibrosis (5, 6). The factors that drive development of
these characteristics of CKD remain to be precisely defined. Oxidative stress induced
mitochondrial destabilization (10, 38, 40), protease-activated receptor 2 induced
inflammation (42, 43) and upregulation of cytokines (2, 39) are some of the factors
that may contribute to downstream deleterious damage to renal tubules and thus the
development of CKD.
The central proposition underlying the chronic hypoxia hypothesis is a vicious
cycle of tissue hypoxia and tissue injury (16). That is, tissue hypoxia associated with
cellular damage in the acute and subacute phase of IRI has the propensity to drive
further tissue damage. What are the implications of our current findings for the
proposition that renal tissue hypoxia is a major driver of the development of CKD
after recovery from IRI? Based on our current findings it appears that, at least in
ischemia restricted to the kidneys, tissue hypoxia may be a consequence of cellular
aberrations following ischemic injury rather than an initiating event. The structural
damage following renal ischemia is extensive. Tubular elements undergo swelling
(19), apoptosis (9) and necrosis (28) eventually resulting in the activation of
inflammatory cascades (2) and impeded tubular flow. The considerable damage to
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the tubular elements may contribute to decreased tissue oxygen availability by
promoting inefficiency for oxygen utilization. The loss of cellular integrity may drive
the redistribution of Na+- K+ ATPase pumps from the basolateral to the apical
membrane (23) that can in turn result in the futile cycling of sodium making the
process less oxygen efficient and hence the propensity for decreased oxygen
availability. Thus, it is imperative to investigate the changes in tubular and cellular
integrity in the subacute phase of reperfusion to further describe the relationship of
the aberrations in the cellular environment and the development of tissue hypoxia.
A strength of the current study lies in the direct approaches we took for the
determination of tissue PO2. Electrochemical polarography is a well established
method. The basis of the operation of all oxygen electrodes is the electrochemical
reduction of oxygen at the probe tip. Thus, these methods provide a quantitative
measure of tissue PO2. With regard to the size of the electrodes, the catchment
volume of the electrode is proportionate to diameter of the electrode. Therefore, a
larger electrode tip would be expected to be associated with averaging of tissue PO2
over a larger volume of tissue and thus lesser variability in measured PO2 (41).
Nevertheless, the relatively small diameter of the Clark electrode (50 µm) allows for
fine-grained resolution of tissue PO2 (14). The carbon paste electrode, on the other
hand, has a considerably larger diameter (270 µm). Consequentially, it allows for the
averaging of tissue PO2 over a larger area. But critically, this method allows finegrained temporal resolution of changes in tissue PO2 in unrestrained rats. Most
importantly our consistent finding with both methods i.e. relative hyperoxia 24 h after
renal ischemia, provides some level of confidence in our conclusion that renal tissue
hypoxia is not present during this subacute phase of IRI, at least in the model used
herein. One additional concern is that insertion of electrodes may result in
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penetrative damage to the renal tissue and potentially result in bleeding. It may even
result in ‘pooling’ of blood around the electrode such that tissue PO2 measured may
potentially be confounded.”
An important caveat must be applied to the interpretation of our findings. We
only assessed PO2 at the tissue level. Therefore, we are not able to draw
conclusions about the presence of hypoxia at the cellular level. Indeed, it remains
possible that some level of hypoxia is present in the subacute phase of IRI within
specific areas of the kidney or even within specific cell-types. Abdelkader et al
recently made a seemingly incongruent conclusion regarding the presence of
hypoxia in the acute phase after reperfusion of the kidney (1). Using fluorescence
lifetime oximetry, they were unable to detect hypoxia in the 2 h after reperfusion
following a 60 min period of renal ischemia (1). But they showed intense positive
staining for pimonidazole adducts, particularly in the outer medulla (1) (Chapter 5).
Abdelkader et al interpreted these findings to suggest that cellular hypoxia could be
present in the acute phase of renal IRI, even in the absence of measureable tissue
hypoxia. One concern arising from these studies was the possibility that the large
diameter of the fluorescence optodes they used could lead to tissue damage, or
averaging of tissue PO2 over a relatively large area of kidney tissue, that might mask
localized hypoxia (1). Our current findings make us now doubt this conclusion, since
we have used two additional methods for assessing tissue PO2, this time during the
subacute phase of the response to renal IRI, and are still unable to detect tissue
hypoxia. Nevertheless, there is potential for propagative damage when maladaptive
repair of tubular elements takes place (15). Thus, our current findings provide the
impetus for studies of renal cellular morphology and hypoxia during the subacute
phase of IRI. To that end, we carried out a separate set of experiments, detailed in
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Chapter 8, where rats were subjected to either bilateral or sham renal ischemia. Both
fresh-frozen and perfusion fixed renal tissue were harvested either 24 h or 5 days
after reperfusion. In these set of studies, we investigated changes to the cellular and
tubular integrity, pimonidazole staining as a marker of cellular hypoxia, and the
expression of hypoxia inducible factors.
In conclusion, our present findings indicate that renal tissue hypoxia is not
present 24 h and 5 days following recovery from severe IRI. The apparent tissue
hyperoxia observed 24 h after reperfusion could be attributable to reduced sodium
reabsorption and hence oxygen utilization. Our current observations provide no
support for the hypothesis that tissue hypoxia is a critical event that drives
progression from AKI to CKD. Nevertheless, to better test this hypothesis we require
a better understanding of the changes in tissue morphology and hypoxic signaling
that occur in the subacute phase of IRI. We must also explore the possibility that
some level of localized cellular hypoxia is present during the subacute phase of IRI
that is not detectable using the methods applied in the current study. These studies
are the focus of Chapter 8 of this thesis.
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8.1. ABSTRACT
Oxygen levels in the kidney are highly heterogeneous. Methods for the direct
measurement of tissue oxygen tension (PO2) in the kidney are often very invasive.
Furthermore, measurements made using these methods can be influenced by the
size and nature of the electrodes/optodes used to generate measurements. For
example, the Clark electrodes that we used in the studies described in Chapter 7
have diameters of ~ 50 µm and thus average tissue PO2 within a volume of ~ 50 µm3.
On the other hand, the carbon paste electrodes employed in the oxygen telemeter
have a tip diameter of ~ 270 µm, so provide a measure of tissue PO2 averaged over
a larger volume of renal tissue. As employed in the studies described in Chapter 7,
these methods cannot resolve oxygenation at the cellular level. Therefore, in the
current study we examined tissue hypoxia in the subacute phase of renal ischemia
reperfusion injury (IRI) using an immunohistochemical method based on the
formation of adducts of pimonidazole, when PO2 is less than 10 mmHg.
Pimonidazole was administered to rats 3 h prior to harvesting of renal tissue, either
24 h or 5 days after an hour of bilateral renal ischemia or sham surgery. The left
kidney was removed and flash frozen and the right kidney perfusion fixed with 4%
paraformaldehyde. The left kidney was homogenized and the expression of HIF-1α
and HIF-2α proteins was quantified. There was intense staining of pimonidazole
adducts both 24 h and 5 days after renal ischemia. Many of the stained adducts in
the patent tubules appeared to be localized to the apical aspect of tubules. There
was considerable cellular damage as evident by the presence of marked cellular
sloughing and tubular casts 24 h after renal ischemia. There was some evidence of
recovery of tubular morphology by day 5 after reperfusion, although many tubules
were dilated. Expression of HIF-1α was considerably less in the cortex, outer and
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inner medulla of the kidney both at 24 h and 5 days after reperfusion. In contrast,
expression of HIF-2α was only less in the cortex and outer medulla 5 days after IRI.
Our findings indicate down-regulation of hypoxic signaling in the subacute phase of
IRI, consistent with our inability to detect tissue hypoxia in the studies described in
Chapter 7. However, if taken at face value, our observations using pimonidazoleadduct immunohistochemistry provide evidence of renal hypoxia. However, because
much of the pimonidazole staining was associated with damaged tissues, it could
reflect artifactual staining and not ‘true hypoxia’.

8.2. INTRODUCTION
If tissue hypoxia is an important driver of the pathogenesis of kidney disease,
it should be an early event in the progression of disease. Tissue hypoxia should also
co-localize with areas of tissue damage. The temporal and spatial relationships
between tissue oxygenation and the progression of kidney disease remain ill-defined.
Ischemia reperfusion injury (IRI) is often a complication arising from
potentially life-saving medical procedures and is the most common cause of hospitalacquired acute kidney injury (AKI) (22). In a recent study, we found that tissue
oxygen tension (PO2) was well maintained in the acute phase of reperfusion in a
model of severe IRI (1) despite the presence of tubular damage (Chapter 5). Basile
and colleagues have characterized the structural and functional changes in the
kidney associated with the development of chronic kidney disease (CKD) in the
weeks and months after IRI (4, 5). They showed that cellular hypoxia is present 5
weeks after IRI (3), preceding the development of albuminuria (4). These
observations are consistent with the hypothesis that hypoxia contributes to the
pathogenesis of CKD after IRI. We postulated that, while tissue PO2 might be well
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maintained in the acute phase of IRI (i.e. the first hours after reperfusion), tissue
hypoxia may develop in the subacute phase of IRI (i.e. the first week after
reperfusion), which might in turn contribute to the development of CKD. To test this
hypothesis, we chose to examine the subacute phase of IRI. Specifically, we
assessed i) the time-course of changes in tissue PO2, ii) the spatial distribution of
tissue hypoxia at the cellular level and iii) the expression of hypoxia-signaling
proteins.
In studies described in Chapter 7, we achieved the first of the aims stated
above, in studies using Clark electrode in anesthetized rats and the oxygen telemeter
in unrestrained rats. In those studies, we were unable to detect renal tissue hypoxia
during the subacute phase of IRI. In this chapter, I detail studies aimed towards
detection of hypoxia at the cellular level and the expression of hypoxia inducible
factors (HIFs), 24 h and 5 days following reperfusion after an hour of renal ischemia.
The only currently available marker for the detection of cellular hypoxia is
pimonidazole chloride. Pimonidazole chloride is a 2-nitroimidazole compound that
can be permanently reduced and forms adducts with cellular proteins when PO2 is
less

than

10

mmHg

(14).

These

adducts

can

then

be

detected

by

immunohistochemistry. By counter-staining with hematoxylin we can assess the
distribution of hypoxia within the various regions of the kidney and also its colocalization to tissue damage after IRI. We hypothesize that heterogeneous tissue
hypoxia is present in the subacute phase of IRI and is co-localized with areas of
tissue injury.
One of the adaptive responses to reduced tissue oxygenation in the kidney is
the downstream transcription of hypoxia response genes such as EPO, TGF-β, NOS2 and Bcl-2 in response to the stabilization of the α subunit of HIFs (HIF-1α and HIFChapter 8
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2α). Because the DNA binding activity of HIFs are greatest at concentrations of
oxygen consistent with tissue hypoxia (< 2% O2) (18), the expression of HIF-1α and
HIF-2α are often used as an indirect indicator of tissue hypoxia in kidney diseases (6,
11, 23). Indeed, Rosenberger and colleagues, in a series of studies, showed the
presence of HIF-1α and HIF-2α in the cortex, outer and inner medulla under hypoxic
conditions. Therefore, we determined the expression of HIF-1α and HIF-2α proteins
in the cortex, outer medullary and inner medullary region of the kidney in rats
subjected to an hour of ischemia localized to the kidney and in sham-operated
controls. We hypothesized that localized tissue hypoxia in the subacute phase of IRI
may result in the adaptive upregulation of HIF-1α and HIF-2α.

8.3. METHODS
8.3.1. General
Male Sprague-Dawley rats, 10 – 13 weeks old (n = 24, mean body weight =
442.6 ± 6.6 g), were obtained from the Animal Resources Centre (Perth, WA
Australia). They were housed individually in a climate-controlled room maintained at
21-23 °C with a 12 h light/dark cycle. Rats were fed standard laboratory chow ad
libitum and had free access to water. All procedures were approved in advance by
the Animal Ethics Committee of the Monash University Animal Resource Platform
(MARP) as being in accordance with the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes.
8.3.2. Induction of bilateral renal ischemia
Rats were anesthetized with the inhalation anesthetic, isoflurane (IsoFlo™,
05260-05, Abbott Laboratories, Illinois, USA), using an isoflurane vaporizer. Prior to
the first incision, rats received a subcutaneous injection of (i) 0.1 ml antibiotic
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suspension containing 80 mg/ml trimethoprim and 400 mg/ml sulfadiazine
(Tribactral®, Jurox Pty Ltd, NSW, Australia) and (ii) 1.25 mg of carprofen (Rimadyl®,
Pfizer, NSW, Australia) for analgesia.
A midline incision was made and the left and right kidneys were exposed. To
induce bilateral renal ischemia, microvascular clamps were placed around both the
left and right renal arteries and veins. The absence of blood flow to both kidneys was
confirmed by visual inspection of blanching of the renal cortex. After an hour, the
microvascular occluders were removed, so blood flow was restored to the kidneys. A
separate cohort of rats underwent the same procedure with the exception of the
placement of microvascular occluders on the renal arteries and veins. They thus
served as sham-operated controls. The midline incision was closed with silk sutures.
Rats were then placed onto a heated pad and allowed to recover from the surgery
before being returned back to the animal house.
8.3.3. Perfusion-fixation
Either after 24 h or 5 days following recovery from bilateral renal ischemia or
sham surgery (n = 6 per group), rats were prepared for perfusion-fixation of the right
kidney. In this set of studies, the chief aim was to assess for cellular hypoxia using
pimonidazole adduct immunohistochemistry. As such, it requires the intraperitoneal
administration of pimonidazole, a hypoxia-sensitive marker (pimonidazole chloride,
HP1-1000Kit, Hydroxyprobe Inc., USA). Three hours before the scheduled perfusionfixation procedure, rats were given an intraperitoneal injection of 60 mg/kg
pimonidazole.
Three hours after the injection of pimonidazole, rats were anesthetized with
sodium pentobarbital (60 mg/kg, i.p., Sigma Aldrich, MO, USA). The left carotid artery
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was catheterized to facilitate arterial blood sampling. A midline incision was then
made exposing both kidneys and the bladder. A urine sample was taken by
puncturing the bladder wall and frozen at -20 °C for later analysis. The left renal
artery and vein were isolated and freed from surrounding connective tissue and fat.
Lidocaine (2% w/v; Xylocaine®, Astra Zeneca, NSW, Australia) was applied onto
both vessels to prevent spasm of the renal artery. Silk ligatures (3/0 Dysilk, Dynek
Pty Ltd, SA, Australia) were placed around the vena cava above the level of the right
kidney, around the left renal artery and vein and around the abdominal aorta. An
incision was made in the abdominal aorta below the level of the left kidney and a
polyurethane catheter connected to the perfusion apparatus was advanced into the
vasculature, facing upstream, thereby facilitating retrograde perfusion. A 1 ml blood
sample was taken from the carotid artery for later analysis. The left renal artery and
vein were then ligated and the left kidney removed, decapsulated and snap frozen in
liquid nitrogen for later analysis of HIF-1α and HIF-2α protein. Prior to freezing, the
left kidney was sectioned in the coronal plane into 4-5 slices of approximately 1–2
mm thickness.
The ligatures surrounding the vena cava and abdominal aorta were tied off
and the right kidney perfused with 100–150 ml of 4% w/v paraformaldehyde (PFA,
paraformaldehyde powder, no. 158127, Sigma-Aldrich) at room temperature and a
pressure of 150 mmHg. The inferior vena cava was incised to vent perfusate. The
perfused kidney was removed, decapsulated and stored in 4% PFA for 48 h before it
was processed for embedding and staining at the Monash Histology Platform.
8.3.4. Histological staining
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The right kidney was processed and embedded in paraffin. Paraffinized
kidney samples were sectioned in the coronal plane and at a thickness of 5 µm and
prepared for later staining. Two sets of 4 serial sections per kidney were prepared.
Paraffin embedded sections were incubated in an oven at 80 °C and dewaxed in a
series of xylene followed by a series of absolute alcohol. Sections were then
submerged in Bouin’s fluid at 60 °C for an hour to increase the intensity of staining.
8.3.4.1. Pimonidazole adduct immunohistochemistry
Antigen retrieval was carried out by incubating the sections in citrate buffer
(Target Retrieval Solution, DAKO, Australia) at 90 °C for 30 min. Sections were then
washed in tris-buffered saline with Tween 20 (TSBT; 0.05 mol/L Tris-HCl, 0.15 mol/L
NaCl, 0.05% Tween 20, DAKO Australia) once they had cooled to 80 °C. Excessive
tissue peroxidase activity was then quenched using 0.03% v/v hydrogen peroxide
containing sodium azide (DAKO, Denmark) for 10 min. Sections were then incubated
in a protein block serum (Protein Block Serum-free, DAKO Australia) for 10 min, in
order to remove non-specific binding, and washed twice more in TSBT. Sections
were then treated with the anti-mouse monoclonal antibody (1:3000 dilution,
Hydroxyprobe Inc.) for 1 h before incubation in goat anti-mouse secondary antibody
conjugated with horseradish peroxidase (Polyclonal goat EnVision, DAKO, Denmark)
for 30 min. Sections were washed twice with TSBT before incubation with 3diaminobenzidine (DAB, DAKO, Denmark) for 10 min. Sections were then
counterstained with hematoxylin (DAKO, Automations Hematoxylin, California, USA)
before being cover-slipped.
8.3.4.2. Masson’s trichrome staining
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Masson’s trichrome differentiates collagen from other cellular components.
Slides were submerged in Celestin Blue R before being washed and stained with
Myer’s Hemalum for 5 min for the differentiation of the nuclei. To intensify the
staining pattern, the slides were briefly immersed in Scott’s tap water prior to staining
with Biebrich Scarlet-acid fuschin for 5 min. Biebrich Scarlet-acid fuschin stains the
cytoplasm red. The slides were then rinsed and covered with 5% tungstophosphoric
acid for 5 min. Collagen fibers could then be differentiated from other components by
staining the sections with Aniline blue for 10 min. Excessive stains were removed by
brief immersion of sections in 1% w/v acetic acid.
8.3.5. Western blot analysis of HIF-1α and HIF-2α
The middle slice of the snap frozen kidney, which included the largest
proportion of the inner medulla, was thawed and protein extracted for western blot
analysis of HIF-1α and HIF-2α. The cortex, outer and inner medulla inclusive of the
papilla were dissected. To stop further enzymatic reactions, the tissue samples were
placed in 8 µl per mg of radioimmuno-precipitation assay (RIPA) buffer (consisting of
50 mM Tris-Hcl, 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecylsulphate (SDS), 1 mM sodium orthovanadate, 1 mM NaF, 1:25 of 25x
phosphatase inhibitor, 1:10 of 10x phosphostop and 1:1000 dithiothreitol) and
homogenized. The homogenate was centrifuged at 14,000 RPM at 4 °C for 20 min.
The resulting supernatant was then added to 2x laemmli buffer (containing 4% SDS,
10% 2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue and 0.125 M TrisHCl) and heated at 95 °C for 2 min.
Equal amounts of protein (30 µg) were loaded into each lane of a 7.5% precast gel (7.5% Mini-PROTEAN® TGX™ Precast Protein Gels, 4561025, Bio-Rad
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Laboratories. USA) and fractionated electrophoretically in Tris/Glycine/SDS running
buffer at 300 V for 20 min. The fractionated protein in the gel was then transferred
onto a nitrocellulose membrane (Bio-Rad Laboratories). Non-specific binding was
blocked with 5% skim milk in TBST buffer. As the primary antibodies for HIF-1α
(NB100-479, Novus Biologicals, LLC, CO, USA) and HIF-2α (NB100-122, Novus
Biological LLC) are similar in molecular weight (115 and 118 kDa), we carried out the
immunoblot analysis of each protein of interest on separate gels. The nitrocellulose
membranes were incubated overnight at 4 °C in the primary antibody (1:1000, raised
in rabbit) made up in a solution of 2.5% w/v bovine serum albumin. The membranes
were then incubated with 1:4000 secondary antibody (ECL™ anti-rabbit IgG, HRPlinked whole antibody, GE Healthcare UK Limited, UK) and 1:15,000 conjugate
(Precision Protein™ StrepTactin-HRP conjugate, Bio-Rad Laboratories) for an hour
at room temperature.
The nitrocellulose membrane was developed using equal parts of Clarity™
western

peroxide

reagents

(Bio-Rad

Laboratories)

and

Clarity™

western

luminol/enhancer reagent (Bio-Rad Laboratories) for 3 min before imaging. The
intensity of the bands observed on the membrane was quantified and corrected for
variability in protein migration down the gel and for total protein content loaded into
the wells. Comparisons were made between treatment groups across the two time
points within each region (i.e. cortex, outer and inner medulla).
8.3.6. Measurements and calculations
Urinary and plasma concentrations of electrolytes (sodium, potassium and
chloride) were determined using ion-sensitive electrodes (EasyElectrolytes, Medica
Corportation, Bedford, USA). Blood chemistry was assessed using a point-of-care
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device (iSTAT®, CHEM8+ Cartridges; Abbott Laboratories, Abbott Park, IL, USA).
Urinary albumin concentration was determined using direct competitive enzymelinked immunosorbent assay (Nephrat II, NR 002, Exocell Inc., PA, USA). Urinary
creatinine concentration was determined using an assay based on Jaffe’s reaction of
alkaline picrate solution with creatinine (Creatinine Companion, 1012 Strip Plate,
Exocell Inc.).
8.3.7. Statistical analyses
Statistical and graphical analyses were performed using the software
packages SYSTAT (Version 13, Systat Software, IL, USA) and GraphPad Prism
(Version 6, Graph-Pad Software, USA), respectively. Two-sided P ≤ 0.05 was
considered statistically significant. Normality of the data was assessed using the
Shapiro-Wilk test (26). Data that did not violate normality are presented as mean ±
standard error of the mean (SEM) and data that violated normality are presented as
median (25th percentile, 75th percentile). Data presented as mean ± SEM are
depicted as blue and data presented as median (25th percentile, 75th percentile) are
depicted as green in the figures presented in this chapter.
Analysis of variance (ANOVA) was used to assess the independent effects of
treatment (sham & ischemia) and time (24 h & 5 days). For data that violated
normality, an ANOVA on ranking (12) was performed. Dichotomous comparisons of
continuous variables were made using Student’s unpaired t-test in the case of data
that did not violate normality. For data that violated normality, a Mann-Whitney U-test
was performed for dichotomous comparisons. To protect against the risk of type I
error in dichotomous comparisons, conservative adjustment of p-values were carried
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out using the Dunn-Sidak correction with k = 2 (i.e., we deemed that two sets of
comparisons were made) (21).

8.4. RESULTS
8.4.1. Cellular staining for pimonidazole adducts and Masson’s trichrome
Kidney sections from sham-operated rats appeared relatively normal (Figs
8.1 and 8.2). The absence of pimonidazole adducts in most regions of the kidney is
indicative of relatively well maintained tissue oxygenation. There were occasional
pimonidazole adducts in tubular elements in the outer and inner medulla and in the
papilla. In contrast, kidney sections from rats after renal ischemia showed extensive
staining for pimonidazole adducts across all regions of the kidney (Figs 8.3 and 8.4).
Additionally, luminal aspects of tubules were often stained positive for pimonidazole
adducts after renal ischemia, suggestive of marked tubular obstruction.
There was significant cellular sloughing and disintegration of the brush
border/apical membrane of tubules after renal ischemia (Fig 8.5). In addition, there
was considerable cellular debris in the luminal aspects of tubules at 24 h after renal
ischemia. Tubular profiles surrounding the debris-riddled tubules were often
flattened. In contrast, tubules appeared to be mostly dilated 5 days after renal
ischemia. By 5 days post ischemia, tubules in the cortex, outer and inner medulla
appeared to be more dilated than after sham ischemia or 24 h after renal ischemia.
In the cortex, at 24 h after renal ischemia, the mesangium of the glomeruli
appeared to be expanded (Fig 8.3), a characteristic that was not present 5 days after
ischemia (Fig 8.4). Pimonidazole adducts were mostly localized to the brush border
of proximal tubules and in the glomeruli at 24 h after ischemia (Fig 8.3). At 5 days
after ischemia, both the apical and basolateral membrane (mostly apical) were
positively stained for pimonidazole adducts (Fig 8.4). In the papilla, 5 days after renal
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ischemia, the epithelium of distal collecting ducts was often positively stained for
pimonidazole adducts. This staining was not apparent 24 h after ischemia nor after
sham surgery.
One of the more prominent observations of the Masson’s trichrome staining
was the presence of blue staining, an indicator for collagen, in the lumen of tubules
24 h after renal ischemia (Fig 8.3). Therefore, we chose not to quantify fibrosis using
this method, since the presence of luminal staining would lead to over-estimation of
fibrosis. These “blocked” tubules were less apparent 5 days after renal ischemia, as
evident by the dilated appearance of tubular elements (Fig 8.5). Consistent with
observations in the pimonidazole stained sections, the mesangial cells in the
glomeruli were expanded 24 h after ischemia but this appeared to be resolved by 5
days after ischemia (Figs 8.4 and 8.5). Some erythrocytes were observed in vascular
elements after renal ischemia, particularly in the outer and inner medulla 24 h after
renal ischemia (Fig 8.4).
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Figure 8.1: Renal histology 24 h after sham ischemia. Two adjacent sections (5
µm) of the right kidney were obtained from each rat (n=6), 24 h after sham surgery.
The first section was stained with Masson’s trichrome to detect fibrotic tissues that
appear purplish-blue. The adjacent section was stained for pimonidazole adducts,
shown in brown, for the assessment of cellular hypoxia. Alphabetical symbols
highlight the corresponding positions in each differently stained section of each
region. Images are typical of the 2 sections of each of the 6 kidneys examined.
Green arrows denote open tubules that are stained positive for pimonidazole
adducts. Note the positive staining of capillaries, denoted as roman numerals in
various regions of both sections.
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Figure 8.2: Renal histology 5 days after sham ischemia. Two adjacent sections (5
µm) of the right kidney were obtained from each rat (n=6), 5 days after sham surgery.
The first section was stained with Masson’s trichrome to detect fibrotic tissues that
appear purplish-blue. The adjacent section was stained for pimonidazole adducts,
shown in brown, for the assessment of cellular hypoxia. Alphabetical symbols
highlight the corresponding positions in each differently stained section of each
region. Images are typical of the 2 sections of each of the 6 kidneys examined.
Green arrows denote open tubules that are stained positive for pimonidazole
adducts. Note the positive staining of capillaries, denoted as roman numerals in the
different regions of both sections.
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Figure 8.3: Renal histology 24 h after bilateral renal ischemia. Two adjacent
sections (5 µm) of the right kidney were obtained from each rat (n=6), 24 h after renal
ischemia. The first section was stained with Masson’s trichrome to detect fibrotic
tissues that appear purplish-blue. The adjacent section was stained for pimonidazole
adducts, shown in brown, for the assessment of cellular hypoxia. Images are typical
of the 2 sections of each of the 6 kidneys examined. Alphabetical symbols highlight
the corresponding positions in each differently stained section of each region. Black
arrows in the cortical sections denote extensive damage in tubules and stained
positive for pimonidazole adducts while green arrows denote open tubules stained
positive for pimonidazole adducts. Note the staining of tubular casts (i-iii in the
cortex) in both sections. These artifacts were particularly prevalent in the outer and
inner medulla and in the papilla.
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Figure 8.4: Renal histology 5 days after bilateral renal ischemia. Two adjacent
sections (5 µm) of the right kidneys were obtained from each rat (n=6), 5 days after
renal ischemia. The first section was stained with Masson’s trichrome to detect
fibrotic tissues that appear purplish-blue. The adjacent section was stained for
pimonidazole adducts, shown in brown, for the assessment of cellular hypoxia.
Images are typical of the 2 sections of each of the 6 kidneys examined. Alphabetical
symbols highlight the corresponding positions in each differently stained section of
each region. Black arrows in the cortical sections denote extensive damage in
tubules stained positive for pimonidazole adducts while green arrows denote open
tubules stained positive for pimonidazole adducts. Note the staining of capillaries and
tubular casts denoted as roman numerals in the different regions of both sections.
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Figure 8.5: Renal histology 24 h and 5 days after bilateral renal ischemia. Two
adjacent sections (5 µm) of the right kidneys were obtained from each rat (n=6), 24 h
(A, C and E) and 5 days (B, D and F) after renal ischemia. The sections were stained
for pimonidazole adducts, shown in brown, for the assessment of cellular hypoxia.
Images are typical of the 2 sections of each of the 12 kidneys examined. A large
proportion of the cells that were stained positive for pimonidazole adducts 24 h after
renal ischemia was predominantly in tubules that had significant cellular sloughing
(denoted as ‘m’) and take on a mesh-like appearance. Tubules were often blocked
(denoted as ‘b’), 24 h following renal ischemia. There was also considerable
fragmentation (denoted by ‘f’) of the individual cells of the tubule 24 h after
reperfusion of the kidney. These appeared to be largely resolved by 5 days after
ischemia. In place of the blocked tubules we now see dilated tubules. In many of
these tubules, the apical membrane stained positive of pimonidazole adducts. Note
the presence of smeared pimonidazole staining (denoted as *) that was commonly
observed in kidney sections of rats that underwent renal ischemia.
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8.4.2. HIF-1α and HIF-2α protein levels
When both the 24 h and 5 day time-points were considered collectively, the
expression of HIF-1α protein in the cortex, outer medulla and inner medulla was less
after renal ischemia than after sham surgery (Fig 8.6). However, not all comparisons
at individual time-points were statistically significant. HIF-1α levels in the cortex were
88.3% less 5 days after renal ischemia than at the corresponding time-point after
sham surgery (Fig 8.6). Similarly, in the outer medulla, HIF-1α was 62.2% less 24 h
after renal ischemia and 79.7% less 5 days after renal ischemia than after sham
surgery. In contrast, after renal ischemia, the relative deficit in HIF-1α at the inner
medulla was less pronounced than in the cortex and the outer medulla, and not
statistically significant at either the 24 h or 5 day time-points (Fig 8.6).
When both the 24 h and 5 day time points were considered collectively, the
expression of HIF-2α protein was markedly less in the cortex and the outer medulla,
but not in the inner medulla, following renal ischemia compared with sham surgery
(Fig 8.7). HIF-2α levels in the cortex were 86.9% less 5 days after ischemia than after
sham surgery (Fig 8.7). In the outer medulla of rats subjected to renal ischemia, HIF2α expression was 55% less 24 h and 89.2% less 5 days after ischemia, than after
sham surgery (Fig 8.7). In contrast, the apparent deficits in HIF-2α levels in the inner
medulla after renal ischemia were not statistically significant (Fig 8.7). The deficits in
HIF-1α and HIF-2α in rats subjected to renal ischemia did not diminish between the
24 h and 5 day time points (Fig 8.7). Indeed, deficits in HIF-2α in the cortex and
medulla appeared to become worse by day 5 after the ischemic episode (Fig 8.7).
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Figure 8.6: Protein levels of HIF-1α after renal ischemia or sham surgery.
Immunoblots for HIF-1α of tissue extracts from the cortex (A), outer medulla (B) and
inner medulla (C) of the left kidneys of rats 24 h and 5 days following recovery from
either sham surgery (open circles) or bilateral renal ischemia (closed circles); n = 6
per group. Values are expressed as mean ± SEM (B, C) or median (25th percentile,
75th percentile) (A). Paired comparisons were performed using Student’s t-test (B, C)
or the Mann-Whitney U-test (A). Because paired comparisons were made at two time
points, p-values were conservatively adjusted using the Dunn-Sidak method with k =
2. PTr, PT and PTr*T are the outcomes of 2 way analysis of variance (B, C) or analysis
of variance on ranking (A); with the factors treatment (Tr) and time (T). AU: arbitrary
unit.
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Figure 8.7: Protein levels of HIF-2α after renal ischemia or sham surgery.
Immunoblots for HIF-2α of tissue extracts from the cortex (A), outer medulla (B) and
inner medulla (C) of the left kidneys of rats 24 h and 5 days following recovery from
either sham surgery (open circles) or bilateral renal ischemia (closed circles); n = 6
per group. Values are expressed as mean ± SEM (B, C) or median (25th percentile,
75th percentile) (A). Paired comparisons were performed using Student’s t-test (B, C)
or the Mann-Whitney U-test (A). Because paired comparisons were made at two time
points, p-values were conservatively adjusted using the Dunn-Sidak method with k =
2. PTr, PT and PTr*T are the outcomes of 2 way analysis of variance (B, C) or analysis
of variance on ranking (A); with the factors treatment (Tr) and time (T). AU: arbitrary
unit.
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8.4.3. Indices of renal dysfunction
There was significantly greater plasma urea concentration (Fig 8.8A) and
plasma creatinine concentration (Fig 8.8B) after renal ischemia than after sham
surgery, indicative of significant renal dysfunction. Plasma urea concentration was
5.1 fold greater 24 h after renal ischemia and 3.9 fold greater 5 days after renal
ischemia compared to the same time-points after sham surgery. Plasma creatinine
concentration was 11.6 fold greater 24 h after renal ischemia and 17.9 fold greater 5
days after renal ischemia, than after sham surgery. Rats were frankly albuminuric as
urinary albumin concentration was 10.8 fold greater 24 h after renal ischemia than
after sham surgery. Urinary albumin concentration was 5.4 fold greater 5 days
following renal ischemia than after sham surgery (Fig 8.8C). Urinary creatinine
concentration was significantly less after renal ischemia (-50.1% and -39.2% at 24 h
and 5 days) than after sham surgery (Fig 8.8D). Urinary albumin to creatinine ratio,
as a marker of renal damage, was statistically indistinguishable 24 h after ischemia
than after sham surgery (Fig 8.8E). In contrast, urinary albumin to creatinine ratio
was significantly greater 5 days after renal ischemia than after sham surgery (Fig
8.8E).
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Figure 8.8: Indicators of renal dysfunction. Plasma concentrations of urea (A) and
creatinine (B) and urine concentrations of albumin (C) and creatinine (D) of rats 24 h
and 5 days after sham surgery (open circles) or bilateral renal ischemia (closed
circles), n = 6 per group. Some data points are missing because some rats were
either anuric after renal ischemia (C and D) or samples collected were not sufficient
for repeat tests to be performed in (D). Urinary albumin to creatinine ratio (E) was
calculated as an indicator of renal injury. Values are expressed as mean ± SEM (D)
or median (25th percentile, 75th percentile) (A-C, E). Paired comparisons were
performed using Student’s t-test (D) or the Mann-Whitney U-test (A-C, E). Because
paired comparisons were made at two time points, p-values were conservatively
adjusted using the Dunn-Sidak method with k = 2. PTr, PT and PTr*T are the outcomes
of 2 way analysis of variance (D) or analysis of variance on ranking (A-C, E); with the
factors treatment (Tr) and time (T).
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8.4.4. Electrolytes and morphological parameters
Plasma concentrations of sodium (5.8% less, Fig 8.9A) and potassium
(36.9% greater, Fig 8.9B) 24 h after renal ischemia differed significantly from those
after sham surgery. By 5 days after ischemia, none of the above variables differed
significantly from their level in rats subjected to sham surgery. In contrast, plasma
chloride concentration (Fig 8.9C) and glucose concentration (Fig 8.9D), both at 24 h
and 5 days after renal ischemia, did not significantly differ from their level after sham
surgery. Note that concentration of potassium in the plasma of two of the six rats
studied was greater than 8 mmol/L. Such high levels of potassium in the plasma are
not within the range of living animals. We speculate that this was due to hemolysis in
the samples.
Urinary sodium concentration was 52.1% less 24 h after renal ischemia than
in sham-operated rats (Fig 8.10A). By 5 days after ischemia, urinary sodium
concentration was not significantly different from after sham surgery (Fig 8.10A).
Urinary potassium concentration was 72.1% less 24 h after renal ischemia than after
sham surgery (Fig 8.10B). Similarly, urinary chloride was 66.4% less 24 h after renal
ischemia than after sham surgery (Fig 8.10C). The deficits in urinary potassium and
chloride concentration were still present 5 days after renal ischemia. That is, urinary
potassium concentration was 57.8% less and urinary chloride concentration was
63.2% less after renal ischemia than after sham surgery.
Body weight did not differ significantly between rats subjected to renal
ischemia compared to those subjected to sham surgery (Fig 8.11A, D). The weight of
the left and right ventricles, as an indicator for cardiac hypertrophy, was also not
significantly different after renal ischemia than after sham surgery (Fig 8.11 C, F).
Weight of the right and left kidney, 24 h after renal ischemia was indistinguishable to
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than after sham surgery (Fig 8.11B). However, there was significant renomegaly 5
days after renal ischemia (Fig 8.11E).
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Figure 8.9: Plasma electrolytes. Plasma concentrations of sodium (A), potassium
(B), chloride (C) and glucose (D) were determined in rats 24 h and 5 days after sham
surgery (open circles) or bilateral renal ischemia (closed circles), n = 6 per group.
Values are expressed as mean ± SEM (A-C) or median (25th percentile, 75th
percentile) (D). Paired comparisons were performed using Student’s t-test (A-C) or
the Mann-Whitney U-test (D). Because paired comparisons were made at two time
points, p-values were conservatively adjusted using the Dunn-Sidak method with k =
2. PTr, PT and PTr*T are the outcomes of a 2 way analysis of variance (A-C) or
analysis of variance on ranking (D); with the factors treatment (Tr) and time (T).
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Figure 8.10: Urinary electrolytes. Urinary concentrations of sodium (A), potassium
(B) and chloride (C) determined in rats 24 h and 5 days after sham surgery (open
circles) or bilateral renal ischemia (closed circles), n = 6 per group. Some data points
were missing because some rats were anuric after renal ischemia. Values are
expressed as mean ± SEM. Paired comparisons were performed using Student’s ttest. Because paired comparisons were made at two time points, p-values were
conservatively adjusted using the Dunn-Sidak method with k = 2. PTr, PT and PTr*T are
the outcomes of 2 way analysis of variance; with the factors treatment (Tr) and time
(T).
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Figure 8.11: Morphometric parameters after sham surgery or renal ischemia.
Body weight was measured before ischemia (closed circles) or sham surgery (open
circles) (A) and just prior to perfusion-fixation (B). The left kidney (B) was weighed
prior to being flash frozen. The right kidney (D) and both ventricles (E-F) were
weighed after fixation. Values are expressed as mean ± SEM (A, D-F) or median
(25th percentile, 75th percentile) (B-C). Paired comparisons were made using
Student’s t-test (A, D-F) or the Mann-Whitney U-test (B-C). Because paired
comparisons were made at two time points, p-values were conservatively adjusted
using the Dunn-Sidak method with k = 2. PTr, PT and PTr*T are the outcomes of 2 way
analysis of variance (A, D-F) or analysis of variance on ranking (B-C); with the factors
treatment (Tr) and time (T) and their interaction. BW: body weight.
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8.5. DISCUSSION
In the present study, we determined the pattern of staining for pimonidazole
adducts, a marker for cellular hypoxia, and the expression of hypoxia signaling
proteins during the subacute phase of reperfusion following an hour of bilateral renal
ischemia. There was intense staining for pimonidazole adducts throughout the entire
kidney, particularly along the apical membrane of tubules and within the luminal
aspects of tubules in the 24 h and 5 days following renal IRI. At face value, this would
indicate the presence of cellular hypoxia. But this finding does not accord with our
observations in the studies described in Chapter 7 where direct quantifications of
tissue PO2 using Clark electrodes in anesthetized rats and telemetry in unrestrained
rats were made and tissue hypoxia could not be detected. Potentially, this could
mean that the pimonidazole staining observed in the studies described in this chapter
and in Chapter 5 could be artifactual. This proposition is consistent with our
observations regarding the expression of HIF proteins. That is, the expression of HIF1α was downregulated across the whole kidney and the expression of HIF-2α was
downregulated in the cortex and outer medulla.
The post-translational regulation of HIF expression by oxygen availability is
well established (18, 25). Under hypoxic conditions, the α-subunit of HIFs do not
undergo ubiquitinylation, resulting in the formation of dimerized HIF and the
downstream transcription of hypoxia response elements. Given that we did not detect
tissue hypoxia, using direct methods for quantification of tissue PO2, across the
kidney; it is not surprising that protein levels of HIF-1α and HIF-2α did not increase,
but were rather decreased in the subacute phase of IRI. There are two possible
explanations for this finding. The first is that the ubiquitinylation of HIF-1α and HIF-2α
continues in the subacute phase of IRI because the kidney is not hypoxic.
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Alternatively, it could be that expression of mRNA for HIF-1α and HIF-2α is
downregulated in the subacute phase of IRI. To resolve this issue, future studies
should directly assess HIF-1α and HIF-2α gene expression in the subacute phase of
IRI.
The tissue damage in this model of severe IRI was extensive. One of the
more consistent morphological changes, observed both 24 h and 5 days after
reperfusion of the kidney, was the presence of tubular casts. Interestingly, there was
intense staining of pimonidazole adducts in these casts, suggesting that perhaps this
staining is not reflective of true hypoxia, but rather is artifactual. The remaining patent
tubules often appeared dilated. There was considerable cellular sloughing in these
tubules. This was often associated with a mesh-like pattern of staining within the
tubular lumen. This morphological feature is indicative of significant tubular damage
and is consistent with observations from previous studies (7). Interestingly, these
sloughed cells, together with the apical membrane of associated tubules, were
positively stained for pimonidazole adducts. It may be that this pimonidazole staining
is also artifactual. This putative artifactual staining of pimonidazole adducts could be
caused by activation of oxygen insensitive pathways for the reduction of
pimonidazole chloride during IRI, perhaps associated with recruitment of immune
cells within the kidney.
The use of pimonidazole as a marker for cellular hypoxia was rigorously
tested and established for use in the determination of treatment modalities of various
types of tumor (16, 27). In establishing the use of 2-nitroimidazole compounds for
detection of cellular hypoxia, Gross et al showed that the density of misonidazole, a
2-nitroimidazole, increased markedly once PO2 was less than 10 mmHg (14). This
property of 2-nitroimidazoles makes them an attractive compound for determination
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of hypoxia at the cellular level. Pimonidazole, a 2-nitroimidazole was adopted for use
in the qualitative assessment of tissue hypoxia in the kidney. Previous studies, as
well as the current study, have demonstrated positive staining for pimonidazole
adducts in the physiologically hypoxic environment of the renal medulla, providing
support for the validity of this method for use in the kidney (1, 24). Pimonidazole
undergoes a 2-step reduction, each step being catalyzed by type II nitroreductase
(a.k.a. 1 electron reductases). First, a nitro radical anion intermediate forms that is
then subsequently reduced to a hydroxylamine intermediate. The basis for the use of
pimonidazole as an indicator of cellular hypoxia relies on the oxygen-sensitive
oxidation of the nitro radical anion intermediate back to its native form. Essentially,
this means that at cellular conditions of less than 10 mmHg, the nitro radical anion
does not get oxidized, but is instead reduced into a hydroxylamine intermediate
which, when bound to thiol groups, forms an adduct that can be detected
immunohistochemically (2). However in the presence of type I nitroreductase, that
catalyze the transfer of two electrons to pimonidazole, pimonidazole is reduced into
the hydroxylamine intermediate, therefore bypassing the oxygen sensitive step
catalyzed by type II nitroreductases. Theoretically, this means that upregulation of
type II nitroreductases can cause oxygen-insensitive staining of pimonidazole
adducts. This phenomenon has not been examined in the kidney. However, it has
been demonstrated that the presence of a type II nitroreductase, DT-diaphorase, in
neck carcinomas (17) and in physiologically normoxic tissues (10), can cause
artifactual staining of 2-nitroimidazole adducts under oxic conditions. DT-diaphorase,
also known as NAD(P)H oxidoreductase has anti-oxidant properties as it catalyzes
the removal of a redox-positive quinone into a redox-stable hydroquinone, bypassing
the formation of reactive oxygen species (9). DT-diaphorase has been reported to be
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upregulated following renal IRI (19). Furthermore, upregulation of DT-diaphorase
results in reduced oxidative stress and improved renal function in renal IRI (13). Thus,
it is possible that the oxidative stress induced in renal IRI could result in the adaptive
upregulation of DT-diaphorase, which might in turn lead to generation of
pimonidazole adducts even in the absence of hypoxia. Studies are currently
underway in our laboratory to test this hypothesis.
Another potential candidate that may promote formation of pimonidazole
adducts in the acute and subacute phases of renal IRI are the recruitment of
inflammatory cells in the kidney. Inflammatory cells can have reductase activities that
could result in oxygen-insensitive reduction of pimonidazole. For example,
glutathione reductases in macrophages can catalyze the reduction of glutathione
disulphide into glutathione (8). This is analogous to the mechanisms of DTdiaphorase as an anti-oxidant (20) that can result in the oxygen-insensitive reduction
of pimonidazole and hence artifactual staining of pimonidazole adducts. Moreover,
inflammatory cells themselves avidly consume oxygen to maintain their phagocytic
function (15), which may in turn result in highly localized cellular hypoxia and thus
formation of pimonidazole adducts. Given that the influx of inflammatory cascade is
an important consequence in the adaptive repair of cellular injury in response to renal
IRI, we can speculate that the cellular debris and cellular sloughage may be
associated with inflammatory cells that can either express two electron reductases or
avidly consume oxygen. The relationship between the recruitment of inflammatory
cells and pimonidazole staining could be investigated by double-labeling renal tissue
with markers identifying macrophages and pimonidazole adducts, to investigate the
potential for co-localization.
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In conclusion, the pattern of change in protein levels of HIF-1α and HIF-2α
together with the absence of tissue hypoxia, by way of direct quantification, provides
rather strong evidence against the presence of tissue hypoxia in the subacute phase
of IRI. It also provides evidence that the bulk of the staining for pimonidazole adducts
observed in the current study, and probably also in the studies described in Chapter
5 of this thesis, could be artifactual. If this is indeed true, considerable caution should
be exercised in the use of pimonidazole adduct immunohistochemistry for detection
of cellular hypoxia in the damaged kidney.
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9.1. ADVANCES MADE IN THE EVALUATION OF THE ‘CHRONIC
HYPOXIA HYPOTHESIS’
The hypothesis that tissue hypoxia drives the progression of renal tissue
damage following an initial insult to the kidney was proposed nearly two decades ago
(19). Since then, considerable advances have been made in evaluating the role of
tissue hypoxia in the pathogenesis of kidney disease. We propose that there are 6
lines of evidence that must be considered in a critical evaluation of the ‘chronic
hypoxia hypothesis’ (Chapter 2). One of these lines of evidence, resolution of the
temporal relationship between tissue hypoxia and the development of kidney
disease, has been difficult to tackle due to the lack of an implantable device to allow
for the long-term assessment of tissue oxygenation. The recent development of the
oxygen telemeter overcomes this limitation, as it can be chronically implanted and
generates continuous measurements of tissue oxygen tension (PO2) in the rat kidney
for weeks (17, 33, 34).
One of the uncertainties associated with the use of the oxygen telemeter in
the kidney is the presence of an offset current; the current measured by the telemeter
in vivo when tissue PO2 = 0 mmHg (33). Critically, it was not known whether the
offset current changes across the period of implantation. We examined the stability of
the offset current in the studies described in Chapter 6 of this thesis, by repeatedly
assessing the response to inflation of a vascular cuff on the renal artery of conscious
rats. We found that the current registered by the telemeter during inflation of the
vascular cuff was variable across the first five days after implantation of the
telemeter. However, it was relatively stable for the rest of the implantation period.
These observations indicate that the offset current becomes stable after a five day
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‘bedding in’ period, so provides confidence in the use of this technique for assessing
changes in renal tissue PO2 in unrestrained rats over periods of days to weeks.
In the studies described in this thesis, and in other collaborative studies
included in the appendixes of this thesis (17), we utilized the oxygen telemeter with
the aim to resolve the temporal association between tissue hypoxia and the
progression of acute kidney injury (AKI) and chronic kidney disease (CKD). In the
studies described in Chapter 7 we were unable to detect hypoxia, using either the
oxygen telemeter in unrestrained rats or Clark electrodes in anesthetized rats, during
the subacute phase (up to 5 days after reperfusion) of renal ischemia reperfusion
injury (IRI). This phase of the response to IRI is associated with tubular repair (28).
However, it also must be associated with maladaptive disease processes, since the
chronic phase of the response to IRI (4 weeks and beyond) is associated with
fibrosis, capillary rarefaction and CKD (7-9). Thus, at least based on our direct
measurements of renal tissue PO2, our current findings do not support the
proposition that tissue hypoxia is a major driver of the progression from AKI to CKD
after IRI. In contrast, Emans and colleagues were able to show rapid development of
cortical tissue hypoxia in Cyp1a1Ren2 rats after activation of the endogenous reninangiotensin system, well before development of CKD in this model (17). Thus, tissue
hypoxia is likely only one of a myriad of drivers of the development of CKD and its
contribution likely varies according to the nature of the CKD. In studies currently
underway in our laboratory, we are using the telemetric method to assess the
temporal profile of changes in renal cortical PO2 during development of diabetic
nephropathy and adenine-induced CKD. Once these studies are complete we should
have a clearer picture of the importance of hypoxia as an early event in the
development of CKD.
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9.2. PIMONIDAZOLE IMMUNOHISTOCHEMISTRY:
MORE THAN CELLULAR HYPOXIA?

DETECTING

Our findings in the studies described in Chapters 5 and 8 of this thesis raise
serious

concerns

regarding

the

validity

of

pimonidazole

adduct

immunohistochemistry as an indicator of renal tissue hypoxia in rats with severe
renal damage. Pimonidazole adduct immunohistochemistry is a well-validated and
established technique for identification of hypoxic regions in tumors that are often
resistant to radiation therapy (37). It has been extensively used to aid development of
alternative treatment modalities targeting hypoxic cancer cells, such as prodrugs that
are activated under hypoxic conditions (46). Previously, the binding of nitro-imidazole
compounds such as pimonidazole to tissues has been shown to correlate with low
oxygen tension measured directly by microelectrode (25). Thus, it has been
considered an excellent approach for assessment of renal tissue hypoxia at the
cellular level (41).
Pimonidazole adduct immunohistochemistry has been used extensively for
the demonstration of tissue hypoxia in various models of kidney disease (6, 16, 35,
40). When combined with counterstaining with hematoxylin, pimonidazole adduct
immunohistochemistry potentially allows examination of the spatial distribution of
tissue hypoxia and its co-localization with structural damage associated with kidney
disease. In the studies described in this thesis, we used this technique to explore the
spatial relationships between tissue hypoxia and tissue injury in the acute (Chapter 5)
and subacute (Chapter 8) phases of renal IRI. The observation of widespread
staining of pimonidazole adducts 2 h, 24 h and 5 days following renal ischemia and
reperfusion was inconsistent with measurements of tissue PO2 made using
fluorescence optodes (1), the oxygen telemeter (Chapter 7) and polarographic
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electrodes (Chapter 7). How then do we reconcile the differences? Firstly, we
acknowledge that many of the stained adducts are very likely artifactual. The
structural damage in response to an hour of complete ischemia and anoxia was
severe. Many tubules were obstructed, a phenomenon that appeared to be mostly
resolved by 5 days after reperfusion. These blocked tubules are likely tubular casts,
consistent with ischemia reperfusion induced renal damage (10, 23). There was
considerable cellular sloughing of the apical membrane, resulting in the luminal
aspects of the tubules having a mesh-like appearance 24 h after reperfusion. These
characteristics were largely absent 5 days following reperfusion. Instead, it appears
that there was loss of some tubular elements while ‘surviving’ tubules were often
dilated, with thinning of the epithelium. Structural features such as tubular casts
(mostly non-cellular) and cellular sloughing (mostly unviable cells) are unlikely to
represent true tissue hypoxia, yet comprised a large proportion of the positive
staining for pimonidazole adducts. Thus, we must consider the possibility that factors
associated with tissue damage during IRI interfere with the chemistry of
pimonidazole, resulting in artifactual staining for pimonidazole adducts.
The detection of cellular hypoxia through formation of pimonidazole adducts
relies on a two-step reduction process, catalyzed by one-electron reductases,
eventually forming a hydroxylamine intermediate that binds and forms adducts in
tissues where PO2 is less than 10 mmHg (3). Critically, the first of these reduction
steps is reversible in the presence of oxygen, so the hydroxylamine intermediate can
only form through one-electron reduction under hypoxic conditions (Fig 5.1).
However, two-electron reductases can catalyze the formation of the hydroxylamine
intermediate in a one-step reaction bypassing the oxygen sensitive step (3).
Upregulation of two-electron reductases can cause oxygen insensitive reduction of
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pimonidazole, at least in cancer cells lines overexpressing DT-diaphorase, a twoelectron reductase (29). This leads us to the question of whether two-electron
reductases are present in the kidney and whether they are upregulated in IRI.
Two-electron reductases such as DT-diaphorase and glutathione reductases
are known to exhibit anti-oxidant properties (11, 12, 15). Our primary suspect for the
cause of artifactual staining for pimonidazole is DT-diaphorase, because it has been
shown in other systems to reduce pimonidazole to form the hydroxylamine
intermediate (30, 38). DT-diaphorase, also known as NQO1 or NAD(P)H: quinone
acceptor oxidoreductase, is localized to the cytosol and catalyzes the two-electron
reduction of electrophilic quinones to redox stable hydroquinone thereby ameliorating
oxidative stress (11). We speculate that the anti-oxidant properties of DT-diaphorase
will be relevant when oxidative stress induced by renal ischemic injury is prominent
during the progression of IRI (26, 31). This hypothesis could be tested by determining
the

co-localization

of

DT-diaphorase

and

pimonidazole

adducts

using

immunohistochemical staining of the respective proteins. If this is indeed true then
inhibition of DT-diaphorase by dicoumarol should abrogate the oxidative stress
induced artifactual staining of pimonidazole adducts. These studies are currently
underway in our laboratory.
The alternative line of inquiry into the source of artifactual staining of
pimonidazole adducts is to look to the potential contribution of inflammatory cells.
The anoxia experienced by the temporary cessation of blood flow to the kidney
inevitably results in tissue injury. This tissue injury is associated with an influx of
inflammatory cells (44). Consequences of the activation and propagation of
inflammatory cascades include tubular obstruction and tubular apoptosis and
necrosis (2). Inflammatory cells may cause artifactual pimonidazole staining in two
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ways. Firstly, inflammatory cells may consume oxygen at a high rate in carrying out
phagocytic activity for the reparation of tubular damage that may result in intraluminal
hypoxia. Secondly, inflammatory cells may possess reductases that bypass the
oxygen sensitive stage in the reduction of pimonidazole (12). In order to determine
whether inflammatory cells could contribute to artifactual pimonidazole staining,
immunohistochemical staining for immunomodulatory cells could be carried out.
Furthermore, double staining for pimonidazole and markers for immunomodulatory
cells could shed more light on the hypothesis that immune cells localized with the
debris are a source of artifactual pimonidazole staining. The possibility of immune
cells being the ‘culprit’ has important implications for the interpretation of findings
from previous studies utilizing pimonidazole adduct immunohistochemistry in kidney
diseases where inflammation is prominent. For example, in previous studies
identifying tissue hypoxia in adenine-induced CKD (20), the remnant kidney model of
CKD (35), glomerulonephritis (36), rhabdomyolysis-induced AKI (39), and segmental
renal infarction (40), there was prominent staining in the sloughed cells and in the
luminal aspects of tubules, often appearing mesh-like, consistent with our findings in
IRI. Interestingly, in animal models of kidney disease where tubules appeared dilated
and there was an absence of intraluminal debris, presumably reflecting a point when
repair is well advanced, pimonidazole adducts were absent (6, 43).
The presence of artifacts may limit the usefulness of the only currently
available marker for cellular hypoxia, particularly when inflammation is a prominent
event. Therefore, it is imperative that we determine the cause of artifactual
pimonidazole staining. These studies, that are ongoing in our laboratory, should also
allow

us

to

identify

the

conditions

under

which

pimonidazole

adduct

immunohistochemistry is valid, as well as the conditions under which it is not.
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9.3. IS TISSUE HYPOXIA NECESSARY IN THE PATHOPHYSIOLOGY
OF RENAL ISCHEMIC INJURY?
One of the questions addressed in this thesis is whether tissue hypoxia is an
important driver in the pathogenesis of renal IRI and the progression from AKI to
CKD after IRI. Hypoxia during the hour of complete cessation of renal blood flow
must make an important contribution to the initial renal injury in this model. However,
based on our current findings, it appears that frank tissue hypoxia may not be an
obligatory event during the acute and subacute phases of IRI.
How can we explain the absence of tissue hypoxia during the acute and
subacute phases of IRI? Renal oxygen delivery, which is proportional to renal blood
flow, is an important determinant of renal tissue oxygenation. It has been proposed
that renal blood flow does not recover completely during reperfusion after complete
renal ischemia (42). If this no-reflow phenomenon were to persist into the subacute
phase of IRI, it could drive tissue hypoxia. However, we found that renal blood flow
(and thus renal oxygen delivery) was well maintained in our model of IRI localized to
the kidney, during the acute (1) and subacute (Chapter 7) phases of reperfusion. In
conjunction with the reduction in renal oxygen consumption, tissue oxygenation was
well maintained.
Based on our current findings, tissue hypoxia does not appear to be an
obligatory feature of the acute and subacute phases of IRI. But there is evidence of
tissue hypoxia in the weeks and months following IRI (6). The ‘chronic hypoxia
hypothesis’ proposes a vicious cycle of tissue hypoxia and tissue damage (19), with
each driving the progression of the other. Fibrosis, capillary rarefaction and tissue
hypoxia are characteristics of CKD that develops in the chronic phase after renal IRI
(6, 7, 27). But what factors drive development of these characteristics of CKD?
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Perhaps the damage that we observed in the vascular and tubular architecture in the
subacute phase of IRI is the driver of tissue hypoxia, which may then result in further
tissue injury and ultimately in renal insufficiency? Basile and colleagues proposed
that maladaptive repair after renal IRI is a key event that increases the risk of
development of CKD (5). Many of the characteristics of CKD after IRI, such as
capillary rarefaction, oxidative stress and mitochondrial dysfunction, can be either
directly caused by hypoxia or can promote hypoxia (5). Thus, we suggest that
unresolved tissue damage as a result of maladaptive repair might result in tissue
hypoxia that can in turn predispose the kidney to development of CKD. For us to
critically evaluate this possibility, we will have to use chronically implanted oxygen
telemeters to follow the profile of changes in tissue PO2 for a month or more after
reperfusion of the kidneys following renal ischemia. We believe this is feasible. In
these future studies, it will also be prudent to use a less severe model of IRI, to allow
for longer-term survival of the experimental animals. These studies would permit
comparison of the time-course of changes in tissue PO2 with the time-course of
changes in capillary density, fibrosis, and expression of genes involved in hypoxic
signaling. This would allow a more detailed analysis of the role of hypoxia in the
progression from AKI to CKD.

9.4. DOES TISSUE HYPOXIA DRIVE CYST EXPANSION AND
ASSOCIATED ALTERATIONS IN RENAL HEMODYNAMICS?
One of the most recognizable impacts of polycystic kidney disease (PKD) is
the slowly evolving but debilitating effects of renomegaly as a result of cyst
expansion in the kidney (45). In the studies described in Chapter 4 of this thesis, we
sought to investigate how the major determinants of tissue oxygenation, renal oxygen
delivery and oxygen consumption, are altered in PKD. We showed that the renal
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parenchyma is hypoxic in an adult model of PKD, largely because of a marked deficit
in renal oxygen delivery.
A major aim of the studies described in this thesis was to establish the
temporal profile of changes in tissue oxygenation across the progression of kidney
disease. Unfortunately, owing to the nature of PKD, measurement of tissue PO2 by
the telemeter is unlikely to be reliable. Prior to implantation of the electrodes into the
kidneys, we pre-determine the depth of insertion by bending the electrodes (Section
3.4). The electrodes, once inserted into the kidney, are more or less fixed in position
via the use of tissue glue securing the electrode onto the renal capsule (Section 3.6).
Thus, as the cysts expand the location of the tip of the electrode would be predicted
to change. Accordingly, the oxygen telemeter has limited utility in kidney diseases
where substantial growth of the kidney occurs. The next best approach would be
imaging techniques such as blood oxygen level dependent magnetic resonance
imaging (BOLD-MRI). Indeed, researches have utilized MRI to characterize the timecourse of cyst expansion and the decline of indices of renal function (13, 14, 24).
Using this technique, they found that the decline in glomerular filtration rate lagged
behind the growth of renal cysts. It would be interesting to follow the alterations of
tissue oxygenation that occur as renal cysts progressively expand (13). One pitfall to
the use of an imaging technique like BOLD-MRI is that the resolution is highly
dependent on blood flow (18). Renal blood flow is severely compromised in PKD as
the expansion of cysts compresses the renal vasculature and there is ongoing
upregulation of vasoconstrictors (4, 32). Therefore, BOLD-MRI is likely to be an
unreliable method for assessing the time-course of development of tissue hypoxia in
PKD.
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While it may be difficult to determine the time-course of development of
tissue hypoxia in PKD, it still might be possible to assess the role of tissue hypoxia in
cyst expansion. Renal tissue hypoxia can be induced by treatments that increase
renal oxygen consumption (21, 22). If tissue hypoxia contributes to the progression of
PKD, administration of the mitochondrial uncoupler 2,4-dinitrophenol in early PKD
would be predicted to exacerbate the expansion of cysts and exacerbate renal
dysfunction. Additionally, it might also be possible to determine whether treatments
that reduce renal oxygen consumption can abrogate tissue hypoxia and retard cyst
expansion.

9.5. CONCLUSION & FUTURE DIRECTIONS
In the work described in this thesis, I attempted to provide a stronger basis
for our understanding of the temporal and spatial relationships between kidney
oxygenation and the progression of kidney disease. As with most scientific
endeavors, some progress was made, but more mysteries were revealed. Through
the use of multiple methods for direct measurement of tissue PO2 in unrestrained
(telemetry) and anesthetized (Clark electrode) rats, I was unable to detect tissue
hypoxia in the subacute phase of IRI. Thus, therapeutic interventions to combat
tissue hypoxia in the acute to subacute phase of IRI may not be useful. Other studies
described

in

this

thesis

identified

limitations

of

pimonidazole

adduct

immunohistochemistry for the determination of cellular hypoxia in kidney diseases.
Our findings indicate that some pimonidazole adduct staining in IRI is artifactual,
thereby limiting the validity of this method.
The strength of the studies described in this thesis is that we used multiple
methods for assessing tissue oxygenation. Using the combination of different
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methods, we were able to provide a better understanding of the role of tissue hypoxia
in kidney disease. We believe that establishing the time-course of changes in kidney
tissue oxygenation is critical to further development of this field. With the
development of the oxygen telemeter, it is now feasible to follow these changes in
renal tissue PO2 during the development of various forms of kidney disease. Thus,
the methods developed in this project will facilitate improved understanding of the
role of renal hypoxia in the pathogenesis of kidney disease.

Chapter 9

209

Final Discussion & Conclusions

9.6. REFERENCES
1.
Abdelkader A, Ho J, Ow CPC, Eppel GA, Rajapakse NW, Schlaich MP,
and Evans RG. Renal oxygenation in acute renal ischemia-reperfusion injury. Am J
Physiol Renal Physiol 306: F1026-F1038, 2014.
2.
Arai S, Kitada K, Yamazaki T, Takai R, Zhang X, Tsugawa Y, Sugisawa R,
Matsumoto A, Mori M, Yoshihara Y, Doi K, Maehara N, Kusunoki S, Takahata A,
Noiri E, Suzuki Y, Yahagi N, Nishiyama A, Gunaratnam L, Takano T, and
Miyazaki T. Apoptosis inhibitor of macrophage protein enhances intraluminal debris
clearance and ameliorates acute kidney injury in mice. Nat Med 22: 183-193, 2016.
3.
Arteel GE, Thurman RG, and Raleigh JA. Reductive metabolism of the
hypoxia marker pimonidazole is regulated by oxygen tension independent of the
pyridine nucleotide redox state. Eur J Biochem 253: 743-750, 1998.
4.
Barrett BJ, Foley R, Morgan J, Hefferton D, and Parfrey P. Differences in
hormonal and renal vascular responses between normotensive patients with
autosomal dominant polycystic kidney disease and unaffected family members.
Kidney Int 46: 1118-1123, 1994.
5.
Basile DP, Bonventre JV, Mehta RL, Nangaku M, Unwin R, Rosner MH,
Kellum JA, and Ronco C. Progression after AKI: Understanding maladaptive repair
processes to predict and identify therapeutic treatments. J Am Soc Nephrol 27: 687697, 2016.
6.
Basile DP, Donohoe DL, Roethe K, and Mattson DL. Chronic renal hypoxia
after acute ischemic injury: Effects of L-arginine on hypoxia and secondary damage.
Am J Physiol Renal Physiol 284: F338-F348, 2003.
7.
Basile DP, Donohoe DL, Roethe K, and Osborn JL. Renal ischemic injury
results in permanent damage to peritubular capillaries and influences long-term
function. Am J Physiol Renal Physiol 281: F887-F899, 2001.
8.
Basile DP, Friedrich JL, Spahic J, Knipe N, Mang H, Leonard EC,
Changizi-Ashtiyani S, Bacallao RL, Molitoris BA, and Sutton TA. Impaired
endothelial proliferation and mesenchymal transition contribute to vascular
rarefaction following acute kidney injury. Am J Physiol Renal Physiol 300: F721F733, 2011.
9.
Basile DP, Leonard EC, Tonade D, Friedrich JL, and Goenka S. Distinct
effects on long-term function of injured and contralateral kidneys following unilateral
ischemia-reperfusion. Am J Physiol Renal Physiol 302: F625-F635, 2012.
10.
Bonventre JV, and Yang L. Cellular pathophysiology of ischemic acute
kidney injury. J Clin Invest 121: 4210-4221, 2011.
11.
Cadenas E. Antioxidant and prooxidant functions of DT-diaphorase in quinone
metabolism. Biochem Pharmacol 49: 127-140, 1995.
12.
Cénas NK, Rakauskiené GA, and Kulys JJ. One- and two-electron reduction
of quinones by glutathione reductase. Biochim Biophys Acta 973: 399-404, 1989.
13.
Chapman A, Bost J, Torres V, Guay-Woodford L, Bae K, Landsittel D, Li
J, King B, Martin D, Wetzel L, Lockhart M, Harris P, Moxey Mims M, Flessner M,
Bennett W, and Grantham J. Kidney volume and functional outcomes in autosomal
dominant polycystic kidney disease. Clin J Am Soc Nephrol 7: 479-486, 2012.
14.
Chapman AB, and Wei W. Imaging approaches to patients with polycystic
kidney disease. Semin Nephrol 31: 237-244, 2011.
15.
Chen S, Wu K, and Knox R. Structure-function studies of dt-diaphorase
(NQO1) and NRH: quinone oxidoreductase. Free Radic Biol Med 29: 276-284, 2000.
Chapter 9

210

Final Discussion & Conclusions

16.
Ding A, Kalaignanasundaram P, Ricardo SD, Abdelkader A, Witting PK,
Broughton BRS, Kim HB, Wyse BF, Phillips JK, and Evans RG. Chronic
treatment with tempol does not significantly ameliorate renal tissue hypoxia or
disease progression in a rodent model of polycystic kidney disease. Clin Exp
Pharmacol Physiol 39: 917-929, 2012.
17.
Emans TW, Janssen BJ, Pinkham MI, Ow CPC, Evans RG, Joles JA,
Malpas SC, Krediet CTP, and Koeners MP. Exogenous and endogenous
angiotensin-II decrease renal cortical oxygen tension in conscious rats by limiting
renal blood flow. J Physiol 594: 6287-6300, 2016.
18.
Evans RG, Gardiner BS, Smith DW, and O'Connor PM. Methods for
studying the physiology of kidney oxygenation. Clin Exp Pharmacol Physiol 35: 14051412, 2008.
19.
Fine LG, Orphanides C, and Norman JT. Progressive renal disease: The
chronic hypoxia hypothesis. Kidney Int Suppl 65: S74-78, 1998.
20.
Fong D, Ullah MM, Lal JG, Abdelkader A, Ow CPC, Hilliard LM, Ricardo
SD, Kelly DJ, and Evans RG. Renal cellular hypoxia in adenine-induced chronic
kidney disease. Clin Exp Pharmacol Physiol 43: 896-905, 2016.
21.
Friederich-Persson M, Persson P, Fasching A, Hansell P, Nordquist L,
and Palm F. Increased kidney metabolism as a pathway to kidney tissue hypoxia
and damage: Effects of triiodothyronine and dinitrophenol in normoglycemic rats. Adv
Exp Med Biol 789: 9-14, 2013.
22.
Friederich-Persson M, Thorn E, Hansell P, Nangaku M, Levin M, and
Palm F. Kidney hypoxia, attributable to increased oxygen consumption, induces
nephropathy independently of hyperglycemia and oxidative stress. Hypertension 62:
914-919, 2013.
23.
Gobe G, Willgoss D, Hogg N, Schoch E, and Endre Z. Cell survival or death
in renal tubular epithelium after ischemia-reperfusion injury. Kidney Int 56: 12991304, 1999.
24.
Grantham JJ, Torres V, Chapman AB, Guay-Woodford LM, Bae KT, King
B, Wetzel L, Baumgarten DA, Kenney PJ, Harris PC, Klahr S, Bennett WM,
Hirschman G, Meyers CM, Zhang X, Zhu F, and Miler JP. Volume progression in
polycystic kidney disease. N Engl J Med 354: 2122-2130, 2006.
25.
Gross MW, Karbach U, Groebe K, Franko AJ, and Mueller-Klieser W.
Calibration of misonidazole labeling by simultaneous measurement of oxygen tension
and labeling density in multicellular spheroids. Int J Cancer 61: 567-573, 1995.
26.
Hirayama A, Nagase S, Ueda A, Oteki T, Takada K, Obara M, Inoue M,
Yoh K, Hirayama K, and Koyama A. In vivo imaging of oxidative stress in ischemiareperfusion renal injury using electron paramagnetic resonance. Am J Physiol Renal
Physiol 288: F597-F603, 2005.
27.
Horbelt M, Lee S-Y, Mang HE, Knipe NL, Sado Y, Kribben A, and Sutton
TA. Acute and chronic microvascular alterations in a mouse model of ischemic acute
kidney injury. Am J Physiol Renal Physiol 293: F688-F695, 2007.
28.
Humphreys BD, Valerius NT, Kobayashi A, Mugford JW, Soeung S,
Duffield JS, McMahon AP, and Bonventre JV. Intrinsic epithelial cells repair the
kidney after injury. Cell Stem Cell 2: 284-291, 2008.
29.
Janssen HLK, Hoebers FJ, Sprong D, Goethals L, Willians KJ, Stratford
IJ, Haustermans KM, Balm AJ, and Begg AC. Differentiation-associated staining
with anti-pimonidazole antibodies in head and neck tumors. Radiother Oncol 70: 9197, 2004.
Chapter 9

211

Final Discussion & Conclusions

30.
Joseph P, Jaiswal AK, Stobbe CC, and Chapman JD. The role of specific
reductases in the intracellular activation and binding of 2-nitroimidazoles. Int J
Radiation Oncology Biol Phys 29: 351-355, 1994.
31.
Kim J, Seok YM, Jung K, and Park KM. Reactive oxygen species/oxidative
stress contributes to progression of kidney fibrosis following transient kidney injury in
mice. Am J Physiol Renal Physiol 297: F461-F470, 2009.
32.
Klein IH, Ligtenberg G, Oey PL, Koomans HA, and Blankestijn PJ.
Sympathetic activity is increased in polycystic kidney disease and is associated with
hypertension. J Am Soc Nephrol 12: 2427-2433, 2001.
33.
Koeners MP, Ow CPC, Russell DM, Abdelkader A, Eppel GA, Ludbrook J,
Malpas SC, and Evans RG. Telemetry-based oxygen sensor for continuous
monitoring of kidney oxygenation in conscious rats. Am J Physiol Renal Physiol 304:
F1471-F1480, 2013.
34.
Koeners MP, Ow CPC, Russell DM, Evans RG, and Malpas SC. Prolonged
and continuos measurement of kidney oxygenation in conscious rats. Methods Mol
Biol 1397: 93-111, 2016.
35.
Manotham K, Tanaka T, Matsumoto M, Ohse T, Miyata T, Inagi R,
Kurokawa K, Fujita T, and Nangaku M. Evidence of tubular hypoxia in the early
phase in the remnant kidney model. J Am Soc Nephrol 15: 1277-1288, 2004.
36.
Matsumoto M, Tanaka T, Yamamoto T, Noiri E, Miyata T, Inagi R, Fujita T,
and Nangaku M. Hypoperfusion of peritubular capillaries induces chronic hypoxia
before progression of tubulointerstitial injury in a progressive model of rat
glomerulonephritis. J Am Soc Nephrol 15: 1574-1581, 2004.
37.
Nordsmark M, Loncaster J, Aquino-Parsons C, Chou S-C, Ladekarl M,
Havsteen H, Lindegaard JC, Davidson SE, Varia M, West C, Hunter R,
Overgaard J, and Raleigh JA. Measurement of hypoxia using invasive oxygensensitive electrode, pimonidazole binding and 18F-FDG uptake in anaemic or
erythropoietin-treated mice bearing human glioma xenografts. Int J Oncol 67: 35-44,
2003.
38.
Parliament MB, Wiebe LI, and Franko AJ. Nitroimidazole adducts as
markers for tissue hypoxia: Mechanistic studies in aerobic normal tissues and tumour
cells. Br J Cancer 66: 1103-1108, 1992.
39.
Rosenberger C, Goldfarb M, Shina A, Bachmann S, Frei U, Eckardt K-U,
Schrader T, Rosen S, and Heyman SN. Evidence for sustained renal hypoxia and
transient hypoxia adaptation in experimental rhabdomyolysis-induced acute kidney
injury. Nephrol Dial Transpl 23: 1135-1143, 2008.
40.
Rosenberger C, Griethe W, Gruber G, Wiesener M, Frei U, Bachmann S,
and Eckardt KU. Cellular responses to hypoxia after renal segmental infarction.
Kidney Int 64: 874-886, 2003.
41.
Rosenberger C, Rosen S, Paliege A, and Heyman SN. Pimonidazole
adduct immunohistochemistry in the rat kidney: Detection of tissue hypoxia. Methods
Mol Biol 466: 161-174, 2009.
42.
Summers WK, and Jamison RL. The no reflow phenomenon in renal
ischemia. Laboratory Investigations 25: 635-643, 1971.
43.
Tanaka T, Miyata T, Inagi R, Fujita T, and Nangaku M. Hypoxia in renal
disease with proteinuria and/or glomerular hypertension. Am J Pathol 165: 19791992, 2004.

Chapter 9

212

Final Discussion & Conclusions

44.
Vinuesa E, Hotter G, Jung M, Herrero Fresneda I, Torras J, and Sola A.
Macrophage involvement in the kidney repair phase after ischaemia/reperfusion
injury. J Pathol 214: 104-113, 2008.
45.
Wang D, and Strandgaard S. The pathogenesis of hypertension in autosomal
dominant polycystic kidney disease. J Hypertens 15: 925-933, 1997.
46.
Wilson WR, and Hay MP. Targeting hypoxia in cancer therapy. Nat Rev
Cancer 11: 393-410, 2011.

Chapter 9

213

Telemetry Method for Monitoring of Kidney Oxygenation

Appendix

1

Telemetry-based oxygen sensor
for continuous monitoring of
kidney oxygenation in conscious
rats
Maarten P Koeners1, 2*, Connie P. C. Ow3*, David M. Russell1, 4, Amany
Abdelkader3, Gabriela A. Eppel3, John Ludbrook5, Simon C. Malpas1, 4* and
Roger G. Evans3*
1

Department of Physiology, Auckland Bioengineering Institute, University of
Auckland, New Zealand; 2Nephrology, University Medical Centre Utrecht,
Netherlands; 3Department of Physiology, Monash University, Melbourne, Australia;
4
Millar Instruments, Auckland, New Zealand; and 5Department of Surgery, University
of Melbourne, Melbourne, Australia
*M. P. Koeners and C. P. C. Ow contributed equally, and S. C. Malpas and Roger G.
Evans contributed equally to this work
Submitted 30 November 2012; accepted in final form 9 April 2013

Appendix 1

214

Telemetry Method for Monitoring of Kidney Oxygenation

Monash University
Declaration for Thesis Appendix 1
Declaration by candidate
The following manuscript was published, as is, in the American Journal of
Physiology. Renal Physiology.
Koeners MP, Ow CP, Russell DM, Abdelkader A, Eppel GA, Ludbrook J, Malpas
SC, Evans RG. Telemetry-based oxygen sensor for continuous monitoring of kidney
oxygenation in conscious rats. Am J Physiol Renal Physiol 304 (12): F1471-F1480,
2013
In the case of Appendix 1, the nature and extent of my contribution to the work was
the following:
Nature of Contribution

Extent of
Contribution (%)

Performed experiments, analysed data, interpreted results,
prepared figures, edited and revised manuscript

35

The following co-authors contributed to the work. If co-authors are student of Monash
University, the extent of their contribution in percentage terms must be stated:
Name
Koeners MP
Russell DM
Abdelkader A
Eppel GA
Ludbrook J
Malpas SC
Evans RG

Nature of Contribution
Provided design of research, performed experiments,
analysed data, interpreted results, prepared figures,
edited and revised manuscript
Provided design of research, performed some
experiment, analysed data, interpreted results, edited
and revised manuscript
Performed some experiments, edited and revised
manuscript
Performed some experiments, edited and revised
manuscript
Analysed data, edited and revised manuscript
Provided design of research, edited and revised
manuscript
Provided design of research, analysed data,
interpreted results, edited and revised manuscript

Appendix 1

Extent of
Contribution
(%)
35
4
4
4
4
4
10

215

Telemetry Method for Monitoring of Kidney Oxygenation

The undersigned hereby certify that the above declaration correctly reflects the
nature and extent of the candidate’s and co-authors’ contributions to this work*.
Date
15/11/2016

Candidate’s Signature

Date
15/11/2016

Main Supervisor’s
Signature

*Note: Where the responsible author is not the candidate’s main supervisor, the main
supervisor should consult with the responsible author to agree on the respective
contributions of the authors.

Appendix 1

216

Telemetry-based oxygen sensor for continuous
monitoring of kidney oxygenation in conscious rats

Maarten P. Koeners, Connie P. C. Ow, David M. Russell, Amany Abdelkader, Gabriela
A. Eppel, John Ludbrook, Simon C. Malpas and Roger G. Evans
Am J Physiol Renal Physiol 304:F1471-F1480, 2013. First published 10 April 2013;
doi: 10.1152/ajprenal.00662.2012
You might find this additional info useful...
This article cites 39 articles, 10 of which you can access for free at:
http://ajprenal.physiology.org/content/304/12/F1471.full#ref-list-1
Updated information and services including high resolution figures, can be found at:
http://ajprenal.physiology.org/content/304/12/F1471.full

This information is current as of June 19, 2013.

American Journal of Physiology - Renal Physiology publishes original manuscripts on a broad range of subjects
relating to the kidney, urinary tract, and their respective cells and vasculature, as well as to the control of body fluid
volume and composition. It is published 24 times a year (twice monthly) by the American Physiological Society,
9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2013 the American Physiological Society. ESSN:
1522-1466. Visit our website at http://www.the-aps.org/.

Downloaded from http://ajprenal.physiology.org/ at Monash University on June 19, 2013

Additional material and information about American Journal of Physiology - Renal Physiology can be
found at:
http://www.the-aps.org/publications/ajprenal

Am J Physiol Renal Physiol 304: F1471–F1480, 2013.
First published April 10, 2013; doi:10.1152/ajprenal.00662.2012.

Innovative Methodology

Telemetry-based oxygen sensor for continuous monitoring of kidney
oxygenation in conscious rats
Maarten P. Koeners,1,2* Connie P. C. Ow,3* David M. Russell,1,4 Amany Abdelkader,3
Gabriela A. Eppel,3 John Ludbrook,5 Simon C. Malpas,1,4* and Roger G. Evans3*
1

Department of Physiology, Auckland Bioengineering Institute, University of Auckland, Auckland, New Zealand;
Nephrology, University Medical Centre Utrecht, Utrecht, Netherlands; 3Department of Physiology, Monash University,
Melbourne, Australia; 4Millar Instruments, Auckland, New Zealand; and 5Department of Surgery, University of Melbourne,
Melbourne, Australia
2

Submitted 30 November 2012; accepted in final form 9 April 2013

kidney; tissue oxygen concentration; medulla; telemetry

chronic kidney disease are associated with a relatively low oxygen tension (PO2) within kidney
tissue (i.e., hypoxia). This has led to the proposition that renal
parenchymal hypoxia is not just a consequence of kidney
disease but rather a primary pathogenic event (10, 14, 16, 22,
31, 41). Yet, we know little about the causes of renal hypoxia
and even less about how it can be treated. Indeed, our understanding of the mechanisms underlying physiological regulation of kidney oxygenation, and the roles of renal tissue
hypoxia in the initiation and progression of renal disease,
remains rudimentary. One reason for this has been the unavailability of methods for long-term measurement of kidney tissue
PO2 in unrestrained animals.
MULTIPLE FORMS OF ACUTE AND
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Much of our current understanding of kidney oxygenation
comes from studies using electrochemical oxygen electrodes or
fiber-optic probes in acutely anesthetized animals (11). Other
techniques, such as immunohistochemistry for pimonidazole
adducts (36), electron paramagnetic resonance oximetry (1),
blood-oxygen-level-dependent MRI, and dual-wavelength
phosphorimetry (18, 35), are invasive and/or require anesthesia
or sedation when applied to experimental animals. Consequently, when applied to experimental animals they can only
provide information at a single point or relatively brief window
of time (hours), precluding continuous temporal resolution.
Consequently, the temporal relationships between tissue hypoxia and the progression of renal disease have not been
examined in detail. Without knowledge of these relationships,
we cannot move beyond demonstration of association of renal
hypoxia and renal disease to demonstration (or refutation) of
causation.
Carbon-paste electrodes (CPEs), which measure tissue PO2
by electrochemical reduction, are less prone to surface poisoning than other noble metal electrodes such as the platinum
electrodes used in the “gold-standard” Clark-type electrode (5).
CPEs are therefore excellent candidates for long-term measurement of kidney tissue PO2. CPEs have been shown to resolve
changes in brain PO2 of 0.06 mmHg (0.1 "M) or more and to
provide stable recordings for over 12 wk (5). Furthermore,
CPEs offer millisecond temporal resolution and reasonable
spatial resolution with a tip diameter of 200 "m suitable for
chronic implantation into organs such as the brain (5) or
kidney. Russell et al. (38) have recently developed the first
fully implantable telemetry system, utilizing an implantable
CPE, for the chronic measurement of brain tissue PO2 in freely
moving rats. An important feature of this technology is that the
batteries that power the telemeter are recharged noninvasively
in vivo, using inductive power transfer. Consequently, the
duration of experimental protocols is not limited by battery
life.
Herein we report a series of studies designed to assess the
validity of CPE-telemetry for long-term measurement of kidney tissue PO2 in unrestrained rats. We first assessed the
performance of the CPE-telemetry system after acute implantation in the renal cortex and medulla by comparing its performance with the gold standard method, the Clark electrode. We
then assessed the performance of the CPE-telemetry system
after chronic implantation of the CPE in the renal medulla, a
region of the kidney particularly susceptible to hypoxia (10,
33). We tested whether the CPE-telemetry system could provide stable measurements of tissue PO2 and reproducible re-
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Koeners MP, Ow CP, Russell DM, Abdelkader A, Eppel GA,
Ludbrook J, Malpas SC, Evans RG. Telemetry-based oxygen sensor for continuous monitoring of kidney oxygenation in conscious
rats. Am J Physiol Renal Physiol 304: F1471–F1480, 2013. First
published April 10, 2013; doi:10.1152/ajprenal.00662.2012.—The
precise roles of hypoxia in the initiation and progression of kidney
disease remain unresolved. A major technical limitation has been the
absence of methods allowing long-term measurement of kidney tissue
oxygen tension (PO2) in unrestrained animals. We developed a telemetric method for the measurement of kidney tissue PO2 in unrestrained
rats, using carbon paste electrodes (CPEs). After acute implantation in
anesthetized rats, tissue PO2 measured by CPE-telemetry in the inner
cortex and medulla was in close agreement with that provided by the
“gold standard” Clark electrode. The CPE-telemetry system could
detect small changes in renal tissue PO2 evoked by mild hypoxemia.
In unanesthetized rats, CPE-telemetry provided stable measurements
of medullary tissue PO2 over days 5!19 after implantation. It also
provided reproducible responses to systemic hypoxia and hyperoxia
over this time period. There was little evidence of fibrosis or scarring
after 3 wk of electrode implantation. However, because medullary PO2
measured by CPE-telemetry was greater than that documented from
previous studies in anesthetized animals, this method is presently best
suited for monitoring relative changes rather than absolute values.
Nevertheless, this new technology provides, for the first time, the
opportunity to examine the temporal relationships between tissue
hypoxia and the progression of renal disease.
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sponses to systemic hypoxemia and hyperoxemia. Furthermore, the stability of telemeter calibration was assessed both
in vitro and in vivo. The potential for PO2 measurements to be
confounded by tissue fibrosis and scarring was also investigated.
METHODS
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System overview. The main system components have been previously described by Russell et al. (38). Briefly, these include an
implantable telemeter containing a potentiostat circuit to maintain a
constant !650 mV potential on the CPE with respect to the reference
electrode. The nano-ampere current resulting from the reduction of
oxygen in the carbon paste is converted by a trans-impedance amplifier to a voltage suitable for data acquisition. The telemeter (TR57Y,
Telemetry Research; Millar Instruments, Houston, TX) weighs 11 g
and is encapsulated in biocompatible silicon and designed to be placed
within the abdomen of the rat. The telemeter samples the current
between the CPE and the reference electrode at 2,000 Hz and
transmits data wirelessly on a dedicated frequency in the 2.4-GHz
band to a remote receiving station. The system offers continuous
operation enabled by battery recharging through inductive power
transfer through the use of a pad placed under the floor of the rat cage
(SmartPad TR180, Telemetry Research; Millar Instruments). The
main adaption of the system previously used in neuroscience applications (38) relates to the fixing of the electrodes in kidney tissue and
the connection of the specialized CPE. Each telemeter had three leads
to which the CPE, an auxiliary, and a reference electrode were
attached. The specific attachment procedures are described in detail in
an online document (www.millar.com/support). The electrodes were
attached by exposing 5 mm of bare wire and inserting this into the
stainless steel coiled wire of the telemeter. Silver conductive epoxy
adhesive (8331–14G; MG-Chemicals, Ontario, Canada) was used to
join the wires to provide mechanical strength and maintain electrical
conductivity between the wires in the joint. The joint was then sealed
with a layer of lacquer after which a layer of two-part epoxy was
applied to confer mechanical strength.
The CPEs were supplied by Blue Box Sensors (Dublin, Ireland).
The electrodes have a 200-"m diameter working surface area and a
diameter of 256 "m after they are coated with polytetrafluoroethylene
(24). The auxiliary and reference electrodes were made from polytetrafluoroethylene-coated silver wire (AG549511; Advent Research
Materials, Suffolk, UK) with a bare wire diameter of 200 "m and a
length of 50 mm. The tips of the auxiliary and reference electrodes
were prepared by exposing 10 cm and 1 mm of bare silver wire,
respectively. The auxiliary electrode was fashioned into a coil 10 mm
in diameter before implantation.
Animals. All procedures were approved by the Animal Ethics
Committee of University of Auckland (AEC R955) and the Animal
Ethics Committee of the School of Biomedical Sciences, Monash
University (SOBSA/2010/30) and were in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes. A total of 6 male Wistar rats (327 # 19 g) and 28 male
Sprague-Dawley rats (365 # 9 g) were used.
Acute studies in anesthetized rats. Initially, PO2 measurements
obtained acutely by the CPE-telemetry system were compared with
those provided by a Clark electrode. Clark electrodes have been
extensively used to study tissue oxygenation, including renal tissue
oxygenation (27) and, therefore, represent a well-accepted standard
for comparison (11). Thus PO2 in the kidneys of seven anesthetized
Sprague-Dawley rats (351 # 12 g) was recorded simultaneously using
a Clark electrode and the CPE-telemetry system, while both the depth
of implantation of the electrodes and inspired oxygen concentration
were systematically altered.
The Clark electrode (OX-10; Unisense, Aarhus, Denmark) was
connected to a picoammeter (PA-2000; Unisense), and the CPE was
connected to the telemeter. Both electrodes were calibrated within a

chamber containing saline (154 mM NaCl) held at 37°C by a water
bath. Gases (100% N2 and room air) corresponding to PO2 of 0 and
151 mmHg, respectively, were bubbled through the saline solution.
During bubbling, the Clark electrode was removed to prevent damage
to the fragile 10-"m tip. After the solution had been bubbled for at
least 5 min, bubbling was stopped, the Clark electrode was placed
back into the solution, and the measurement was taken from both
systems over a period of at least 5 min. Ordinary least squares
regression analysis was performed to generate linear relationships
between PO2 and current for each electrode (28).
Rats were anesthetized with thiobutabarbital (150 mg/kg ip Inactin;
Sigma-Aldrich). The trachea was cannulated to facilitate later artificial
ventilation. Catheters were placed in the carotid artery for measurement of arterial pressure and in the jugular vein for infusion of drugs
and maintenance solutions. The left kidney was then exposed through
a midline incision and held in place using a cup designed for
micropuncture. The renal capsule was pierced at the location of
electrode entry, care being taken to prevent damage to the kidney
tissue. The CPE and the Clark electrode were positioned with micromanipulators at opposite poles of the kidney. The reference and
auxiliary electrodes were inserted into the kidney within 5 mm of the
CPE. Once the surgical procedures were complete, pancuronium
bromide (2 mg/kg plus 0.1 mg·kg!1·h!1 iv; Sigma-Aldrich) was
administered to prevent spontaneous breathing movements and artificial ventilation commenced. Throughout the surgery and subsequent
experiment, rats received an infusion of 2% wt/vol bovine serum
albumin in saline to maintain fluid volume. Body temperature was
maintained between 37 and 38°C by use of a heated operating table
and infrared lamp.
The Clark electrode and CPE electrode were advanced so that their
tips were either 2, 4, or 6 mm below the surface of the kidney.
Recordings were made at all three depths in each rat, but the order in
which they were tested was randomized. At each depth, kidney PO2
was measured while the rats were ventilated for 10-min periods with
10, 18, 40, and 100% oxygen, bracketed in each case by 10-min
periods of ventilation with room air (21% oxygen). The order of
presentation of the gases was randomized between rats.
Kidney tissue PO2 during the last 60 s of stable measurement at
each concentration of inspired oxygen was used for the analysis.
Absolute changes in kidney PO2 from both systems were compared
using the ordinary least products regression method, using a loss
function to obtain 95% confidence intervals. This method for comparing methods of measurement has the benefit of distinguishing
between fixed and proportional bias (28). ANOVA was also used to
test for systematic bias, between the two methods of measurement,
across the five levels of inspired oxygen (10, 18, 21, 40, and 80%).
Confidence intervals (95%) were generated to determine whether each
method was able to detect statistically significant changes in kidney
PO2 when the rat was subjected to mild hypoxia (18% inspired
oxygen). All statistical analyses were performed using SPSS Statistics
19 (IBM, New York, NY).
Chronic studies: CPE-telemetry system calibration. The CPEtelemeter system was calibrated both before implantation and after
explantation in six Sprague-Dawley rats (375 # 8 g). The telemeters
were subjected to a four-point calibration before implantation (preimplantation) and after explantation (postexplantation). Gases (100%
N2 and 10, 21, and 40% oxygen) corresponding to PO2 of 0, 75.7,
151.4, and 302.8 mmHg, respectively, were bubbled through the
saline solution. After the respective gases were bubbled for 20 min,
electrode current was measured during a quiescent 10-min period.
Electrode current measured during the last 60 s of stable measurement
at each oxygen concentration was used for the analysis. Comparison
of precalibration values with those supplied by the manufacturers
allowed us to establish quality control criteria before probe implantation. Comparison of the preimplantation and postexplanatation values allowed us to assess the stability of the telemeter across the
implantation period.

Innovative Methodology
TELEMETRY METHOD FOR MONITORING OF KIDNEY OXYGENATION

injection of 60 mg/kg of pentobarbital to induce a surgical level of
anesthesia. The rats then received a bolus of either 2 ml 0.25 g/ml of
potassium chloride (by cardiac puncture, n $ 8 Sprague Dawley) or
an overdose of pentobarbitone (intraperitoneal, n $ 6 Wistar) to
induce cardiac arrest. Renal tissue PO2 rapidly approaches zero within
30 s of death (32). Thus we used the PO2 measured after cardiac arrest
as a measure of the offset value from the system. This offset value was
subsequently subtracted from data collected in vivo before subsequent
data analysis.
Chronic studies: stability of tissue PO2 and the reproducibility of
responses to altered inspired oxygen content in conscious rats. The
aim of this series of experiments was to assess the stability of the
measurement of PO2 by the CPE-telemetry system in conscious rats
over an extended period of time and to determine the reproducibility
of responses to acute hypoxia and hyperoxia. Anesthesia was induced
in Wistar rats (n $ 6, 354 # 14 g) or Sprague-Dawley rats (n $ 8,
376 # 7 g) with 5% vol/vol isoflurane admininistered via a nose cone and
maintained at 2–2.5% vol/vol. Body temperature was maintained between 37 and 38°C by use of a heated operating table. Before implantation, the telemeters with electrodes attached were sterilized in a 2%
wt/vol solution of glutaraldehyde for a minimum of 1 h, after which the
glutaraldehyde solution was replaced with sterile saline. Adopting a
sterile approach, the left kidney was exposed by laparotomy and prepunctured at two locations (&5 mm apart) with a 30-gauge needle (until
a depth of 5 mm was reached). The CPE and reference electrodes were
then advanced so that their tips lay 5 mm below the surface of the cortex
(Fig. 1A). The electrodes were secured onto the kidney by application of
tissue glue (Histoacryl, 1050044; B. Braun) onto the surgical mesh
(Textile Development Associates) covering the electrodes at the point of
insertion (Fig. 1B). The coiled auxiliary electrode was also secured onto
the kidney away from the CPE and reference electrode by application of

Fig. 1. Schematic diagram of the fully implantable carbon paste electrode (CPE)-telemetry system for measurement of PO2. A: carbon paste and reference
electrodes were inserted in the renal medulla, while the auxiliary electrode was coiled and placed on top of the kidney. B: electrodes were held in place by a
piece of surgical mesh glued to the renal capsule and the leads were sutured on the aorta. C: electrodes were attached to a telemeter that was implanted in the
abdomen. D: each rat was placed on a SmartPad that enabled transcutaneous recharging and continuous recording.
AJP-Renal Physiol • doi:10.1152/ajprenal.00662.2012 • www.ajprenal.org
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The surgical approach for placement of the CPE into the medulla
required prebending of the electrode tip. For implantation in the
medulla, the ordinary straight CPEs were bent at a 90° angle, 5 mm
from the electrode tip. This has the potential to alter the exposed
carbon paste surface area and thus the calibration of the telemeter unit.
Therefore, separate bench-top experiments were performed to investigate the effects of bending the electrodes (n $ 8) on the calibration
values. In addition, we also assessed the effects of increasing the
osmolarity of the PBS solution, from 300 to 1,000 mosmol/l, in
duplicate in each of 4 telemeter units. The medullary interstitium is a
hyperosmotic environment, and its osmolarity can change under
physiological conditions (20). Thus this experiment allowed us to
determine whether the hyperosmotic nature of the medullary interstitium, or changes in medullary interstitial osmolarity induced by
physiological or pathophysiological processes, might confound measurement of tissue PO2. Before and after bending or increasing
osmolarity, the telemeters were subjected to a five-point calibration at
steps of 15.7 mmHg. Electrodes were placed into a sealed glass cell
containing a ministirring bead and 20 ml of PBS saturated with N2.
Aliquots of 100% oxygen saturated solution were added to the cell
(%416, %425, %434, %443, and %452 "l) equating to PO2 of 15.8,
31.5, 47.3, 63.1, and 78.9 mmHg. After addition of each individual
aliquot, the solution was stirred for &10 s, and after 3– 4 min of
equilibration, PO2 was measured for 60 s to generate the calibration
relationships. Calibration relationships were also generated, for five
implants, in the absence and presence of epinephrine (1 "M) and
norepinephrine (1 "M) to determine whether the presence of these
catecholamines might confound measurements of medullary tissue PO2.
At the conclusion of the chronic monitoring period (see below), the
zero-offset of the CPE-telemeter system was assessed in vivo. Before
explantation of the telemeter, each rat received an intraperitoneal
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Statistical methods. Ordinary least-squares regression analysis and
analysis of covariance were used to determine whether the linear
relationships between PO2 and current changed during the period of
implantation (28). Between animal means # SE of PO2 measured over
each 24-h period were calculated. For studies of the effects of altered
inspired oxygen, means # SE of PO2, over the final 5 min of each
30-min period of gas exposure, were calculated. Measurements made
serially over time were subjected to repeated-measures ANOVA (30).
We tested the hypothesis that tissue PO2 varied over the period of
telemeter implantation. The error mean square for within-subject
variability in tissue PO2 was used for statistical power calculations to
determine the ability of the CPE-telemeter technology to detect
changes in kidney tissue PO2 under chronic conditions. We also used
repeated-measures ANOVA to test the hypothesis that the magnitude
of responses to altered inspired oxygen concentration changed over
the period of implantation. Statistical analyses were performed using
either SPSS Statistics 19 (IBM), SYSTAT (Version 13; Systat Software, Chicago, IL), or nQuery Advisor (Version 6.02; Statistical
Solutions, Cork, Ireland).
RESULTS

Acute studies in anesthetized rats. In anesthetized rats the
measurements of renal tissue PO2, obtained by both the Clark
electrode and the CPE-telemeter system, responded rapidly to
changes in inspired oxygen content (Fig. 2). There was relatively good agreement between the two methods, in absolute
levels of PO2 at the three depths of electrode insertion, although
at a depth of 2 mm this agreement was less convincing
(Table 1).
Changes in tissue PO2, induced by ventilating the rats with
hypoxic (18 and 10% oxygen) and hyperoxic (40 and 100%

Fig. 2. A typical response of kidney tissue PO2 measured with the CPEtelemetry system (solid line) and the Clark-type electrode (dashed line). In this
example, the tips of both electrodes were 2 mm below the surface of the renal
cortex as the inspired oxygen content was changed from 21% (room air) to
40% oxygen (grey area). The difference in absolute values between the 2
recordings can be explained by the fact that the 2 electrodes were inserted at
different locations within the kidney, although at the same depth below the
cortical surface.
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tissue glue on the surgical mesh covering it. The electrode wires to which
the telemeter were attached were sutured to the adventitia of the abdominal aorta (Fig. 1, A and B). The battery/transmitter unit of the telemeter
was sutured to the muscle layer of the rat and secured in place (Fig. 1C).
The incision was closed using silk sutures for the muscle and skin layer
and either silk sutures or staples for the skin layer. The rats were placed
on a heating pad for up to 12 h after surgery to aid recovery. Body weight,
fluid intake, and general health were monitored regularly throughout this
period and for the duration of the experimental protocol.
Renal tissue PO2 was then measured continuously while the rats
were moving freely in their home cages. Recharging of the telemeter
occurs via inductive power transfer, allowing continuous operation of
the telemeter (Fig. 1D). Measurements of tissue PO2 were acquired using a data acquisition system (PowerLab 4/35, PL3504/P;
ADInstruments) and analysis software (LabChart, MLU60/7;
ADInstruments). Measurements of kidney PO2 were filtered with a
25-Hz low-pass filter, and artifacts and outliers were removed by
applying a threshold of 3–190 mmHg/s (depending on the amplitude
of the artifacts and outliers) for the first order derivative with a
window width of 71 points of the raw signal.
After a period of 5 days to allow recovery from surgery, responses
to altered inspired oxygen were assessed every 3– 4 days for 2 wk
(4 times in total). The rat’s home cage was placed within a Perspex
chamber through which gases were passed at a rate of 5 l/min. Rats
were subjected to 30-min periods in which they inspired hypoxic
(10% O2-90% N2) and hyperoxic (100% O2) gas, corresponding to a
PO2 of 76 and 757 mmHg, respectively. The hypoxic and hyperoxic
challenges were presented in an order randomized between rats, and
each challenge was preceded and followed by a 30-min period in
which the rat was exposed to room air (151 mmHg). The O2
concentration in the sealed box was measured using a gas analyzer
(ADInstruments). Kidney tissue PO2 was recorded throughout the
experiment. In some animals (n $ 4), video recordings of the rat’s
locomotor activity were captured for 2.5 h during responses to
altered inspired oxygen, using a webcam and video capture extension in LabChart. The aim of these video recordings was to test for
the possibility of coupling between locomotor activity and alterations in PO2.
Histology. Implantation of electrodes into the kidney has the
potential to induce fibrotic responses, which could confound measurement of kidney tissue PO2. To assess the potential for this to occur,
electrodes alone (i.e., without the telemeter unit, two in each kidney)
were implanted into a subset of rats (n $ 4) and after 3 wk, the
kidneys were perfusion fixed with 3% wt/vol paraformaldehyde in
phosphate-buffered saline (pH 7.4) and postfixed in 3% paraformaldehyde for 2 days. Tissue blocks were processed in paraffin, sectioned
at 5 "m, stained with Masson’s trichrome, and viewed under an
Olympus BX41 microscope (Olympus). For quantitative analysis,
three random images from each kidney were assessed for the thickness of the fibrotic tissues surrounding the electrodes. Measurements
were taken at four points (0, 90, 180, and 270° relative to the centre
of the electrode position) and the fibrotic layer was considered to
terminate once at its point of contact with a neighboring cell.
Calculation of oxygen tension. The CPE measures the molar
concentration of oxygen (the amount of oxygen) by electrochemical
reduction of the oxygen present in the fluid surrounding the tip of the
electrode (2). During the calibrations, the exact molar concentration at
each calibration step is dependent on the solubility of oxygen in the
solution. Solubility depends on osmolality, temperature, and pH.
Changes in the solubility will change the amount of oxygen that can
be dissolved in the solution, which will change the electrical current
measured (see Henry’s law in Ref. 3). However, with a constant gas
partial pressure the partial oxygen pressure (PO2) will not depend on
solubility. Therefore, and to enable the comparison with existing
literature, oxygen recordings are reported as PO2 using: 1 "M $ 0.631
mmHg.
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Table 1. Absolute values of kidney tissue PO2 in anesthetized rats
Electrode Depth, 2 mm
Inspired Oxygen, %

10
18
21
40
100
PMethod

Clark

Electrode Depth, 4 mm

CPE

2.8 # 2.8
8.6 # 3.9
19.2 # 4.4
10.0 # 3.3
24.2 # 3.3
16.0 # 4.2
46.6 # 5.9
26.1 # 5.1
46.6 # 9.6
54.0 # 2.8
0.21 (df $ 1,46)

Clark

CPE

3.6 # 2.0
3.4 # 1.3
21.9 # 5.3
15.3 # 3.3
24.0 # 4.9
19.4 # 3.1
32.6 # 4.2
26.9 # 2.7
22.3 # 5.1
31.0 # 3.2
0.23 (df $ 1,49)

Electrode Depth, 6 mm
Clark

CPE

7.3 # 3.0
6.4 # 2.3
21.1 # 4.7
26.6 # 7.6
25.4 # 3.2
28.2 # 5.8
31.2 # 3.3
34.6 # 5.4
34.5 # 4.7
36.4 # 5.6
0.77 (df $ 1,56)

Values are the means # SE of tissue PO2 (mmHg, n $ 7). PMethod is the outcome of analysis of variance, testing the specific hypothesis that, at each depth
of electrode insertion, absolute values of tissue PO2 differed systematically between the Clark electrode and carbon paste electrode (CPE)-telemetry system.
Because 3 comparisons were made (1 at each depth), the Bonferroni correction was applied with k $ 3 (29). Across all 3 depths, PMethod $ 0.22 (df $ 1,172).

Fig. 3. Changes in kidney tissue PO2 in anesthetized rats, measured by Clark
electrode and the CPE-telemetry system. Kidney PO2 was changed by altering
inspired oxygen content. Measurements were made sequentially at different
depths below the cortical surface. Symbols represent individual data points.
Solid line represents the line of best fit, calculated by ordinary least products
regression analysis (r $ 0.74, P ( 0.001, PO2,TELEMETRY $ 1.6 % 0.90 * PO2,CPE).

the manufacturer of the electrode (BlueBox Sensors) and that
determined in our laboratory before implantation (preimplantation, not shown). However, the slope of the calibration curve
after electrode explantation (postexplantation) was considerably greater than that determined before telemeter implantation
(P $ 0.01; Fig. 4) and that provided by the manufacturer (P $
0.02). Furthermore, the current measured under anoxic conditions was negligible before telemeter implantation (!5.3 # 2.6
nA) but not after explantation (!67.6 # 14.6 nA). Postimplantation calibration relationships were only determined for a
subset of the telemeters used in this study. Consequently, all
values of tissue PO2 reported herein are based on the preimplantation calibration relationship, unless otherwise stated (i.e.,
see Fig. 7A).
Neither bending the CPE tip nor exposing the CPEs to
hyperosmolarity significantly altered the calibration of the
CPE. Before bending the electrode, the linear regression relationship had a slope of !1.68 nA/mmHg and an x-intercept of
!7.03 nA. After bending, the corresponding linear regression
coefficients were !1.62 nA/mmHg and !7.49 nA, respectively (Fig. 5A). Under isosmotic conditions (300 mosmol/l),
the calibration relationship had a slope of !1.37 nA/mmHg
and an x-intercept of !2.53 nA. Under hyperosmotic conditions (1,000 mosmol/l), the corresponding regression coefficients were !1.34 nA/mmHg and !5.41 nA, respectively (Fig.
5B). Neither epinephrine (1 "M) nor norepinephrine (1 "M)
altered the calibration relationships between oxygen content
and current. Under baseline conditions, the calibration relationship had a slope of !1.53 nA/mmHg and an x-intercept of
!5.64 nA. During exposure to epinephrine, the corresponding
regression coefficients were !1.38 nA/mmHg and !7.39 nA,
respectively; and during exposure to norepinephrine, the corresponding regression coefficients were !1.69 nA/mmHg and
!3.41 nA, respectively (Fig. 5C).
With the use of the preimplantation calibration relationships,
the kidney PO2 measured under anesthesia by the CPE-telemeter system varied widely between rats, the maximum value
being 271 mmHg and the lowest being 11 mmHg, with a mean
of 88 # 16 mmHg. After cardiac arrest, the measured value of
kidney tissue PO2 reduced sharply in all of the rats until it
reached a plateau value which averaged 18 # 5 mmHg. This
represents the zero offset of the telemeter system, since renal
tissue PO2 rapidly approaches zero after cardiac arrest (32).
Consequently, all values of tissue PO2 reported below have had
this zero offset value subtracted from them.
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oxygen) gas mixtures, were remarkably similar for the two
methods of measurement (Fig. 3). The linear regression relationship had a slope of 0.90 with 95% confidence limits
including unity (0.5– 0.7) and an x-intercept of 1.6 'mmHg
with 95% confidence limits including zero (!0.9 to 4.1)
'mmHg. This significant relationship accounted for 55% of
the variance in the total data set (n $ 73).
Individual regression analyses were performed for the data
at each depth of electrode insertion (Table 2). These analyses
provided no evidence of proportional or fixed bias at any of the
three electrode depths. However, the lines of best fit accounted
for less of the total variance in the data set derived from
measurements at 2 mm (43.6%) than for those derived at 4 mm
(62.4%) or 6 mm (79.2%).
The CPE-telemetry system and the Clark electrode were able
to detect small changes in tissue PO2 when the ventilation gas
was changed from 21 to 18% oxygen. The mean (95% confidence limits) changes measured by the Clark electrode were
7.5 (!17.6 to 32.7) 'mmHg at 2 mm, !4.7 (!8.6 to !0.63)
'mmHg at 4 mm, and !6.7 (!8.1 to !0.6) 'mmHg at 6 mm.
The corresponding changes for the CPE-telemetry system were
5.42 (!12.6 to 23.4) 'mmHg at 2 mm, !3.34 (!6.2 to !0.4)
'mmHg at 4 mm, and !4.8 (!5.8 to !3.9) 'mmHg at 6 mm.
Chronic studies: CPE-telemetry system calibration. There
was good agreement between the calibration slope reported by
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Table 2. Regression coefficients and Pearson product moment correlation coefficients for relationships between the 2
methods of measurement at the 3 depths of electrode insertion
Depth

n

a

a (Low)

a (High)

b

b (Low)

b (High)

Pearson’s r

2 mm
4 mm
6 mm
Overall

22
24
27
73

2.7
2.8
0.5
1.6

(!2.8)
(!0.3)
(!2.0)
(!0.9)

(8.52)
(5.7)
(3.2)
(4.1)

0.79
0.83
1.27
0.90

(0.53)
(0.64)
(0.96)
(0.72)

(1.11)
(1.23)
(1.50)
(1.14)

0.66 (P ( 0.05)
0.79 (P ( 0.01)
0.89 (P ( 0.01)
0.74 (P ( 0.01)

Tissue PO2 was measured simultaneously by CPE and Clark electrode. Values of a and b refer to the relationship PO2,CPE $ a % b * PO2,Clark determined by
ordinary least products regression analysis. (Low) and (High) refer to the calculated 95% confidence limits for a and b.

Fig. 4. Telemeter calibrations before implantation and after explantation.
Calibration relationships (n $ 6) between oxygen concentration of the gas
mixture and current before implantation (!, preimplantation) and after telemeter explantation (p, postexplantation). Dashed lines show lines of best fit
determined by ordinary least squares regression analysis. Before implantation,
current $ 13.23 !12.27 * [oxygen (%)]. After explanation, current $
!112.58 ! 15.54 * [oxygen (%)].

95 # 6% of baseline on day 14 to 122 # 12% when the
experiment was terminated on day 19.
To translate how the stability and reproducibility of the
CPE-telemetry system in untreated rats can facilitate researchers to study long-term trends in kidney tissue oxygenation, we
performed power calculation. Power calculations were performed using values of medullary tissue PO2 obtained over
days 13!19 after implantation, derived using preimplantation
calibration relationships and subtracting the zero offsets. We
examined two scenarios. The first was a transient divergence of
medullary PO2 in an intervention group compared with a
control group, of 25 or 40% on day 14 and 12% on day 15, with
values returning to those of the control group from days 16 to
19 (transient effect scenario). The second scenario was a
slowly developing effect, commencing from day 14, reaching
a peak effect of 24 or 40% on day 19 (gradual effect scenario).
nQuery Advisor 6.02 was used to estimate minimal group size
for 80% power to attain P $ 0.05 for the group ) time
interaction and applying the Greenhouse-Geisser adjustment
(30). Minimum sample size was calculated at 15 per group or
8 per group for transient effects of 25 or 40%, respectively. For
the gradual effect scenario, groups sizes of 17 or 9 would be
required for changes of 25 or 40%, respectively.
Chronic studies: reproducibility of responses to altered
inspired oxygen content in conscious rats. This analysis was
performed on data using the preimplantation calibration relationship and subtraction of the zero offsets before normalization of medullary PO2 to the average value during inspiration of
room air. When rats were exposed to hyperoxia, kidney tissue
PO2 increased by 60 # 20%. When rats were exposed to
hypoxia kidney tissue PO2 decreased by 58 # 5%. The magnitude of responses to altered inspired oxygen concentration
did not significantly change over the period of implantation
(i.e., across the 4 trials carried out at 3- to 4-day intervals)
(P $ 0.24; Fig. 8). The video recordings of the rats during
these experiments did not reveal any overt correlation between
locomotor activity and the signal from the telemeter.
Histology. Renal morphology in rats after 3 wk of electrode
implantation appeared to be normal except for a relatively thin
layer of fibrotic tissues (50.7 # 3.6 "m) in the immediate
proximity of the implanted electrodes (Fig. 9). As the kidneys
were perfusion fixed, the tubules had a dilated appearance.
DISCUSSION

We report the development and validation of a novel technology combining a rechargeable telemeter (using wireless
power transfer; Ref. 8) coupled with a CPE to allow for the
continuous and long-term assessment of kidney tissue PO2 in
the freely moving rat. We were able to record a relatively

AJP-Renal Physiol • doi:10.1152/ajprenal.00662.2012 • www.ajprenal.org

Downloaded from http://ajprenal.physiology.org/ at Monash University on June 19, 2013

Chronic studies: stability of tissue PO2 in conscious rats.
Repeated-measures ANOVA revealed no significant difference
between the mean medullary tissue PO2 measured in the Wistar
rats compared with the Sprague-Dawley rats (P $ 0.99).
Hence, the observations in the two strains were analyzed as a
single data set.
Most of the within-rat variability occurred within the first
6 h after surgery, during which renal medullary tissue PO2
gradually increased. With the use of the preimplantation calibration relationship and subtracting the zero offsets found
during cardiac arrest, medullary tissue PO2 increased on average from 72 # 16 mmHg during the first hour after implantation to 97 # 14 mmHg after 24 h (Fig. 6). Within rat averages
were clearly outside the range of previous estimates of medullary kidney tissue PO2, 10 – 40 mmHg in most cases (7, 9, 15,
21, 23). Using the postimplantation calibration relationships
determined in a subset of animals did not bring the values in
the realm of previously recorded physiological values, with
PO2 averaging 54 # 5 mmHg after 24 h (Fig. 7A). Therefore,
for subsequent analysis of the complete data set the recorded
values of each individual rat were normalized to the mean
levels obtained between days 5 and 19 after implantation. All
values were derived using the preimplantation calibration relationship and subtraction of the zero offsets (Fig. 7B). This
approach demonstrated that the measured PO2 was relatively
labile during the first 5 days after implantation but thereafter
remained relatively stable for the subsequent 14 days, although
there was a tendency for the measured PO2 to increase from
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absolute levels of, kidney tissue PO2. Nevertheless, we propose
that this technology provides a means to study the temporal
relationships between tissue hypoxia and renal dysfunction and
cellular damage to better understand the contribution of hypoxia to the initiation and progression of renal disease.

Fig. 5. Relationships between current measured by the telemeter and PO2, and the
effects of bending the electrode, altering the osmolarity of the calibration solution
or adding epinephrine or norepinephrine. A: average calibration relationship (n $
8) before (!) and after bending (p). B: average relationship when the calibration
was performed in solutions with osmolarities of 300 mosmol/l (!) and 1,000
mosmol/l (p). C: average relationship when the calibration was performed in the
absence (!) or presence of 1 "M epinephrine (p) or 1 "M norepinephrine (!).
Dashed lines show lines of best fit determined by ordinary least squares regression
analysis. Before bending: current $ !7.03 ! 1.68 * PO2; and after bending:
current $ !7.49 ! 1.62 * PO2. At 300 mosmol/l: current $ !2.53 ! 1.37 * PO2;
and at 100 mosmol/l: current $ !5.41 ! 1.34 * PO2. In the absence of
catecholamines: current $ !5.64 ! 1.53 * PO2; in the presence of 1 "M
epinephrine: current $ !7.39 ! 1.38 * PO2; and in the presence of 1 "M
norepinephrine: current $ !3.41 ! 1.69 * PO2.

stable level of medullary tissue PO2 over a 19-day period. We
were also able to show reproducible responses of medullary
tissue PO2 to systemic hypoxia and hyperoxia across the 3-wk
period of implantation. Currently, the technology does have the
limitation that it only provides relative changes in, rather than

Fig. 7. Mean daily medullary tissue PO2 across a 19-day period. A: subgroups
of animals (n $ 6) in which telemeter calibration relationships were determined before implantation and after explantation. !: Data derived using the
preimplantation calibration relationship. p: Data derived using the postexplantation calibration relationship. All values presented are after subtraction of the
zero offset values. B: medullary tissue PO2 across a 19-day period, expressed
as a percentage of the average values on days 5!19 of all 14 rats. All data are
shown as means # SE.
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Fig. 6. Medullary tissue PO2 over the 24 h following telemeter implantation.
Values were derived using the preimplantation calibration relationship and
subtraction of zero offset values and are shown as means # SE of all 14
rats.
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Fig. 8. Responses of medullary tissue PO2 to altered inspired oxygen content.
A: typical response in one rat (solid line, 0.01-Hz low-pass filtered). Dashed
line indicates the oxygen levels measured in the chamber (box oxygen).
Shaded area shows the 5-min periods over which average data were obtained
during the 4 trials over the 3-wk period of telemeter implantation. B: mean
changes in medullary tissue PO2 in response to hyperoxia (closed bars) and
hypoxia (open bars) of all 14 rats. I!IV represent the successive trials
performed at 3- to 4-day intervals.

Our initial studies focused on the validity of the CPEtelemetry system. We found, in anesthetized rats, that the
CPE-telemetry system exhibited no fixed or proportional bias
when compared with the gold standard Clark electrode. We
also found that neither electrode attachment nor the bending of
the electrode before implantation altered the calibration of the
CPE. Moreover, the stability of the CPE-telemeter calibration
relationship in the face of changes in the osmolarity of the
calibration fluid provided evidence that the hyperosmolarity of
the medullary intertitium, and the potential for medullary
osmolarity to change in response to physiological and pathophysiological challenges, would not confound our measurements.
Subsequent studies focused on the utility of the CPE-telemetry system for chronic measurement of renal medullary tissue
PO2 in unrestrained rats. CPEs have previously been used
extensively in neuroscience for the monitoring of PO2 in a
variety of brain regions (4 – 6, 24 –26, 38). Most recently, we
have used the telemetry system to chronically measure PO2 in
the rat striatum and observed values in the normal physiological range (38). In contrast, values of medullary tissue PO2
estimated in the current study were considerably greater than
those reported previously in anesthetized rats (7, 9, 15, 21, 23).
The overestimation of medullary PO2 using the CPE-telemetry
approach appears to be partly due to changes in the calibration

Fig. 9. Representative kidney section stained with Masson’s trichrome of rats
after 3 wk of electrode implantation. A: position of the CPE. B: position of the
reference electrode. C: whole kidney section. A fibrotic tissue is represented by
blue, the nuclei by dark purple, and other cellular compartments by red.
Electrode diameter and position are indicated by a green circle. Photomicrographs A and B were taken at )10 and C at )0.6 magnification.
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parameters for the CPE, since the current measured at any
particular PO2 in vitro was greater after telemeter explantation
than before implantation. There also appears to be a zero offset
applicable to the in vivo setting, since a positive value of
medullary tissue PO2, averaging 18 # 5 mmHg, was measured
at death, when we know kidney tissue PO2 is negligible (32).
Two observations indicate that these changes in the performance of the CPE-telemetry system occur relatively soon after
implantation. Firstly, there was good agreement between the
CPE-telemetry system and the gold standard Clark electrode in
our acute studies. Secondly, variability in the measured medullary tissue PO2 was most marked in the first 6 h after
implantation and on average increased over the first 24 h of
implantation. Indeed, in rats subjected to no interventions other
than implantation of a CPE-telemeter unit, measured medullary
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The CPE-telemetry system also has the potential to detect
changes in medullary tissue PO2 over longer periods of days to
weeks. Power calculations based on data collected over days
13!19 after telemeter implantation indicated that group sizes
of 15 would be required to detect a transient 25% change in
medullary tissue PO2 occurring over 2 days, while group sizes
of 17 would be required to detect a slowly developing change
of 25%. Fewer animals would be required for detection of
larger (40%) transient (n $ 8) or slowly developing (n $ 9)
changes.
There is clearly room for improvement of the system. One
potential refinement would be the implantation of an inflatable
cuff around the renal artery at the time of telemeter implantation. This would allow the zero offset of the telemeter to be
assessed periodically across the course of an experiment to
assess the potential for baseline drift. Unfortunately, it is not
possible to calibrate the CPE-telemetry system, or any other
system for measurement of kidney tissue PO2, under in vivo
conditions.
To assess whether the implantation of electrodes in the
kidney induces inflammatory and/or fibrotic responses, electrodes without the telemeter unit were implanted in a subgroup
of rats into the left and right kidneys. Kidney histopathology
was examined 3 wk after electrode implantation. The presence
of only a thin (&50 "m) layer of fibrotic tissue surrounding the
electrodes after 3 wk suggests that any tissue reaction that
arises from electrode implantation does not confound kidney
tissue PO2. The stability of tissue kidney tissue PO2 measurements also supports the proposition that the implantation of
electrodes did not result in significant tissue injury, which
would otherwise have resulted in a transient change in kidney
tissue PO2.
Conclusions and future directions. A new telemetric
method for long-term monitoring of renal medullary oxygenation has been developed. Currently, the method can
only detect relative changes in medullary oxygen tension,
but further development should allow measurement of absolute values. This exciting technology opens up a unique
opportunity to examine the overall temporal relationships
between tissue hypoxia and the progression of both acute
and chronic renal disease. The system provides uninterrupted data monitoring in freely moving rats and constitutes
a new tool that enables researchers to study long-term trends
in kidney tissue oxygenation. Future applications of this
technology should include investigations of the role of renal
tissue hypoxia in the pathogenesis of acute kidney injury
and chronic kidney disease. For example, Fine et al. (14)
identified two critical unproven elements of their “chronic
hypoxia” hypothesis for the pathogenesis of chronic kidney
disease. Their hypothesis predicts that hypoxia should be 1)
present during the early stages of kidney disease, before
histological evidence of scarring; and 2) persist throughout
the course of the disease. Thus our new method provides a
means to further test their hypothesis. On the other hand,
given the presence of some variation in PO2 measured over
periods of weeks in the current studies, it may be more
efficient to first focus on acute kidney injury induced by
insults such as ischemia-reperfusion injury, sepsis, and
radiocontrast administration (13).
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tissue PO2 remained relatively stable over the period 5–19 days
after implantation.
What factors could account for the overestimation of medullary tissue PO2 by the CPE-telemetry system? Bolger et al.
(5) have previously demonstrated the lack of impact on CPE
current of a range of substances that might be expected in brain
or kidney tissue, including ascorbic acid (500 "M), homovanillic acid (10 "M), L-glutathione (50 "M), L-cysteine (50 "M),
uric acid (50 "M), serotonin (10 nM), L-tryptophan (100 "M),
dehydroascorbic acid (100 "M), L-tyrosine (100 "M), dopamine (50 nM), 3,4-dihydroxyphenylacetic acid (20 "M), and
5-hydroxyindoleacetic acid (50 "M). Furthermore, in the current study we established that neither norepinephrine (1 "M)
nor epinephrine (1 "M) interfere with the telemeter unit
calibration. Nevertheless, the environment of the renal medulla
differs from that of the brain in a number of ways. Firstly, the
interstitium of the medulla, but not the brain, is hyperosmotic
(39, 42). We were able to exclude this as a potential confounding factor, because calibration relationships for the CPE-telemetry units were little affected by osmolarity in vitro. A second
important difference between the environments of the brain
and renal medulla is that lipids are far more abundant in the
brain than in the renal medulla (17, 40). Differences in cellular
and interstitial content between the kidney and brain may
therefore have affected the interactions between the silicon oil
and the tissue surrounding the electrodes. It has been documented that the presence of electroactive species, lipids, and
proteins can interfere with the function of CPEs (5, 19, 34).
The difference in lipid, protein, and electroactive species profiles between the brain and kidneys may result in a difference
in electrode-tissue reaction and hence the apparent overestimation of medullary tissue PO2 by the CPE-telemetry system.
Since we were unable to identify the causes of the altered
calibration of the CPE-telemetry system after implantation, and
the reasons for the presence of an additional zero offset under
in vivo conditions, we subsequently used relative values in our
analysis instead of absolute concentration. This offset places
restraints on study design, because it makes direct betweenanimal comparisons problematic. However, it does not limit
the use of within-animal experimental designs in which
changes in PO2 are determined from a baseline established
before the intervention.
The CPE-telemetry system can detect relatively small
changes in kidney tissue PO2. We have previously found that
the threshold for detection of reduced cortical and medullary
tissue oxygen tension induced by hypoxemia in anesthetized
rabbits, by both Clark electrodes and fluorescence optodes, is
crossed at an inspired oxygen concentration of 17–18% (12).
This equates to an oxygen partial pressure at altitudes of only
&1,500 –2,000 m. Our current findings in anesthetized rats
indicate that the CPE-telemetry system is at least as sensitive as
the Clarke electrode to changes in renal tissue PO2, as assessed
by the response to ventilation with 18% oxygen. In conscious
rats, after chronic implantation of a CPE-telemetry unit, reductions in medullary tissue PO2 induced by exposure to 10%
oxygen, and increases in medullary tissue PO2 induced by
exposure to 100% oxygen were reproducible over a period of
2 wk. Thus the CPE-telemetry system appears to be well suited
for application to experimental paradigms in which acute
responses to test stimuli are repeatedly assessed in conscious
rats in a within-animal design.
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Evans RG, Harrop GK, Ngo JP, Ow CP, O’Connor PM. Basal renal
O2 consumption and the efficiency of O2 utilization for Na! reabsorption.
Am J Physiol Renal Physiol 306: F551–F560, 2014. First published January
15, 2014; doi:10.1152/ajprenal.00473.2013.—We examined how the presence of a fixed level of basal renal O2 consumption (V̇Obasal
; O2 used
2
for processes independent of Na! transport) confounds the utility of
the ratio of Na! reabsorption (TNa!) to total renal V̇O2 (V̇Ototal
) as an
2
index of the efficiency of O2 utilization for TNa!. We performed a
systematic review and additional experiments in anesthetized rabbits
to obtain the best possible estimate of the fractional contribution of
V̇Obasal
to V̇Ototal
under physiological conditions (basal percent renal
2
2
V̇O2). Estimates of basal percent renal V̇O2 from 24 studies varied
from 0% to 81.5%. Basal percent renal V̇O2 varied with the fractional
excretion of Na! (FENa!) in the 14 studies in which FENa! was
measured under control conditions. Linear regression analysis predicted a basal percent renal V̇O2 of 12.7–16.5% when FENa! " 1%
(r2 " 0.48, P " 0.001). Experimentally induced changes in TNa!
altered TNa!/V̇Ototal
in a manner consistent with theoretical predic2
tions. We conclude that, because V̇Obasal
represents a significant
2
proportion of V̇Ototal
, TNa!/V̇Ototal
can change markedly when TNa!
2
2
itself changes. Therefore, caution should be taken when TNa!/V̇Ototal
2
is interpreted as a measure of the efficiency of O2 utilization for TNa!,
particularly under experimental conditions where TNa! or V̇Ototal
2
changes.
oxygen consumption; renal metabolism; efficiency of oxygen utilization for sodium reabsorption
THE KIDNEY derives chemical energy from O2, which it then uses
to reabsorb Na! and to perform functions that are independent
of Na! reabsorption (TNa!). The relationship between total
renal O2 consumption (V̇Ototal
2 ) and TNa! is quasilinear. It is
often depicted by a straight line that intersects the ordinal (V̇O2)
axis at a point representing the cost of “basal metabolism”
). V̇Obasal
can thus be defined as the sum of all of V̇O!2
(V̇Obasal
2
2
that remains after accounting for that used for (TNa!) (V̇ONa
2 )
(19). There is general agreement that, under physiological
comprises #20% of V̇Ototal
conditions, V̇Obasal
2
2 . This quantity
total
/V̇
O
(100 $ V̇Obasal
2
2 ), which we define herein as “basal
percent renal V̇O2,” can be estimated experimentally in intact
animals. However, these estimates have varied widely (Table 1),
indicating that this parameter is highly susceptible to experimental conditions.
The actual magnitude of basal percent renal V̇O2 has important implications for our understanding of the mechanisms
underlying renal hypoxia in acute and chronic kidney disease.
It has become widely accepted that the quotient of TNa! to renal
(or its reciprocal) represents an index of the efficiency
V̇Ototal
2
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(or inefficiency) of O2 utilization for TNa! (6, 7, 35, 55).
TNa!/V̇Ototal
is reduced in acute kidney injury (6, 7, 35, 55),
2
chronic kidney disease (8), diabetes (51), and hypertension (8).
These observations have been interpreted as evidence that
inefficient utilization of O2 for TNa! contributes to the renal
tissue hypoxia characteristic of these pathological states. Furthermore, Laycock and colleagues showed that blockade of
nitric oxide synthase reduced the glomerular filtration rate
total
(GFR) and TNa! but increased renal V̇Ototal
2 , so that TNa!/V̇O2
was more than halved (35). These observations were interpreted as evidence that nitric oxide normally acts to enhance
the “renal efficiency for transportation of sodium.” Changes in
transport efficiency, which can be defined as the rate of change
in TNa! per unit change in V̇Ototal
(dTNa!/dV̇Ototal
2
2 ) could result
from changes in mitochondrial function, shifts in TNa! along
the nephron to sites of differing efficiency for O2 utilization, altered Na! backleak through paracellular pathways, or
changes in the function of mechanisms of secondary active
total
transport (19). However, the denominator of TNa!/V̇
O2
is
Na!
composed of a component dependent on TNa! (V̇O2 ) as well
as a component independent of TNa! (V̇Obasal
). Consequently,
2
as an index of the efficiency
of TNa!
the use of TNa!/V̇Ototal
2
!
(transport efficiency " dTNa!/dV̇Ototal
% TNa!/V̇ONa
2
2 ) rests on
the assumption that V̇Obasal
is negligible and does not vary
2
much under physiological or pathophysiological conditions.
Therefore, in the present study, we set out to test the hypotheses that 1) under physiological conditions, V̇Obasal
makes up a
2
and
2)
estimates
of basal
substantial proportion of V̇Ototal
2
percent renal V̇O2 and TNa!/V̇Ototal
depend on the natriuretic
2
state of the kidney and, thus, vary with the fractional excretion
of Na! (FENa!) and TNa!. To assess basal percent renal V̇O2,
we first performed a systematic review of published reports of
studies of intact animals in which basal percent renal V̇O2 was
estimated or that contained data from which it could be
estimated. We also performed an experiment to assess the
effects of ureteral ligation on renal V̇O2, since this approach has
been little used (Table 1). We then reviewed published reports
in which TNa!/V̇Ototal
was measured or that contained data from
2
which it could be calculated to determine whether it varies with
FENa! and/or TNa!. Patterns arising in these data were then
compared with theoretical relationships between these vari.
ables, generated for varying levels of V̇Obasal
2
METHODS

Systematic Review: Search Criteria
In a Medline search, we used as Medical Subject Headings
(MESH) and keywords “oxygen consumption” (105,389 results) AND
“kidney” (652,799 results) AND either “glomerular filtration rate”
(38,655 results) OR the MESH “sodium” OR the keyword “sodium
reabsorption” (127,115 results), giving a combined return of 553
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Table 1. Available estimates of V̇Obasal
as a percentage of V̇Ototal
(basal percent renal V̇O2)
2
2
Author(s)

Species and Number of
Animals/Patients
Reference
Studied

Anesthetic

Lassen et al.

34

Dog (n " 14)

Pentobarbital

Thaysen et al.

69

Dog (n " 10)

NR

Thurau

72

Dog (n " 12)

Fujimoto et al.
Knox et al.

16
30

Dog (n " 21)
Dog (n " 42)

Wolf et al.

81

Dog (n " 15)

Sadowski and
Torun

58

Dog (n " 16)

Sejersted et al.

60

Dog (n " 7)

Stecker et al.

65

Dog (n " 8)

Theye and Maher

70

Dog (n " 13)

Melchiorri et al.

45

Dog (n " 6)

Dies et al.

9

Dog (n " 19)

Steen et al.

66

Dog (n " 6)

Rosenbaum and
DiScala

57

Dog (n " 5)

Ostensen and
Stokke

49

Dog (n " 10)

Torelli et al.

73

Rabbit (n " 24)

Evans et al.

13

Rabbit (n " 6)

Present study

Rabbit (n " 6)

Pentobarbital or
thiobutabarbital
Pentobarbital
Chloralose or
pentobarbital

a

FENa!, %

TNa!/V̇Ototal
2

1.51 & 0.42

23.0 & 0.6

NR

23.0 & 0.6

1.19

NR

Basal Percent Renal V̇O2

11.6% by extrapolationb; 18.6%
when GFR " 0 (hemorrhage)
18.0% when GFR " 0
(hemorrhage); note the likely
overlap of data with Lassen et
al. (34)
17.9% by extrapolationb

NR
21.5 & 2.3d
0% by extrapolationb
Control: 2.40 & 0.52; Control: 26.4 & 3.8; 3.7% by extrapolationc; TNa!
mannitol diuresis:
mannitol diuresis:
reduced by hemorrhage and
8.8 & 0.3
15.6 & 1.7
increased ureteral pressure and
infusion of Ringer solution or
mannitol solution; 15% by
extrapolationc during ethacrynic
acid-induced diuresis if total
V̇O2 is considered the value
before ethacrynic acid
administration; 20% by
extrapolationc during ethacrynic
acid-induced diuresis if total
V̇O2 is considered the value
after ethacrynic acid
administration.
Chlorpromazine/
Control: '4; after
Control: '33; after 30.5% by extrapolationb
pentobarbital/
ethacrynic acid:
ethacrynic acid:
chloralose
'29
'21
N-methyl-(NR
NR
30.6% by extrapolationb; 63.9%
when GFR " 0 (hypertonic
bromoallyllisopropyl
mannitol infusion); 81.5%
barbiturate
when GFR " 0 (tubular
blockade with oil)
Pentobarbital
20.8 during
16.5
33.6% by extrapolationc before
mannitol-Ringer
ouabain treatment; TNa!
infusion
reduced by aortic constriction;
28.4% by extrapolationc after
ouabain treatment
Pentobarbital
NR
NR
35.6% 3 h after complete ureteral
obstruction
Lightly anesthetized
NR
19.4
35.0% by extrapolationc; TNa!
with 0.1%
reduced by 1% (vol/vol)
(vol/vol) halothane
expired halothane; 38.1% when
(plus neuromuscular
GFR " 0 [3% (vol/vol) expired
blockade)
halothane]
Pentobarbital and
NR
NR
'10% when GFR " 0
phenobarbital
(intravenous bombesin)
Pentobarbital
'10 (7–13)
33.9
30.4% by extrapolationc; TNa!
reduced by ouabain,
acetazolamine, ethacrynic acid,
and furosemide
Pentobarbital
16.6
21.0
39.0% by extrapolationc; TNa!
reduced by graded doses of
ethacrynic acid
Pentobarbital
NR
23.2 & 2.2
24% by extrapolationc; TNa!
reduced by intravenous infusion
of Ringer solution
Pentobarbital
NR
NR
All dogs were pretreated with
acetazolamide; 15.1% by
extrapolationc; TNa! reduced by
bumetanide and ouabain
Pentobarbital and
NR
8.8 & 1.1
64.6% by extrapolationb; 40.5%
urethane
when GFR " 0 (hemorrhage)
Pentobarbital
12.1 & 1.6
13.0 & 0.7e
47.2 & 5.5% when GFR " 0
(reduced renal artery pressure)
Pentobarbital
14.8 & 4.0
11.3 & 1.1
60 & 8% when GFR " 0 (90 min
after ligation of the ureter

Continued
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Table 1.—Continued

Author(s)

Species and Number of
Animals/Patients
Reference
Studied

a

Anesthetic

FENa!, %

TNa!/V̇Ototal
2

Basal Percent Renal V̇O2

8.1 & 2.7

19.6

15% when GFR " 0 (reduced
renal artery pressure)f
19.9% by extrapolationc; TNa!
reduced by subjecting some rats
to ischemia-reperfusion injury
40 days before the experiment
12.3% by extrapolationc; TNa!
reduced by intravenous infusion
of isotonic saline
Wistar-Kyoto rats: 43.4% by
extrapolationb; spontaneously
hypertensive rats: 21.1% by
extrapolationb
19.8% by extrapolationb,g

Juillard et al.

27

Pig (n " 8)

Ketamine and xylazine

Parekh and Veith

52

Rat (n " 22)

Thiobutabarbital

0.66 & 0.19

25.8

Elinder and
Aperia

12

Rat (n " 24)

Thiobutabarbital

1.05

14.9

Welch et al.

80

NR

15.1 & 1.6

Brodwall;
Brodwall and
Laake
Ofstad et al.

2, 3

Rat (n " 10 Wistar- Thiobarbital
Kyoto rats ! n "
10 spontaneously
hypertensive rats)
Human (n " 24)
Unanesthetized

NR

43.4

48

Human (n " 10)

Unanesthetized

Kurnik et al.

33

Human (n " 60)

Unanesthetized

basal
O2

total
O2
a
Na!

Control: 1.96; after
furosemide: 14.4

Control: 13.7; after
furosemide: 12.1

1.9 & 0.3i

NR

0.1% by extrapolationb before
furosemide treatment; 30.8% by
extrapolationb after furosemide
treatment
29.4% by extrapolationb,h

V̇
, basal renal O2 consumption; V̇
, total renal V̇O2; FENa!, fractional excretion of Na under control conditions; TNa!, Na! reabsorption; GFR,
glomerular filtration rate; NR, not reported. T /V̇Ototal
results, including V̇Obasal
. “Extrapolation” refers to the estimation of V̇O2 when either GFR or TNa! "
2
2
0 from regression analysis of the relationships between V̇O2 and TNa! or GFR. bFrom the relationship between GFR or TNa! and V̇O2 determined in the absence
of any specific interventions to alter these variables. cFrom the relationship between GFR or TNa! and V̇O2 determined using specific interventions to alter these
variables. dThis is the slope of the line of best fit between TNa! and V̇O2 and can be used in this case because the line of best fit passed through the origin. eDue
to a calculation error, the values of TNa!/V̇Ototal
presented in this study (13) were twice the true value, which is presented here. fApproximated by reading off
2
Fig. 3 in their study. gPatients with normal renal function or chronic kidney disease were studied before cardiac catheterization. hThe ordinal intercept of the
relationship between TNa! and V̇O2 was estimated by inspection. iNo measure of FENa! was available for normal subjects, so values for patients with chronic
renal failure (with and without diabetes) are presented.

results (from 1946 to November 1, 2013). Two authors (G. K. Harrop
and R. G. Evans) then performed an initial screen and excluded 478
articles that lacked data from which basal percent renal V̇O2 or
TNa!/V̇Ototal
might be estimated. The remaining 75 articles formed the
2
basis of the literature search. Additional articles were sourced from
the references of articles obtained from the search and from an
examination of articles that cited the papers identified in our search.
The final analysis included only original studies with at least an
abstract written in English. Thus, four potentially relevant articles
written in German were excluded (5, 17, 31, 82).
Basal Percent Renal V̇O2
Overview of available methods for estimating basal percent renal
V̇O2. Basal renal metabolism can be assessed in vivo in a number of
ways. One approach might be to pharmacologically inhibit Na!-K!ATPase using an agent such as ouabain. However, not all isoforms of
Na!-K!-ATPase are ouabain sensitive, particularly in rodents (39),
and ouabain is arrhythmogenic. Consequently, caution must be applied to the interpretation of data derived from such studies. Another
approach is to plot the relationship between TNa! and renal V̇Ototal
2
observed under relatively normal physiological conditions or in response to maneuvers that alter TNa! and then calculate the ordinal
intercept, where TNa! " 0 (or GFR " 0). This approach has been used
widely (Table 1). Nevertheless, this does require the assumption that
the relationship between TNa! and renal V̇Ototal
is linear [or log linear
2
(58)] and could be confounded by changes in renal metabolism,
independent of TNa!, that might occur in response to experimental
maneuvers used to alter TNa!. Another approach, which has also been
used widely, is to lower arterial pressure below the point at which
glomerular filtration ceases. This approach is, of course, limited by the
potential for neurohumoral activation, particularly if arterial pressure
is lowered by hemorrhage, to alter V̇Obasal
or the efficiency of O2 uti2

!

lization for Na! transport (dTNa!/dV̇Ototal
). Finally, ureteric obstruc2
tion will also abolish Na! excretion, but it has not been definitively
established that ureteric obstruction abolishes Na! transport.
Inclusion and exclusion criteria for published data. Some studies
of the effects of maneuvers that reduced TNa! [e.g., reduced arterial
pressure and/or renal blood flow (RBF) or the administration of
diuretics] were excluded because of the unavailability of information
on GFR and/or TNa! (10, 11, 18, 20, 26, 32, 36, 37, 59, 75, 78). Others
were excluded because GFR was not reduced to zero and TNa! was not
measured or because there was no analysis of the relationship between
GFR or TNa! and V̇Ototal
from which basal percent renal V̇O2 could be
2
derived (1, 21, 22, 25, 28, 46, 50, 53, 56, 63, 64, 67, 76, 77) or because
no significant correlation was observed between TNa! and V̇Ototal
(47).
2
We also excluded studies in which both renal V̇Ototal
and TNa! were
2
measured, but the latter were not varied sufficiently to allow the
ordinal intercept of the relationship(s) between V̇Ototal
and TNa! or
2
GFR to be determined (7, 38), or because the data were not presented
in a form to allow this relationship to be extracted (29, 42, 54). Studies
in which TNa! and V̇Ototal
were varied by the induction of acute renal
2
failure (23, 24) or clinical studies in patients with acute kidney injury
(55) were excluded on the basis that these pathophysiological conditions might be associated with increased renal V̇Obasal
. Studies in
2
which agents were administered that are known to alter the efficiency
of O2 utilization for TNa! were also excluded (6, 35). Studies in
isolated perfused kidneys (44, 62, 68, 74) were excluded, in part
because of the nonphysiological nature of these experimental conditions but also because of the difficulty in defining an appropriate
denominator for the calculation of basal percent renal V̇O2 under what
might be considered “physiological” conditions. Thus, we restricted
our analysis to in vivo studies in which renal V̇Ototal
was measured
2
under relatively normal physiological conditions as well as under
conditions in which it was established that glomerular filtration had
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ceased and/or in which the apparently linear relationship between
TNa! and renal V̇Ototal
could be extrapolated to the ordinal intercept
2
(i.e., TNa! or GFR " 0; Table 1).
Experimental studies. Male New Zealand White rabbits (n " 6,
2.83 & 0.11 kg) were studied according to the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes.
Experimental conditions were similar to those we have previously
reported (13). Catheters were placed in the central arteries and
marginal veins of both ears under local analgesia (1% lidocaine,
Xylocaine, AstraZeneca, North Ryde, NSW, Australia). Rabbits were
then anesthetized with pentobarbital sodium (90 –150 mg plus 30 –50
mg/h iv, Sigma Chemical, St. Louis, MO) and artificially ventilated.
Throughout the surgery and experiment, the extracellular fluid volume
was maintained by an intravenous infusion (0.15 ml·kg)1·min)1) of a
4:1 mixture of compound sodium lactate and polygeline/electrolyte
solution. Body temperature was maintained between 37.0 and 38.0°C
throughout the surgery and subsequent experiment by means of a
heated table and infrared heating lamp. Baseline arterial PO2 (90 –110
mmHg) and PCO2 (30 – 45 mmHg) were maintained within the desired
ranges by altering the respiratory rate and volume and the level of
positive end-expiratory pressure. The kidney was denervated, and a
transit time ultrasound flowprobe (type 2SB, Transonic Systems,
Ithaca, NY) was placed around the renal artery for the measurement
of RBF. A catheter was placed in the renal vein (13). A 90-min
equilibration period was allowed between the completion of the
surgical procedures and commencement of the experimental procedures.
Arterial pressure was measured via an ear artery catheter connected
to a pressure transducer (Cobe, Arvarda, CO) and bridge amplifier
(model QA1, Scientific Concepts, Mount Waverley, VIC, Australia).
The transit time ultrasound flowprobe was connected to a compatible
flowmeter (model T206, Transonic Systems). Values of mean arterial
pressure (MAP), heart rate (triggered by the arterial pressure pulse),
RBF, and core body temperature were digitized as 2-s averages. Blood
gas analysis was performed on 0.5-ml samples of arterial and renal
venous blood, collected simultaneously, using an ABL 700 series
blood gas analyzer (Radiometer, Copenhagen, Denmark). Kidney O2
delivery (DO2) was calculated as the product of RBF and the O2
content of arterial blood. V̇O2 was calculated as the product of RBF
and the arteriovenous O2 concentration difference. Comparisons between the measured variables at baseline relative to those 90 min after
ureter ligation were made using Student’s paired t-test. Two-sided P
values of !0.05 were considered statistically significant.
TNa!/V̇Ototal
2
From the published reports identified in our systematic review, we
identified studies in which both FENa! and TNa!/V̇Ototal
were reported,
2
both TNa! and TNa!/V̇Ototal
were reported, or that provided data from
2
which these variables could be calculated. For the most part, we
confined our analysis to reports in which TNa!/V̇Ototal
was or could be
2
calculated from TNa! and V̇Ototal
measured in individual animals or
2
humans. However, in seven cases, we calculated TNa!/V̇Ototal
from
2
between-animal mean values of TNa! and V̇Ototal
(9, 27, 33, 50, 52,
2
61, 66).
Theoretical Predictions for the Rat Kidney
We assumed that 28 mol of Na! are reabsorbed for every 1 mol of
O2 consumed (43), as follows:
dTNa"
dV̇Ototal
2

#

TNa"
"
V̇ONa
2

# $ # 28

(1)

We also assumed a linear relationship between V̇Ototal
and TNa!, as
2
follows:

V̇Ototal
# V̇Obasal
" V̇ONa
# V̇Obasal
"
2
2
2
2
"

TNa"
$

(2)

In addition, we assumed that a rat kidney reabsorbs 100 *mol of Na!
each minute under normal physiological conditions (+ " 100 *mol/
min), based on a value of TNa! of 115 *mol·min)1·g kidney wt)1 in
Wistar-Kyoto rats whose kidneys weighed '1.1 g (80). V̇Obasal
was
2
set as a constant (i.e., independent of the actual rate of TNa!), defined
as a proportion (,) of the O2 required to reabsorb 100 *mol/min of
Na!, as follows:
#%&
V̇Obasal
2

'

(3)

$

Basal percent V̇O2 was then defined as follows:
Basal percent V̇O2 # 100 &

V̇Obasal
2

(4)

V̇Ototal
2

First, we set the filtered load of Na! at 100 *mol/min and at various
levels of , (0 – 0.6); we then calculated how changes in FENa! would
affect basal percent V̇O2 and TNa!/V̇Ototal
. We then examined the
2
effects of changes in , on the way TNa!/V̇Ototal
varies with TNa!
2
within the range from 0 to 200 *mol/min. Finally, we examined the
effects on estimates of basal percent V̇O2 of the presence of an
additional source of renal V̇O2 for functions other than TNa! but that
nevertheless varies in proportion to TNa!. We defined
this additional
!
!
source of V̇O2, distinct from both V̇Obasal
and V̇ONa
, as (- $ V̇ONa
),
2
2
2
so that:
"

"

V̇Ototal
# V̇Obasal
" V̇ONa
" (( & V̇ONa
)
2
2
2
2

(5)

RESULTS

Basal Percent Renal V̇O2
Systematic review. The text below summarizes the experimental procedures and major findings of the 23 published
studies included in our final analysis (Table 1).
We identified 10 publications that presented estimates of
basal percent renal V̇O2 determined by extrapolation to the
ordinal intercept of the relationship between GFR or TNa! and
V̇Ototal
(i.e., when GFR or TNa! " 0) in experiments in which
2
no specific interventions were applied to alter GFR or TNa!. In
anesthetized dogs (16, 34, 58, 72, 81) and rats (80) and
unanesthetized humans (2, 3, 33, 48), estimates of basal percent renal V̇O2 ranged from 0% to 43.4% (Table 1).
We identified 12 publications reporting estimates of basal
percent renal V̇O2 derived from an extrapolation of the relationship between GFR or TNa! and V̇Ototal
from experiments in
2
which specific treatments were applied to alter GFR or TNa!.
These treatments included progressive hemorrhage (30, 73),
suprarenal aortic constriction (60), administration of diuretic
agents (9, 30, 49, 79, 81), expansion of extracellular fluid
volume (12, 57), inhibition of ouabain-sensitive Na!-K!ATPase (9), halothane inhalation (70), and chronic recovery
from ischemia-reperfusion injury (52). These estimates of
basal percent renal V̇O2, from studies in anesthetized dogs,
rabbits, and rats, ranged from 15% to 64.6% (Table 1).
We identified nine published reports including estimates of
basal percent renal V̇O2 determined by comparison of V̇Ototal
2
under control conditions with V̇O2 when glomerular filtration
was abolished. The specific interventions included hemorrhage
(27, 34, 69, 73), suprarenal aortic constriction (13), high-dose
halothane (70), administration of bombesin (45), administra-
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Basal % Renal VO2
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Fig. 1. Relationship between the fractional excretion of Na! (FENa!) under
control conditions and the estimate of basal renal O2 consumption (V̇Obasal
) as
2
a percentage of total renal V̇O2 (V̇Ototal
) (basal percent renal V̇O2). Each study
2
is represented by a different color. Circles represent data obtained from studies
where glomerular filtration was reduced to zero by reducing renal perfusion
pressure. Triangles represent data from studies in which the ureter was ligated
to abolish glomerular filtration. Squares represent data from studies in which
basal percent renal V̇O2 was estimated by extrapolation of the relationship
between Na! reabsorption (TNa!) and V̇O2 to the ordinal intercept. Regression
analysis (r2 " 0.483, P " 0.001) by the ordinary least-squares method (solid
line) (40, 41) provided a line of best fit of V̇O2 " 15.0 ! 1.488 $ FENa!. The
ordinary least-products method (dashed line) provided a line of best fit of V̇O2 "
10.1 ! 2.141 $ FENa!. Numbers in parentheses refer to specific references.

by 40 & 8%. Thus, this experiment provided an estimate of
basal percent renal V̇O2 of 60 & 8%.
Patterns in the data. Published estimates of basal percent
renal V̇O2 have been highly variable. In general, calculated
basal percent V̇O2 appears to be greater when estimated using
treatments that abolish glomerular filtration by blockade of
tubular flow (Refs. 58 and 65 and the present study) than by
methods that abolish glomerular filtration by lowering renal
perfusion pressure (Refs. 27, 34, 69, and 73). Linear regression
analysis established a positive relationship between FENa! and
the estimate of basal percent renal V̇O2 (P " 0.001; Fig. 1).
Indeed, this linear relationship accounted for 48.3% of the
variance in estimates of basal percent renal V̇O2. The theoretical relationships we constructed (Fig. 2A) were a family of
curves that deviated only slightly from linearity within the
range of FENa! " 0 –70%. The relationships predict that basal
percent renal V̇O2 increases with increasing FENa!. The slope
of the relationship increases as FENa! or V̇Obasal
increase.
2
The experimental data and theoretical relationships shown in
Figs. 1 and 2A indicate that estimates of basal percent renal
V̇O2 from studies performed in animals in a natriuretic state
likely overestimate basal percent renal V̇O2 under truly physiological conditions. This likely includes estimates of basal
precent V̇O2 from studies in pentobarbital-anesthetized rabbits
(Refs. 13 and 73 and the present study), since our experience
is that this anesthetic tends to inhibit TNa!. Estimates of basal
percent renal V̇O2 derived from studies of dogs in a natriuretic
state are also likely to be overestimates (9, 60, 66, 81). If we

A
Basal % Renal VO2

Lassen et al 1961 (34)
Juillard et al 2004 (27)
Knox et al 1966 (30)
Wolf et al 1969 (81)
Sejersted et al 1977 (60)
Dies et al 1981 (9)
Evans et al 2010 (13)
Current Study
Parekh & Veith 1981 (52)
Elinder & Aperia 1982 (12)
Ofstad et al 1972 (48)
Kurnik et al 1992 (33)
Steen et al 1981 (66)
Thurau 1961 (72)
Line of Best Fit: Ordinary Least Squares
Line of Best Fit: Ordinary Least Products
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tion of hypertonic mannitol (58), blockade of tubular flow by
retrograde filling of the lower urinary tract with oil (58), or
complete ureteral occlusion (65). These estimates of basal
percent renal V̇O2, from studies in anesthetized dogs, pigs, and
rabbits, ranged from 10% to 81.5% (Table 1).
New experimental studies. Baseline levels of MAP (73 & 1
mmHg), heart rate (256 & 6 beats/min), RBF (23.0 & 2.3
ml/min), arterial blood PO2 (107 & 4 mmHg) and hemoglobin
saturation (99.5 & 0.2%), renal venous blood PO2 (60 & 3
mmHg) and hemoglobin saturation (77.2 & 2.0%), renal DO2
(183 & 17 *mol/min) and V̇O2 (42 & 5 *mol/min), fractional
O2 extraction (22.8 & 1.9%), and FENa! (14.8 & 4.0%) were
similar to those we have observed in previous studies using this
experimental preparation (13–15).
Ureteral ligation did not significantly alter MAP, RBF,
arterial blood PO2 or saturation, or renal DO2, but renal venous
PO2 was increased by 11 & 4% and hemoglobin saturation
increased to 84.6 & 2.2%. Consequently, fractional O2 extraction was reduced to 15.6 & 2.2% and renal V̇Ototal
was reduced
2
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Fig. 2. Predicted effects of altered V̇Obasal
in the rat kidney on the relationships
2
between FENa! and basal percent renal V̇O2 (A) and the molar ratio of TNa! to
V̇O2 (TNa!/V̇Ototal
; B). V̇Obasal
was set at a proportion (, " 0, 0.01, 0.02, 0.05, 0.1,
2
2
0.2, 0.4, and 0.6) of the O2 required to reabsorb 100 *mol of Na! per minute,
!
assuming 28 mol of Na are reabsorbed for every 1 mol of O2 consumed.
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Knox et al 1966 (30)
Lassen et al 1961 (34)
Wolf et al 1969 (81)
Sejersted et al 1977 (60)
Dies et al 1981 (9)
Steen et al 1981 (66)
Ostensen et al 1989 (50)
Juillard et al 2004 (27)
Evans et al 2010 (13)
Current Study
Elinder & Aperia 1982 (12)
Parekh Veith 1981 (52)
Ofstad et al 1972 (48)
Kurnik et al 1992 (33)
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Fig. 3. Relationship between FENa! and TNa!/V̇Ototal
. Each study is represented
2
by a different color. The various symbols represent different species: squares
are dogs, circles are pigs, triangles are rabbits, inverted triangles are rats, and
diamonds are humans. Observations made in a with-subject fashion are linked
by lines. Linear regression analysis across the entire data set failed to detect a
significant relationship between the two variables (r2 " 0.12, P " 0.07).
Numbers in parentheses refer to specific references.

We identified eight published reports, of studies in anesthetized dogs, rats, rabbits, and pigs in which TNa! was manipulated, from which we could retrieve paired values of TNa! and
TNa!/V̇Ototal
2 . TNa! was manipulated by reducing renal perfusion pressure, altering renal vascular tone by electrical stimulation of the renal nerves or renal arterial infusion of vasoactive
agents, by increasing ureteral pressure, or by administration of
a range of diuretic agents. In some reports, the effects of more
than one maneuver and/or of graded stimuli were presented.
These data were normalized by expressing both variables as
percent changes from their control level (Fig. 4). We observed
a strong positive relationship between percent changes in TNa!
(x) and TNa!/V̇Ototal
(y), which was consistent across species
2
exposed to similar stimuli. For example, the observations of
Warner et al. (76) of the effects of progressively reduced renal
artery pressure in anesthetized pigs were virtually superimposable on those of Evans et al. (13) of the effects of this
maneuver in anesthetized rabbits. There was also remarkably
little variation in this relationship between maneuvers that
altered TNa!, chiefly by altering GFR through effects on renal
hemodynamics, and those in which TNa! was more directly
manipulated by administration of diuretic agents.
The theoretical relationships we constructed between TNa!
(or the percent change in TNa!) and TNa!/V̇Ototal
(or the percent
2
change in TNa!/V̇Ototal
)
were
curvilinear
(Fig.
5). They pre2
dicted that TNa!/V̇O2 in the rat kidney falls steeply as TNa! is
reduced below the physiological level of 100 *mol/min and
increases in a less steep manner when TNa! is increased above
Ostensen et al 1989: Acetazolamine after Ethacrynic Acid (50)
Ostensen et al 1989: Acetazolamine after Volume Expansion (50)
Knox et al 1966: Mannitol Diuresis (30)
Knox et al 1966: Ethacrynic Acid Diuresis (30)
Knox et al 1966: Hemorrhage after Mannitol (30)
Knox et al 1966: Increased ureteral Pressure after Mannitol (30)
Steen et al 1981: Ethacrynic Acid Diuresis (multiple doses) (66)
W olf et al 1969: Ethacrynic Acid Diuresis (81)
W arner et al 2009: Reduced Renal Artery Pressure (76)
Evans et al 2010: Reduced Renal Artery Pressure (13)
Evans et al 2010: Electrical Stimulation of the Renal Nerves (13)
Evans et al 2010: Renal Arterial Infusions of Vasoactive Agents (13)
Deng et al 2006: Benzolamide (6)
Deng et al 2006: Benzolamide plus 5-(N-ethyl-N-isopropyl) amiloride (EIPA) (6)
Deng et al 2006: Benzolamide plus 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) (6)
Ofstad et al 1972: Furosemide Diuresis (48)

assume a physiological value of FENa! of 1%, the data shown
in Fig. 1 provide an estimate of basal percent renal V̇O2 of
16.5% under physiological conditions according to the line of
best fit determined by ordinary least-squares regression. When
the line of best fit was determined by the ordinary leastproducts method (40, 41), basal percent renal V̇O2 was predicted to be 12.7%.
TNa!/V̇Ototal
2
The theoretical relationships we constructed (Fig. 2B) between FENa! and TNa!/V̇Ototal
were a family of curves that
2
deviated only slightly from linearity within the range of FENa! "
0 –70%. They predict that TNa!/V̇Ototal
decreases with increas2
ing FENa!. The slope of the relationship increases as FENa! or
V̇Obasal
increase.
2
We identified 13 published reports, of studies in anesthetized
dogs, rats, and pigs as well as unanesthetized humans, from
which we could retrieve paired values of FENa! and TNa!/
V̇Ototal
2 . These data were also available for the present study of
anesthetized rabbits. Overall, TNa!/V̇Ototal
tended to vary in2
versely with FENa! (Fig. 3), in a manner consistent with the
theoretical relationships we generated (Fig. 2B). Linear regression analysis demonstrated that this apparent effect was not
quite statistically significant (P " 0.07) and only explained
12% of the variance in the data set. However, in four of the five
experiments in which data were collected in a within-subject
fashion, TNa!/V̇Ototal
was reduced by treatments that increased
2
FENa!.
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Fig. 4. Relationship between percent changes in TNa! and percent changes in
TNa!/V̇Ototal
. Each specific treatment is represented by a different color. The
2
various symbols represent different species: squares are dogs, circles are pigs,
triangles are rabbits, inverted triangles are rats, and diamonds are humans.
Observations made in a with-subject fashion are linked by lines. Error bars
represent SEs in cases where these were available. Numbers in parentheses
refer to specific references.
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Fig. 5. Predicted effects of altered V̇Obasal
in the kidney of the rat on the
2
relationship between TNa! and the quotient of TNa!/V̇Ototal
. V̇Obasal
was set at
2
2
a proportion (, " 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.4, and 0.6) of the O2 required
to reabsorb 100 *mol of Na! per minute, assuming 28 mol of Na! are
reabsorbed for every 1 mol of O2 consumed. Note that B, which shows the
relationships between percent changes in these variables, is essentially a
logarithmic transformation of the data in A.

of O2 utilization for TNa!, we analyzed the available data
regarding the magnitude of V̇Obasal
as a percentage of V̇Ototal
2
2
(basal percent renal V̇O2). We also examined how estimates of
basal percent renal V̇O2 and TNa!/V̇Ototal
vary with the physi2
ological state of the kidney.
We are able to draw two important conclusions. First,
although available estimates of basal percent renal V̇O2 vary
widely, ranging from 0% to 81.5%, nearly half of this variation
can be accounted for by variations in FENa!. Consequently,
regression analysis of available experimental data provided a
“consensus” estimate of basal percent renal V̇O2 of 12.7–16.5%
when FENa! is 1%, depending on the method used to perform
linear regression (40, 41). Our analysis of these experimental
observations is in accordance with the results of our theoretical
analysis, which predicted a positive curvilinear relationship
between FENa! and basal percent renal V̇O2.
If basal percent renal V̇O2 varies with the natriuretic state of
the kidney, it follows that TNa!/V̇Ototal
should too, as demon2
strated by our theoretical analysis. Our finding of a positive
relationship between experimentally induced changes in TNa!
and TNa!/V̇Ototal
supports this prediction. Thus, our second
2
conclusion is that the use of TNa!/V̇Ototal
as an index of the
2
efficiency of O2 utilization for TNa! is confounded by the
presence of V̇Obasal
. Consequently, caution should be applied
2
when this variable is used as a quantitative index of the
efficiency of O2 utilization for TNa!, especially when experimental manipulations result in changes in TNa!. Our observations reflect the fact that renal V̇Ototal
includes a component that
2
does not vary with TNa! (V̇O! basal
)
as
well as a component that
2
total
does vary with TNa! (V̇ONa
can
2 ). Consequently, TNa!/V̇O2
change independently of the efficiency of TNa! (dTNa!/dV̇O2),
especially when TNa! changes.
Three caveats must be applied to our conclusions. The first
caveat relates to the assumption that the V̇O2 for functions other

this level. The range of variations increased with increasing
V̇Obasal
. Importantly, the experimental data (Fig. 4) followed a
2
similar trend to the theoretical relationships between percent
changes in TNa! and TNa!/V̇Ototal
(Fig. 5B).
2

As would be expected, the imposition of an additional
source of V̇O2 used for functions other than TNa!, but nevertheless linearly dependent on TNa!, increases the slope of the
relationship between TNa! and V̇Ototal
2 . As a result, estimates of
basal percent renal V̇O2 that would be predicted to arise from
experimental studies are reduced (Fig. 6).
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DISCUSSION

Why is it important to know what basal percent V̇O2 is?
Primarily, its importance lies in the interpretation of TNa!/
V̇Ototal
as a measure of the efficiency of O2 utilization for TNa!.
2
The denominator of this ratio comprises at least two components: !a “variable” cost of O2 utilization for Na! transport
basal
(V̇ONa
. To make
2 ) and a presumed “fixed” cost of V̇O2
things even more complicated, it is possible that O2 utilization
for functions other than TNa! may vary with TNa! (see below
and Refs. 4, 62, and 68). To better understand how V̇Obasal
2
confounds the use of TNa!/V̇Ototal
as an index of the efficiency
2
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Fig. 6. Predicted effects of altered TNa! on V̇Ototal
when V̇O2 for functions other
2
than TNa! varies as a linear function of TNa!. True V̇Obasal
, defined as renal V̇O2
2
when TNa! " 0, was set at 20% of the cost of reabsorption of 100 *mol/min
!
Na!. V̇Ototal
was calculated as the sum of V̇Obasal
, V̇O2 for TNa! (V̇ONa
;
2
2
2
!
assuming 28 mol of Na are reabsorbed for each 1 mol of O2 consumed), and
Na!
an additional proportion (- " 0, 0.02, 0.05, 0.1, 0.25, 0.50, or 1.0 $ V̇O2 ).
The inset shows how this additional O2 utilization would affect an estimate of
basal percent V̇O2 determined experimentally by a maneuver that abolishes
tubular TNa!.
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than TNa! is relatively constant. There is evidence that this
quantity, which theoretically could include true “V̇Obasal
” as
2
well as a component of V̇O2 for functions other than TNa! but
that nevertheless varies with TNa!, is not static (4, 62, 68). For
example, Cohen and colleagues (4) provided evidence, using
the isolated perfused kidney, that the rate at which lactate
enters into O2-dependent biochemical pathways (e.g., glucose
production) increases as TNa! increases. Our theoretical analysis indicates that the presence of this additional source of V̇O2
would lead to an underestimation of the efficiency of direct O2
utilization for TNa! and reduce basal percent V̇O2 when determined experimentally by abolition of TNa!.
Second, it should be acknowledged that some of the variation in estimates of basal percent renal V̇O2 likely arises from
the confounding influence of the maneuvers used to alter TNa!.
For example, the greatest estimates of basal percent renal V̇O2
came from the present study, in which the ureter was ligated
(60%), and from an earlier study (58), in which tubular flow
was blocked by a retrograde infusion of oil (81.5%). It has been
proposed that damage to the tubular epithelium induced by
blockade of tubular flow at a downstream site may lead to
increased renal V̇O2 (58). It is also possible that ligation of the
ureter does not cause the complete cessation of Na! transport.
Finally, it is also likely that the presence and mode of anesthesia used in these studies could have influenced estimates of
basal percent renal V̇O2. For example, pentobarbital is known
to influence mitochondrial function by inhibition of complex 1
(NADH dehydrogenase) of the respiratory chain (71), thus
leading to reduced cellular ATP availability. This action might
at least partly explain the relatively high FENa! observed in
experiments performed under pentobarbital anesthesia.
The third caveat that must be applied to our conclusions
relates to the possibility that some of the treatments that altered
TNa! in the studies shown in Fig. 3 may have really altered the
efficiency of O2 utilization for TNa! (i.e., dTNa!/dV̇Ototal
2 ). Such
effects might be expected if active Na! transport is shifted
from the proximal tubule to less efficient tubular segments
(19), if the efficiency of mitochondrial function is reduced, as
is known to occur when the bioavailability of nitric oxide is
reduced (35), or by factors that inhibit passive Na! transport
and/or secondary active transport. For example, Deng et al. (6)
provided strong evidence that inhibition of carbonic anhydrase
can reduce the efficiency of O2 utilization for TNa!. They
showed that the carbonic anhydrase inhibitor benzolamide
increased renal V̇Ototal
by '50% despite a concomitant reduc2
tion in TNa! of '25%. They proposed that this effect was
mediated by increased active Cl) transport in the proximal
tubule. Similarly, Knox et al. (30) found that the slope of the
relationship between TNa! and renal V̇Ototal
was increased
2
during diuresis induced by an infusion of mannitol, implying
that the metabolic cost of TNa! was increased by mannitol, at
least under the conditions of their experiment. However, the
fact that the experimental observations shown in Fig. 4 are
consistent with the theoretical relationships shown in Fig. 5B,
despite the fact that TNa! was manipulated by a wide range of
maneuvers, suggests that effects of the maneuvers on the
efficiency of O2 utilization for TNa! have not undermined our
conclusions. Interestingly, the one obvious outlier shown in
Fig. 4 represents the effects of benzolamide observed by Deng
et al. The fact that TNa!/V̇Ototal
was reduced more by benzol2
amide that any of the other maneuvers, for a given reduction in

TNa!, provides some level of confidence that the ability of
benzolamide to alter the efficiency of O2 utilization for TNa! is
the exception rather than the rule.
In conclusion, renal V̇Obasal
accounts for a significant pro2
portion of renal V̇Ototal
.
Estimates
based on the literature vary
2
from 0% to 81.5% of renal V̇Ototal
2 . Our best estimate based on
linear regression equations relating estimates of V̇Obasal
to the
2
natriuretic state of the experimental preparation is 12.7–16.5%
of renal V̇Ototal
when FENa! " 1% (i.e., standard physiological
2
conditions). We also conclude that TNa!/V̇Ototal
should be
2
interpreted cautiously, because V̇Obasal
is not negligible and
2
may vary in ways we cannot predict. Consequently, significant
changes in TNa!/V̇Ototal
can occur when TNa! changes, even if
2
the efficiency of O2 utilization for TNa! remains unaltered. One
way to at least partially overcome the limitations of TNa!/
V̇Ototal
as an index of the efficiency of O2 utilization for TNa!
2
would be for experimenters to directly determine renal V̇Obasal
2
under the conditions of their experiments. This would allow
basal
total
V̇O2
to be removed from the denominator of TNa!/V̇O2 .
Another, perhaps better, approach would be to subject experimental animals to maneuvers that progressively alter TNa!, so
that the slope of the relationship between TNa!/V̇Ototal
(dTNa!/
2
dV̇Ototal
2 ) can be determined. This approach, of course, does not
overcome the potentially confounding effects of potential
changes in V̇Obasal
induced by the maneuvers used to abolish
2
TNa!. These methods were used in earlier investigations of the
physiology of renal O2 utilization but have fallen out of favor
as we have moved from large-animal to small-animal experimental models. Finding ways to use more rigorous methods to
assess the efficiency of O2 utilization for TNa! in small animals,
such as rats and mice, represents an important technical challenge for investigators studying the physiology and pathophysiology of renal oxygenation.
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hypoxia has been demonstrated, in both the renal cortex and medulla,
during the acute phase of reperfusion after ischemia induced by
occlusion of the aorta upstream from the kidney. However, there are
also recent clinical observations indicating relatively well preserved
oxygenation in the nonfunctional transplanted kidney. To test whether
severe acute kidney injury can occur in the absence of widespread
renal tissue hypoxia, we measured cortical and inner medullary tissue
PO2 as well as total renal O2 delivery (DO2) and O2 consumption (V̇O2)
during the first 2 h of reperfusion after 60 min of occlusion of the renal
artery in anesthetized rats. To perform this experiment, we used a new
method for measuring kidney DO2 and V̇O2 that relies on implantation
of fluorescence optodes in the femoral artery and renal vein. We were
unable to detect reductions in renal cortical or inner medullary tissue
PO2 during reperfusion after ischemia localized to the kidney. This is
likely explained by the observation that V̇O2 (!57%) was reduced by
at least as much as DO2 (!45%), due to a large reduction in
glomerular filtration (!94%). However, localized tissue hypoxia, as
evidence by pimonidazole adduct immunohistochemistry, was detected in kidneys subjected to ischemia and reperfusion, particularly
in, but not exclusive to, the outer medulla. Thus, cellular hypoxia,
particularly in the outer medulla, may still be present during reperfusion even when reductions in tissue PO2 are not detected in the cortex
or inner medulla.
ischemia-reperfusion injury; hypoxia; renal oxygen delivery; renal
oxygen consumption

considerable interest in the hypothesis
that renal hypoxia contributes to the pathogenesis of acute
kidney injury (AKI), including that arising from ischemiareperfusion injury (IRI) (12, 20, 39). Renal tissue hypoxia has
been demonstrated in clinically relevant models of acute IRI
(17, 22, 23, 33, 38). In addition, there is now good evidence
showing that chronic renal hypoxia, imposed at least partly
through vascular rarefaction, is associated with the development of chronic kidney disease after acute IRI (1–5). However,
it remains to be determined whether widespread hypoxia during the acute reperfusion period is obligatory or whether
hypoxia is limited to certain anatomic or cellular locations.
In the hospital setting, renal IRI can arise from multiple
iatrogenic causes (12). For example, renal ischemia and reperfusion can arise during abdominal aortic surgery as a result of
aortic cross clamping, in which case it is not only the kidney
that experiences ischemia but also the gastrointestinal tract and
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lower body (14). IRI also arises in the course of renal transplantation (36) or partial nephrectomy (32), in which case
ischemia is localized to the kidney. Previous studies have
documented the development of hypoxia, in both the renal
cortex and outer medulla, during the first hours of reperfusion
after a period of aortic cross clamping in rats (22, 23) and pigs
(38). These studies used techniques for simultaneous measurement of renal microvascular PO2 as well as renal O2 delivery
(DO2) and O2 consumption (V̇O2) (22, 23, 38). A consistent
finding from these studies was marked deficits in renal DO2
during reperfusion (40 –70%) but only small decreases or even
increases in renal V̇O2 (22, 23, 38). Thus, widespread renal
hypoxia during reperfusion in clinically relevant models of
aortic cross clamping appears to arise because renal DO2 is
reduced more than is V̇O2, perhaps in part due to upregulation
of the inducible form of nitric oxide synthase and downregulation/inhibition of the endothelial isoform (22, 23).
These observations contrast with the picture arising from
studies of human kidney transplantation or animal models that
mimic it by induction of ischemia limited to the kidney. For
example, using blood oxygen-dependent (BOLD) MRI, Oostendorp and colleagues (31) were unable to detect hypoxia in
the renal cortex or inner medulla 1 and 24 h after a period of
application of a clamp to the renal pedicle of mice, although
there was some evidence of hypoxia in the outer medulla, at
least in the first hour of reperfusion. Similarly, Pohlmann and
colleagues (33) recently used BOLD MRI to demonstrate
hypoxia in the outer medulla during 100 min of reperfusion
after the renal pedicle of rats was clamped for 45 min. However, they could not detect hypoxia in the cortex or inner
medulla. The one exception we could find in the literature was
a study by Hoff and colleagues (17), in which fluorescence
optodes were used to demonstrate relative hypoxia in both the
cortex and outer medulla of rats in the 2 h after the renal
pedicle was clamped for 45 min. In clinical studies, Rosenberger and colleagues (36) found, in biopsies from human
kidney transplant recipients, considerably less immunostaining
for hypoxia-inducible factor (HIF)-1" in nonfunctioning kidneys than in functional kidneys in the first hour after reperfusion. Similarly, Sadowski and colleagues (37), using BOLD
MRI to study patients up to 4 mo after renal transplantation,
found evidence of better oxygenation in the medulla of kidneys
undergoing acute rejection or with evidence of acute tubular
necrosis than in allografts with normal function. Relatively
well-maintained kidney oxygenation during reperfusion could
be explained if the deficit in renal V̇O2 was to match or exceed
the deficit in renal DO2, which might be expected in the case of
nonfiltering kidneys, particularly if renal perfusion is well
maintained (12). However, neither renal DO2 nor V̇O2 were
assessed in these clinical (36, 37) and experimental (17, 31, 33)
studies relevant to kidney transplantation.
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The apparently disparate observations in models of aortic
cross clamping (22, 23, 38) versus those from clinical renal
transplantation (36, 37) and renal ischemia in mice (31) and
rats (33) raise the possibility that the renal response to reperfusion after ischemia localized to the kidney might differ
substantially from that arising from renal reperfusion after
aortic cross clamping. Both scenarios are clinically relevant.
Thus, the chief aim of the present study was to assess renal
tissue oxygenation and renal DO2 and V̇O2 during reperfusion
after a period of ischemia localized to the kidney.
To achieve our aim, we first devised a method, analogous to
that developed by Can Ince and colleagues (18, 29), for
real-time measurements of renal DO2 and V̇O2. The main
difference between our approach and theirs was the use of
fluorescence optodes for measurements of blood PO2 rather
than systemic injection of a phosphor. We validated our new
method for measurements of renal DO2 and V̇O2 and used it
along with standard methods for measurements of total renal
blood flow (RBF) and tissue PO2 (fluorescence optodes) and
perfusion (laser-Doppler flowmetry) (11) to document tissue
oxygenation and its determinants over the first 2 h of reperfusion in anesthetized rats. In separate experiments, we used
pimonidazole adduct immunohistochemistry to assess hypoxia
at the cellular level.
METHODS

General
Male Sprague-Dawley rats (n # 42, mean weight: 390 $ 13 g)
obtained from the Monash University Animal Research Platform were
housed in a room maintained at a temperature of 23–25°C and a
12:12-h light-dark cycle. Rats were allowed free access to water and
standard laboratory rat chow. All procedures were approved in advance by the Animal Ethics Committee of the School of Biomedical
Sciences, Monash University, as being in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes.
The aims of the present study were threefold. First, we aimed to
determine the relationship between blood PO2 measured by fluorescence optodes, hemoglobin saturation (SO2) measured by pulse oximetry, and hemoglobin concentration estimated from capillary tube
hematocrit compared with their corresponding measurements obtained by direct blood oximetry (protocol 1). Our second aim was to
investigate whether a single hemoglobin-O2 dissociation curve (Bohr
curve) could be used to determine both arterial and renal venous blood
hemoglobin saturation (and thus O2 content) from measurements of
arterial and renal venous PO2 (protocol 2). Finally, we aimed to
investigate kidney oxygenation during a 2-h reperfusion period after
60 min of renal artery occlusion. For this third aim, separate experimental protocols were applied to quantify renal tissue PO2 and whole
kidney DO2 and V̇O2 (protocol 3) and to qualitatively assess the
presence of hypoxia at the cellular level using pimonidazole adduct
immunohistochemistry (protocol 4).
Surgical Preparation (Applicable to Protocols 1 and 2)
Rats were anesthetized with pentobarbital sodium (60 mg/kg ip
plus 10 –15 mg·kg!1·h!1 iv to effect, Sigma-Aldrich, Castle Hill,
NSW, Australia). A tracheotomy was performed to facilitate ventilation, and the tail artery was catheterized for measurements of arterial
pressure and collection of arterial blood samples. The right femoral
vein was then catheterized to allow the delivery of maintenance fluids
(BSA, Sigma-Aldrich, in 154 mM NaCl). Hemoglobin saturation was
measured via a pulse oximeter and foot sensor (Mouse Ox, Starr Life
Sciences, Oakmont, PA). During the experiments, rats were either
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allowed to breathe spontaneously (protocol 1) or were artificially
ventilated (protocol 2, Ugo Basile, model 7025, SDR Clinical Technology), as described below for each protocol.
Protocols
Protocol 1: methods for measurement of blood PO2, SO2, and
hemoglobin content. Protocol 1 is shown in Fig. 1A (n # 11). Our aim
was to compare values of arterial and venous PO2 obtained using
fluorescence optodes and hemoglobin saturation obtained via pulse
oximetry with those obtained via direct blood oximetry. In addition to
the procedures described above [see Surgical Preparation (Applicable
to Protocols 1 and 2)], rats were also instrumented with fluorescent
optodes (BF/OT/E, E-series PO2/temperature sensor, Oxford Optronix, Oxford, UK) in both the left femoral artery and vein, which were
advanced to the bifurcation of the aorta and inferior vena cava,
respectively, to provide measurements of PO2 of arterial and venous
blood, respectively. Additionally, the jugular vein was isolated, and a
catheter filled with heparinized saline was inserted as far as the
superior vena cava to allow mixed venous blood to be sampled.
Throughout the experimental procedures, a maintenance solution of
2% (wt/vol) BSA was delivered at a rate of 2 ml·kg!1·h!1. After a
20-min equilibration period, gas mixtures of O2 concentrations of 0%,
13%, 15%, 17%, 21%, 30%, and 100% were passed over the tracheal
catheter. The order of presentation of the gas mixtures was randomized. Once the PO2 in blood measured by the fluorescent optodes
plateaued (%5–10 min), blood samples were collected for blood gas
analysis (ABL 700 series, Radiometer, Copenhagen, Denmark). Arterial blood was also collected into a capillary tube for measurements
of hematocrit.
Protocol 2: can a single Bohr curve be used for measurements of
arterial and renal venous blood SO2 from arterial and venous PO2?
Protocol 2 is shown in Fig. 1B (n # 6). Blood PO2, PCO2, SO2, total
hemoglobin concentration, hematocrit, actual base excess, standard
base excess, and concentrations of K&, Ca2&, glucose, and lactate
were compared between arterial and renal venous blood at various
levels of inspired O2 content. In addition to the surgical preparation
described above, renal venous blood was collected from the left
kidney via a catheter inserted in the right renal vein and advanced to
the left renal vein. Total RBF was also measured throughout via a
transit-time ultrasound flow probe (type 0.7 VB, Transonic Systems)
placed around the left renal artery. Rats were artificially ventilated at
a rate of 80 breaths/min, a tidal volume of 2.5 ml, and a positive
end-expiratory pressure of 3 cmH2O. Animals received 2% (wt/vol)
BSA at a rate of 6 ml/h iv during surgery, which was maintained at 2
ml/h thereafter. After a 20-min equilibration period, inspired O2 was
varied randomly to 17%, 19%, 21% (room air), and 30%. At each
level of inspired O2 concentration, a period of 5–10 min was allowed
for equilibrium to be reached before renal venous and tail arterial
blood samples were collected for oximetry (ABL 700 series).
Protocol 3: kidney oxygenation during IRI. Protocol 3 is shown in
Fig. 1C (n # 15). In protocol 3, we estimated arterial and renal venous
O2 content by 1) estimating the hemoglobin concentration from
capillary tube hematocrit, 2) estimating O2 dissolved in plasma from
the PO2 of femoral arterial and renal venous blood determined using
fluorescence lifetime oximetry (9), and 3) estimating SO2 from Bohr
curves constructed from measurements of arterial PO2 (fluorescence
lifetime) and hemoglobin saturation (pulse oximetry) (see Calculations). The data required for construction of the Bohr curves were
obtained during the equilibration period before the experiment itself
had commenced. The experiment was divided into three experimental
periods: control (30 min), a period in which the blood flow to the
kidney was occluded (60 min), and a 2-h period of reperfusion of the
kidney (n # 6). A separate group of rats served as sham controls
(n # 9).
Rats were anesthetized with thiobutobarbital sodium [Inactin (155
mg/kg ip), Sigma, St. Louis, MO] and artificially ventilated. During
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Fig. 1. Schematic representation of the three experimental protocols. In protocol 1 (A), arterial and venous blood samples (0.3 ml) were collected for blood gas
analysis and the determination of capillary tube hematocrit at the end of each 10-min gas challenge. The shaded boxes indicate when gas mixtures of varying
O2 concentration (ranging from 0% to 100%, where n represents the number of O2 concentrations measured in a single experiment) were delivered in random
order to spontaneously ventilated rats. In protocol 2 (B), the inspired O2 concentration was varied between 17%, 19%, 21% (room air), and 30% in random order
(shaded boxes) in artificially ventilated rats. At each level of inspired O2, blood samples were collected for oximetry from the tail artery and renal vein. In protocol
3 (C) during the equilibration period, each rat was exposed to brief periods of ventilation with room air and 15%, 18%, and 30% O2 to allow the construction
of a hemoglobin-O2 dissociation curve (Bohr curve). The left renal artery was occluded at the end of the control clearance period and then released after 60 min
of ischemia (or sham ischemia). After a 10-min period to allow equilibration, measurements were made over four consecutive 30-min clearance periods. Sx,
surgery; E, equilibration period; BC, Bohr curve; C, control period; U1–U5, urine collection periods; Temp, temperature.

all surgical procedures, 2% (wt/vol) BSA was infused intravenously at
a rate of 6 ml/h. The BSA infusion was then maintained at 2 ml/h
during the equilibration period and experiment. Arterial PO2 was
measured via a fluorescent optode inserted into the left femoral artery
as described for protocol 1, and renal venous PO2 was measured by
inserting a fluorescent optode into the left renal vein via the right renal
vein. Mean arterial pressure (MAP) and heart rate were measured via
the tail artery.
The left kidney was placed in a stable micropuncture cup, and
fluorescence optodes were inserted to measure cortical (2 mm below
surface of kidney) and inner medullary (5 mm below the surface of the
kidney) PO2. A surface laser-Doppler probe (DP26, surface probe,
Moor Instruments, Devon, UK) was used for measurements of cortical
perfusion, whereas a 26-gauge needle probe (DP4s, Moor Instruments) was used for measurements of inner medullary perfusion (5
mm below the cortical surface). Before data analysis, offset values of
laser-Doppler flux, obtained at the completion of the experiment once
rats were euthanized with an overdose of pentobarbital, were subtracted from flux values obtained during the experiment (15). Total
RBF was measured in the left kidney via a transit-time ultrasound
flow probe placed around the renal artery.
At the end of the surgical preparations, rats received bolus doses of
10 'Ci [3H]inulin (50 'l, Perkin-Elmer Australia), heparin (20 IU in
20 'l, Pfizer Australia), and pancuronium bromide (2 mg/kg, Astra
Zeneca) intravenously. A maintenance infusion of 2% (wt/vol) BSA
delivered 676 nCi/h [3H]inulin, 20 IU/h heparin, and 0.1 mg/kg/h
pancuronium bromide throughout the experiment. A 1-h equilibration
period was allowed before experimental manipulations commenced.
Glomerular filtration rate (GFR) was measured by the clearance of
[3H]inulin (30). Throughout the protocol, all rats were artificially
ventilated with 40% O2 at a ventilation rate of 80 breaths/min and a
tidal volume of 3.5– 4.5 ml.
To generate the data required to construct the Bohr curves, during
the first 15 min of the 60-min equilibration period, rats were ventilated
with the following four gas mixtures: 17% O2, 19% O2, 21% O2
(room air), and 30% O2 in random order. The resultant Bohr curve

was later used to determine blood O2 content from the measured
arterial and renal venous blood PO2.
Experimental Procedures
After a 30-min control clearance period, the left renal artery was
occluded for 60 min using a microvascular clamp. In the sham control
group, the renal artery was manipulated but not occluded. Upon
completion of the 60-min period of complete ischemia, the microvascular clamp was released, and, after a 10-min period, four consecutive
30-min clearance periods ensued. Urine produced by the left kidney
was collected during each clearance period, an arterial blood sample
(300 'l) was collected at the midpoint of each period and centrifuged
at 4°C and 3,000 rpm for 10 min, plasma was collected, and the
[3H]inulin concentration was measured.
Calculations
Bohr curves were modeled based on Hill’s equation and analyzed
using nonlinear regression in GraphPad Prism (29). Arterial PO2
obtained by fluorescence optodes was plotted against SO2 obtained via
pulse oximetry. In protocol 3, because there was little variation in the
Bohr curves between rats (see RESULTS), a single Hill equation, based
on data from all animals, was used to calculate arterial and venous SO2
as follows:
SO2(%) ! [a " (POb2)] ⁄ (cb # POb2)
where PO2 is either arterial or venous PO2 measured in the experiment
(in mmHg), a is the O2-binding capacity of hemoglobin (ml O2/g
hemoglobin), b is the Hill coefficient, and c is the PO2 in the blood at
which hemoglobin is 50% saturated (P50) at equilibrium (in mmHg).
The O2 content of arterial and venous blood was calculated as
follows:
Total blood O2 content !ml O2/dl" ! (0.0139 " [Hb] " SO2)
# (0.003 " PO2)
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where Hb is the blood hemoglobin concentration (in g/dl); SO2 is in %,
and PO2 is in mmHg.
Kidney DO2 and V̇O2 could then be calculated as follows:
DO2(ml O2 ⁄ min) ! (arterial O2 content/100) " RBF
V̇O2(ml O2 ⁄ min) ! [(arterial $ venous O2 content)/100] " RBF
Histological Assessment of Cellular Hypoxia and Tissue Damage
(Protocol 4)
Cellular hypoxia was assessed using the hypoxia-sensitive marker
pimonidazole hydrochoride (Hydroxyprobe) on a separate cohort of
rats (n # 5 sham control rats and 5 rats subjected to IRI) treated
identically to those used in protocol 3. The hypoxia marker was
administered via the jugular vein at a dose of 60 mg/kg, 60 min after
reperfusion had commenced. At the end of the reperfusion period, 60
min after the administration of pimonidazole, the left kidney was
perfusion fixed with 4% (wt/vol) paraformaldehyde (paraformaldehyde powder, no. 158127, Sigma-Aldrich) at a pressure of 150
mmHg. The perfused left kidney was then processed for pimonidazole
adduct immunohistochemistry. Antigen retrieval was carried out by
subjecting kidney sections (5 'm) to citrate buffer (Target Retrieval
Solution, DAKO Australia) at 90°C for 30 min. Sections were then
washed in Tris-buffered saline with Tween 20 [TSBT; 0.05 mol/l
Tris·HCl, 0.15 mM NaCl, and 0.05% (vol/vol) Tween 20, DAKO
Australia]. Excessive tissue peroxidase activity was then quenched by
an incubation for 10 min in 0.03% (vol/vol) H2O2 containing sodium
azide (DAKO Australia), after which sections were washed twice in
TSBT. Sections were then treated with protein block solution (Protein
Block Serum-free, DAKO Australia) for 5 min and washed twice in
TSBT. Sections were then treated with a mouse primary antibody
against pimonidazole (1:3,000 dilution, Hydroxyprobe) for 1 h before
an incubation with horseradish peroxidase conjugated with goat antimouse secondary antibody (DAKO Australia) for 30 min. Sections
were then washed twice with TSBT before an incubation with 3-diaminobenzidine (DAKO Australia). Sections were then counterstained with hematoxylin. Two sections were analysed from each of
the 10 kidneys. An additional section from each kidney was processed
and stained with hematoxylin and eosin alone.
Statistical Analyses
Data are expressed as means $ SE. All statistical analyses were
performed using the SYSTAT statistical package (version 10, Cranes
Software, Chicago, IL) or GraphPad Prism (version 6.0b for Mac,
GraphPad Software, La Jolla, California). Two-tailed P values of
%0.05 were considered statistically significant.
For protocol 1, ordinary least-products regression analysis (27) was
used to determine the relationships between PO2 measured by fluorescent optodes, SO2 measured by pulse oximetry, and hemoglobin
content estimated from hematocrit determined by the capillary tube
technique, and their values were determined by blood oximetry.
For protocol 2, all parameters measured by blood oximetry were
subjected to repeated-measures ANOVA (28). The analysis tested the
hypotheses that each measured variable 1) was dependent on the level
of inspired O2, 2) differed in arterial compared with renal venous
blood, and 3) depended on some interaction between these factors.
For protocol 3, baseline parameters and P50 values were analyzed
using Student’s unpaired t-test to determine whether there were
systematic differences between the two groups of rats during the
control periods before ischemia or sham ischemia. Data collected
across the course of the experiment were subjected to repeatedmeasures ANOVA (28) to determine whether the effects of ischemia
differed from those of sham ischemia.
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RESULTS

Protocol 1: Methods for Measurements of Blood PO2,
Saturation, and Hemoglobin Content
Changes in inspired O2 content resulted in rapid changes in
arterial and venous PO2 measured by fluorescence optodes and
SO2 measured by pulse oximetry. These variables reached a
new steady state within 30 – 60 s of the change in inspired O2
content. Measurements from fluorescence optodes, pulse oximetry, and capillary hematocrit were obtained at the same time
point at which blood samples were collected for blood oximetry.
Measurements of PO2 of arterial and venous blood were
combined for the purposes of this analysis (Fig. 2A). There was
a strong relationship between PO2 measured by fluorescence
optodes and blood oximetry (r2 # 0.84, P ( 0.001). There was
some proportional bias in that PO2 measured by fluorescence
optodes tended to be less than that measured by blood oximetry
(slope # 0.78 with 95% confidence limits of 0.69 – 0.87).
However, there was no significant fixed bias in that the 95%
confidence limits of the x-intercept (5.1 mmHg) included zero
(!1.2 to 11.4 mmHg). There was a strong linear relationship
between the two methods for measurements of arterial hemoglobin saturation (r2 # 0.90, P ( 0.001; Fig. 2B). Although
there was a slight fixed bias (x-intercept # 8.5% with 95%
confidence limits of 0.6 –16.4%), there was no significant
proportional bias. Hematocrit varied linearly with hemoglobin
concentration measured by blood oximetry (Fig. 2C). Thus,
hemoglobin concentration could be determined from capillary
hematocrit using the following relationship:
Hemoglobin concentration !mg/dl"
! capillary hematocrit !%"/3.08
This relationship was applied in protocol 3. Because bias in
methods for measurements of blood PO2 (fluorescence optodes)
and hemoglobin saturation (pulse oximetry) was at most relatively small, and because the Bohr curves we applied in
protocol 3 were derived from the combination of these methods, we made no attempt to correct measurements of blood PO2
or SO2 in protocol 3.
Protocol 2: Can a Single Bohr Curve Be Used for
Measurements of Arterial and Renal Venous Blood SO2
From Arterial and Venous PO2?
Altering the inspired O2 content did not significantly affect
arterial or renal venous blood pH or PCO2 (Fig. 3) or total
hemoglobin and hematocrit (data not shown). As would be
expected, arterial and renal venous PO2 and SO2 were reduced
during hypoxia (17% and 19% O2) and increased during
hyperoxia (30% O2; Fig. 3).
Neither PCO2 nor pH varied significantly between arterial
and renal venous blood. When values were averaged over the
four levels of inspired O2, the concentrations of Cl! and lactate
were 1.6 $ 0.2 and 0.3 $ 0.1 mmol/l greater, respectively, in
arterial compared with renal venous blood. In contrast, the
HCO!
3 concentration, actual base excess, standard base excess,
Ca2& concentration, and glucose concentration were greater in
renal venous compared with arterial blood (data not shown).
The Bohr curve depicting the relationship between arterial
and renal venous PO2 and SO2, measured by blood oximetry,
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Fig. 2. Comparison of methods of measurements of blood PO2 (A) and
hemoglobin saturation (SO2; B) and the relationship between capillary tube
hematocrit and blood hemoglobin determined by direct blood oximetry (C) in
protocol 1. In A, the open circles represent individual observations of PO2 from
blood drawn from the jugular vein, whereas the closed circles represent
observations of PO2 from blood drawn from the tail artery. In B and C, the
different symbols represent observations in different rats. Lines of best fit were
determined by the ordinary least-products method (27). Solid lines show the
relationship when the intercept was not fixed. Dashed lines show the relationship forced through the origin. Within A–C, the Pearson product-moment
correlation coefficient (r2) and the probability (P) that the slope of the
relationship is zero are shown for the relationship when the intercept was not
fixed.

shows that points at the upper end of renal venous blood PO2
overlap those at the lower end of arterial blood PO2 (Fig. 4).
Furthermore, the Hill equation calculated using the combined
data from arterial and renal venous blood samples explained
98% of the variance in the data set.
Kidney DO2 and V̇O2 were calculated for later comparison
with values obtained using our new method based on blood
oximetry using fluorescence optodes (protocol 3). Neither DO2
(P # 0.15) nor V̇O2 (P # 0.07) varied significantly with
inspired O2 content (Fig. 5). During ventilation with 30% O2,
arterial and renal venous blood O2 content averaged 20.6 $ 0.9

60

Poxygen content = 0.06
Partery/vein = 0.08
Pinteraction = 0.63

40

20

0

Hemoglobin : Blood Oximetry (g/dL)

120

Hemoglobin Saturation (%)

Capillary Hematocrit (%)
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Poxygen content = 0.25
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Pinteraction = 0.56

100
80

Poxygen content < 0.001
Partery/vein = 0.03
Pinteraction = 0.56

60
40
20
0

17

19

21

30

Inspired Oxygen Concentration (%)
Fig. 3. Direct oximetry of arterial and venous blood samples in protocol 2.
Values are means $ SE; n # 6. Open columns represent data derived from
arterial blood samples, whereas solid bars represent data derived from
venous blood samples. P values represent the outcomes of two-way
repeated-measures ANOVA, with the within-subjects factors of inspired
“O2 content” and the source of the blood sample (“artery/vein”). The
analysis tested the hypotheses that each measured variable 1) was dependent on the level of inspired O2 (Poxygen content), 2) differed in arterial
compared with renal venous blood (Partery/vein), and 3) depended on some
interaction between these factors (Pinteraction).
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Table 1. Baseline hemodynamic and oxygenation variables
before ischemia or sham ischemia

120

SO2 (%)

100

60
40
20
0

0

50

100

150

200

PO2 (mmHg)
Fig. 4. Hemoglobin-O2 dissociation curve (Bohr curve) derived from blood
samples collected in protocol 2. The solid circles show data derived from blood
samples taken from the femoral artery, whereas the open triangles show data
derived from blood samples taken from the renal vein. Bohr curves were
modeled based on the Hill equation and analyzed using nonlinear regression in
GraphPad Prism (29). The curve can be described by the following equation:
y # (97.7 ) x2.9)/(4.62.9 & x2.9), and r2 # 0.98.

and 16.1 $ 0.8 ml O2/dl, respectively, RBF was 3.0 $ 0.7
ml/min, DO2 was 0.60 $ 0.12 ml O2/min, V̇O2 was 0.13 $ 0.03
ml O2/min, and fractional O2 extraction was 21.9 $ 1.1%.
Protocol 3: Kidney Oxygenation in Ischemia-Reperfusion
Baseline systemic hemodynamic and renal function parameters are shown in Table 1. There were no significant differences between the sham and IRI groups. Estimates of baseline
renal DO2 (0.96 $ 0.12 ml O2/min across both groups) and V̇O2
(0.18 $ 0.03 ml O2/min across both groups) were somewhat
greater than those determined by blood oximetry in protocol 2,
and fractional O2 extraction (15.3 $ 1.3%) was somewhat less.
This could be accounted for by the 53% greater RBF seen in
protocol 3 than in protocol 2, since the calculated arterial O2
content was similar in both protocols 2 and 3.
Cortical and medullary PO2 fell rapidly upon application of
a microvascular clamp on the renal artery, approaching 0
mmHg within 2.5 min. In contrast, cortical and medullary PO2
were well maintained during the period of sham ischemia.
MAP, SO2, and arterial PO2 were not significantly altered
during the 1-h period of ischemia (data not shown).
0.8

Oxygen (ml/min)
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Ischemia-Reperfusion
Injury

P Value

9
98.3 $ 3.4
85.1 $ 5.4
92.2 $ 1.7
48.9 $ 4.9
77.9 $ 3.0
6.4 $ 0.8
1.3 $ 0.2
36.9 $ 4.4
356 $ 12
33.3 $ 4.5
37 $ 10
28.4 $ 3.1
1.07 $ 0.16
0.18 $ 0.05
15.7 $ 2.3

6
98.3 $ 4.3
100.0 $ 10.4
95.3 $ 2.0
53.2 $ 2.9
81.1 $ 1.5
4.7 $ 1.1
1.0 $ 0.2
53.1 $ 12.3
370 $ 37
26.7 $ 8.4
56 $ 22
21.6 $ 8.8
0.83 $ 0.18
0.18 $ 0.05
14.8 $ 0.8

0.99
0.24
0.27
0.47
0.37
0.25
0.36
0.27
0.75
0.52
0.46
0.50
0.67
0.46
0.35

17.9 $ 0.5

18.1 $ 0.7

0.87

14.9 $ 0.6

10.7 $ 2.7
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0.6

0.4
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21%
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17%

Fig. 5. Kidney O2 delivery (DO2; solid bars) and O2 consumption (V̇O2; open
bars) at various levels of inspired O2 content in protocol 2. Values are means $
SE; n # 6.

Number of animals/group
MAP, mmHg
Arterial PO2, mmHg
Arterial SO2, %
Renal venous PO2, mmHg
Renal venous SO2, %
RBF, ml/min
GFR, ml/min
Filtration fraction, %
CBF, units
Cortical PO2, mmHg
MBF, units
Medullary PO2, mmHg
DO2, ml O2/min
V̇O2, ml O2/min
Fractional O2 extraction, %
Arterial blood O2 content,
ml O2/dl
Renal venous blood O2
content, ml O2/dl

Data are means $ SE. MAP, mean arterial pressure; SO2, hemoglobin
saturation; RBF, renal blood flow; GFR, glomerular filtration rate; CBF and
MBF, cortical and medullary blood flow, respectively; DO2, renal O2 delivery;
V̇O2, renal O2 consumption. P values are the outcomes of a Student’s unpaired
t-test.

MAP gradually fell over the course of the experiment. The
magnitude of this effect was similar in the two groups of rats,
reaching !13.7 $ 2.3 mmHg (averaged across both groups)
during the final clearance period (Fig. 6). After ischemia,
arterial PO2 and SO2 slightly increased but remained relatively
stable across the 2-h reperfusion period. Across the total
reperfusion period, they were, on average, 5.6 $ 2.5 mmHg
and 1.3 $ 0.5% greater, respectively, than during the control
period. In contrast, after sham ischemia, arterial PO2 (!7.2 $
0.9 mmHg) and SO2 (!2.2 $ 0.3%) fell slightly (Fig. 6).
Neither renal venous PO2 nor SO2 were significantly different
during the reperfusion period relative to the control period
before ischemia. These variables also remained relatively stable across the course of the experiment in rats subjected to
sham ischemia (Fig. 6 and Table 2).
RBF decreased progressively over the course of the experiment in the sham group, being 19 $ 4% less during the period
90 –120 min after the end of sham ischemia than during the
control period. In contrast, there was a considerable deficit in
RBF commencing immediately after reperfusion, so that RBF
was 41 $ 13% less during the period 90 –120 min after
reperfusion commenced than during the control period (Fig. 7
and Table 2). This was reflected in the significantly greater
reduction in cortical blood flow in rats subjected to ischemia
(!16 $ 4% during the period 90 –120 min after reperfusion
commenced compared with the control period) than those
subjected to sham ischemia (!8 $ 2%). In contrast, medullary
blood flow was little altered after ischemia (Fig. 7 and Table 2).
Renal DO2 was markedly reduced during the reperfusion
period, so that it averaged 45 $ 12% less during the period
90 –120 min after reperfusion than during the control period.
After sham ischemia, DO2 progressively reduced, in line with
the reduction in RBF (Fig. 8).
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GFR and renal V̇O2 were markedly reduced during reperfusion (by !94 $ 2% and !57 $ 8%, respectively, when
averaged across the 2-h period of reperfusion). GFR was well
maintained after sham ischemia (!3 $ 11% change), but V̇O2
was reduced by 25 $ 5% (Figs. 7 and 8 and Table 2).
Fractional O2 extraction remained relatively stable across the
course of the experiment in both groups of rats.
Neither cortical nor medullary PO2 were significantly reduced during the reperfusion period compared with the control
period before ischemia. Indeed, the responses of these variables to ischemia-reperfusion were indistinguishable from
those to sham ischemia (Fig. 9 and Table 2).
P50 values for Bohr curves generated before commencement of
the experimental protocol did not differ significantly (P # 0.34)
between rats that were subsequently exposed to ischemia (28.3 $
2.4 mmHg) or sham ischemia (24.4 $ 3.1 mmHg; Fig. 10).
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Protocol 4: Histological Assessment of Cellular Hypoxia and
Tissue Damage

-10

Renal tissue from rats subjected to sham treatment appeared
relatively normal (Fig. 11). The cortex of rats subjected to IRI
displayed occasional tubular casts. Other tubular profiles appeared slightly dilated, but the brush border of proximal
tubules appeared relatively normal. In the outer stripe of the
medulla, about half of the tubular profiles were filled with
casts. Many of the remaining tubular profiles were dilated with
some flattening and irregularity of the brush border. In the
inner stripe, erythrocytes were observed in some capillaries,
despite the use of perfusion fixation, suggesting the presence of
vascular congestion. As observed in the outer stripe, many
tubules were filled with casts or had irregular thinning of the
brush border. In the inner medulla, apart from the presence of
tubular casts, morphology was relatively normal.
Little or no pimonidazole staining was found in the cortex
and outer stripe of the outer medulla of kidneys exposed to
sham ischemia (Fig. 11). Some positive staining was found in
the tubular elements in the inner stripe of the outer medulla and
inner medulla, in thin limbs of the loop of Henle but not in
collecting ducts. Patchy positive staining was found in the
cortex of kidneys exposed to IRI, chiefly in the brush border of
proximal tubules. More consistent staining was found on the
apical aspects of tubular elements in the outer and inner stripes
of the outer medulla. In the outer stripe in particular, pimonidazole staining appeared to be largely restricted to the apical
membranes of dilated tubules. In the inner medulla, both thin
limbs of the loop of Henle and collecting ducts displayed
consistent pimonidazole staining. Note also that the lumen of
some tubular elements within the kidneys subjected to IRI were
also found to contain pimonidazole staining. This luminal
staining appeared to correspond to the presence of tubular
casts, so is likely to be artifactual (Fig. 12).

-20

∆ Arterial SO2 (%)

6
4
2
0
-2
-4

∆ Renal Venous SO2 (%)

∆ Renal Venous PO2 (mmHg)

-6

20

10

0

-10

6
4
2
0
-2
-4
-6

U2

U3

U4

U5

Fig. 6. Responses of arterial pressure and arterial and renal venous blood
oxygenation to ischemia-reperfusion. Values are means $ SE of differences (*) in
each variable during the four consecutive 30-min periods after reperfusion commenced compared with the 30-min period before renal ischemia (solid bars) or sham ischemia (open bars). MAP, mean arterial pressure.
Outcomes of repeated-measures ANOVA for these data sets are shown in Table 2.
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Table 2. Outcomes of repeated-measures ANOVA for the data shown in Figs. 6 –9
Group

Figure 6
*MAP, mmHg
*Arterial PO2, mmHg
*Arterial SO2, %
*Renal venous PO2, mmHg
*Renal venous SO2, %
Figure 7
%*RBF
%*CBF
%*MBF
%*GFR
Figure 8
%*DO2
%*V̇O2
*Fractional O2 extraction, %
Figure 9
*Cortical PO2
*Medullary PO2

Time

P value

Degrees of freedom

P value

Degrees of freedom

G-G !

0.31
0.02
0.005
0.11
0.20

1,13
1,12
1,12
1,11
1,11

( 0.001
0.37
0.23
0.44
0.56

3,39
3,36
3,36
3,33
3,33

0.49
0.37
0.36
0.58
0.56

0.05
0.02
0.29
0.005

1,13
1,13
1,12
1,12

0.001
0.016
0.20
0.26

3,39
3,39
3,36
3,36

0.70
0.50
0.72
0.38

0.09
0.05
0.9

1,11
1,10
1,9

0.001
0.30
0.94

3,33
3,30
3,27

0.74
0.42
0.41

0.69
0.07

1,12
1,12

0.13
0.29

3,36
3,36

0.56
0.36

P values are the outcomes of repeated-measures ANOVA with the between-subjects factor of “group” (ischemia or sham ischemia) and the within-subjects
factor of “time” (clearance periods after ischemia or sham ischemia). The Greenhouse-Geisser correction (25) was applied to P values arising from the
within-subjects factor to protect against the risk of type 1 error arising from the repeated-measures design. G-G ! is estimate of ! derived by the
Greenhouse-Geisser method. *, absolute change; %*, percent change.
DISCUSSION

Previous studies have documented reduced renal tissue PO2
in both the renal medulla and/or cortex during reperfusion after
a period of aortic cross clamping (22, 23, 38). In this context,
our present findings of relatively well-maintained cortical and
inner medullary PO2, as measured by fluorescence optodes,
during reperfusion after a period of occlusion of the renal
artery may appear somewhat surprising. However, just as renal
hypoxia observed after aortic cross clamping can be explained
by the presence of a greater deficit in renal DO2 than V̇O2 (22,
23, 38), the relative preservation of kidney tissue PO2 in our
present experimental protocol can be explained by the fact that
the deficit in renal V̇O2 (%60%) matched or exceeded that of
DO2 (%45%) during reperfusion. These observations reinforce
the notion that kidney oxygenation is governed by the balance
between O2 delivery and demand (8, 12). Nevertheless, pimonidazole adduct immunohistochemistry provided evidence
of cellular hypoxia during reperfusion, localized particularly to
the apical membranes of dilated tubules in the outer medulla.
Thus, even in the absence of a detectable deficit in renal DO2
relative to V̇O2, and thus widespread tissue hypoxia, localized
hypoxia may drive development of AKI (20) and its subsequent progression to chronic kidney disease or end-stage renal
failure (1).
How can we explain our inability to detect reduced renal
tissue PO2 in the face of evidence of localized hypoxia at the
cellular level detected by pimonidazole adduct immunohistochemistry? One might argue that our inability to detect significant reductions in tissue PO2 during reperfusion might simply
be a type II statistical error. We cannot exclude this possibility.
However, we are reassured by the fact that the fluorescence
optode technique we used provides a measure of tissue PO2
averaged over a relatively large area of tissue. Consequently, it
is associated with less variability and greater sensitivity to
changes in tissue PO2 than the “gold standard” Clark microelectrode (10, 25). Another potential explanation arises from

the fact that we measured tissue PO2 in the cortex and inner
medulla, but not in the outer medulla, yet the most prominent
staining for pimonidazole adducts was observed in the outer
medulla. This latter observation accords with those from studies using BOLD MRI, in which hypoxia was found to be
localized specifically to the renal outer medulla in IRI (31, 33).
It is also noteworthy that our present observations in rats of the
absence of widespread tissue hypoxia as detected by fluorescence optodes fit well with the limited information from studies
of kidney oxygenation after renal transplantation in humans. In
the immediate postoperative period, HIF-1" immunostaining
(presumably reflecting tissue hypoxia) was greater in biopsies
from functional than nonfunctional kidneys (36). Similarly,
using BOLD MRI in patients during the first 4 mo after renal
transplantation, Sadowski et al. (37) provided evidence for
greater oxygenation of the renal medulla in patients undergoing
acute rejection than in the medulla of normally functioning
transplanted kidneys, despite poorer medullary perfusion. Both
Rosenberger et al. and Sadowski et al. proposed that the lesser
hypoxia in nonfunctional than functional transplanted kidneys
could be explained by the relative lack of V̇O2 for Na&
reabsorption, due to failure of glomerular filtration. Our present
observations provide direct evidence to support this proposition, since our experimental model, in which only the renal
artery was clamped, was associated with a marked deficit in
GFR (!94%) and V̇O2 (!57%) during reperfusion, but RBF
(!41%) and DO2 (!45%) were less affected. In accord with
our findings, recent observations indicate that renal perfusion is
relatively better maintained in experimental models of IRI in
which only the renal artery is occluded than in models in which
both the renal artery and vein are clamped (26).
How do these findings bear on the proposition that hypoxia
drives the development and progression of kidney disease
induced by renal ischemia-reperfusion? Basile and colleagues
(2, 3, 6) as well as others (21, 42) have shown that renal IRI
results in long-term damage to the kidney and the eventual
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renal disease, because it provides a mechanistic link between
postglomerular peritubular microvascular insufficiency and the
inflammation and fibrosis that develop during the progression
of chronic kidney disease, which, in turn, exacerbates hypoxia.
Our observation of positive staining for pimonidazole, particularly localized to the apical aspects of dilated tubules in the
outer medulla, confirms that hypoxia in the outer medulla is a
characteristic feature of renal IRI and so could potentially
contribute to the development of AKI (17, 31, 33).
An important morphological characteristic of the kidney
during reperfusion is the presence of tubular casts. These casts
displayed intense pimonidazole staining. Rather than reflecting
tissue hypoxia, pimonidazole staining in the blocked lumen of
tubules is likely an artifact. The remaining patent tubules,
particularly in the outer medulla, often appeared dilated, with
considerable damage to the brush border. The fact that pimonidazole staining was most intense at the apical aspect of
these tubular epithelial cells may be significant. Presumably,
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Fig. 7. Responses of renal blood flow (RBF), cortical and medullary perfusion
[cortical blood flow (CBF) and medullary blood flow (MBF), respectively], and
glomerular filtration rate (GFR) to ischemia-reperfusion. Values are means $ SE
of the percent change (*) during the four consecutive 30-min periods after
reperfusion commenced compared with the 30-min period before renal ischemia (solid bars) or sham ischemia (open bars). Outcomes of repeatedmeasures ANOVA for these data sets are shown in Table 2.

development of chronic kidney disease associated with oxidative stress, capillary rarefaction, fibrosis, and tissue hypoxia
(6). Fine and Norman (13) proposed that renal hypoxia represents a final common pathway to the development of end-stage
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Fig. 8. Responses of renal DO2 and V̇O2 and fractional O2 extraction to
ischemia-reperfusion. Values are means $ SEM of the percent change during
the four consecutive 30-min periods after reperfusion commenced compared
with the 30-min period before renal ischemia (solid bars) or sham ischemia
(open bars). Outcomes of repeated-measures ANOVA for these data sets are
shown in Table 2.
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Fig. 9. Responses of cortical and medullary PO2 to ischemia-reperfusion.
Columns and error bars represent the mean $ SEM of differences (*) in each
variable during the four consecutive 30 min periods after reperfusion commenced, compared with the 30 min period prior to renal ischemia (closed
columns) or sham ischemia (open columns). PO2 # partial pressure of oxygen.
Outcomes of repeated measures analysis of variance for these data-sets are
shown in Table 2.

such dilated tubules have a relatively large demand for O2
because they bear the burden of the remaining filtered load of
Na&. This may explain their susceptibility to development of
localized hypoxia.
We must apply some additional caveats to our conclusions.
The first caveat relates to the fact that our present findings
regarding renal hemodynamics are at odds with those of
several recent studies that have documented reductions in
medullary perfusion, but not total RBF or cortical perfusion,
during reperfusion in rats after 45 min of warm ischemia (for
a review, see Ref. 35). In the present study, we observed
reductions in total RBF and cortical perfusion but not medullary perfusion. These differences may reflect the greater severity of AKI in our present model, in which we used a 60-min
period of warm ischemia compared with these previous studies. One must also recognize an important limitation of laserDoppler flowmetry in richly perfused tissues such as the
kidney. In such tissues, laser-Doppler flux largely provides a
measure of erythrocyte velocity rather than perfusion per se
(7). Thus, we cannot exclude the possibility of reduced medullary perfusion during reperfusion in our experiments, mediated by reductions in the number of perfused vasa recta rather
than reduced erythrocyte velocity. Second, for technical reasons, we were unable to measure Na& clearance in our experiment and thus could not assess changes in total Na& reabsorption. Nevertheless, it seems reasonable to conclude that the
major cause of the 57% reduction in renal V̇O2 during reperfusion was reduced Na& reabsorption as a consequence of the
94% reduction in GFR. Finally, we must show extreme caution

Sham
P50
100

SO2 (%)

10

in attempting to extend conclusions based on a rodent model of
warm IRI to clinical situations (16). This point was recently
brought into focus by the findings of Parekh and colleagues
(32), who provided evidence that the human kidney is remarkably tolerant to the effects of ischemia induced by clamping the
renal pedicle for periods of 30 – 60 min.
Previous studies of kidney oxygenation using aortic cross
clamping have consistently shown the presence of widespread
reductions in renal tissue PO2 during the acute phase of renal
IRI. In rats, Legrand and colleagues (22, 23) placed a vascular
occluder on the aorta upstream from the renal arteries but
downstream from the mesenteric artery. Thus, their model was
one of ischemia and reperfusion of the kidneys, urogenital
system, and hindlimbs. In pigs, Siegmund et al. (38) placed a
vascular occluder on the aorta between the celiac trunk and
superior mesenteric artery. Thus, their model was one of
ischemia and reperfusion of the kidneys, gut, urogenital system, and hindlimbs. In contrast, in our present study, in which
only the renal artery was occluded, reduced renal tissue PO2
could not be detected. On one level, the disparity of our present
findings with those from these previous studies is explicable in
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Fig. 10. Hemoglobin-O2 dissociation curves (Bohr curves) derived from the
rats studied in protocol 3. Arterial SO2 was determined by pulse oximetry,
whereas arterial PO2 was determined by fluorescence optodes, as systemic
oxygenation was altered by varying inspired O2 concentrations (30%, 21%,
19%, 17%, and 15% O2) in 12 of the 15 rats in protocol 3. We were unable to
construct Bohr curves in three rats due to technical difficulties in obtaining SO2
via pulse oximetry. Each color identifies a single rat that was subjected to
ischemia-reperfusion (bottom) or sham treatment (top). The dashed line demonstrates the value of PO2 in the blood at which hemoglobin is 50% saturated
(P50 value) obtained from the overall Bohr curve for each group. Bohr curves
were modeled based on the Hill equation and analyzed using nonlinear
regression in GraphPad Prism (29).
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A

Fig. 11. Pimonidazole adduct immunohistochemistry. A–J: representative images of kidney sections of sham-operated rats (A, C, E,
G, and I) and rats subjected to ischemiareperfusion surgery (B, D, F, H, J). A and
B: the whole kidney; C and D: the cortex (C);
E and F: the outer stripe of the medulla
(OSM); G and H: the inner stripe of the
medulla (ISM); I and J: the inner medulla
(IM). Images are typical of the 2 sections
from each of the 10 kidneys that were examined. Sections were counterstained with hematoxylin, and pimonidazole adduct immunostaining is shown in brown. The positions
from within the kidney where the images
were taken are shown in the images of the
whole kidney (A and B). The kidney of rats
subjected to sham ischemia showed little or
no pimonidazole staining except in thin limbs
of the loop of Henle (T) in occasional tubular
casts (arrows) in the inner stripe of the medulla. Tubules in the kidneys of rats subjected to ischemia and reperfusion were often
dilated with a flattened brush border that
stained strongly for pimonidazole. Tubular
casts were abundant, particularly in the inner
stripe of the medulla (H), and capillaries
were often plugged with erythrocytes (*). In
the inner medulla, pimonidazole staining was
obderved in the collecting ducts (CD) as well
as the thin limbs of the loop of Henle. Bars #
500 'm in A and B, 100 'm in C–H, and 50
'm in I and J.
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terms of effects on renal V̇O2, which was better maintained
after the aorta was clamped than after occlusion of only the
renal artery. However, collectively, these observations might
suggest that ischemia and reperfusion of organs remote to the
kidney could influence renal oxygenation during reperfusion,
by enhancing renal V̇O2. Such a proposition is consistent with
the finding of Legrand et al. (22), that inhibition of the
inducible isoform of nitric oxide synthase improved cortical
and medullary oxygenation and enhanced the metabolic efficiency of tubular Na& reabsorption during reperfusion after

release of a clamp on the aorta. They also found little evidence
for the activation of endogenous renal inducible nitric oxide
synthase during reperfusion but good evidence for activation of
polymorphonuclear cells, monocytes, and macrophages. Thus,
we speculate that the renal dysoxia observed after aortic cross
clamp could at least partly be due to effects on nonrenal tissue,
which, in turn, activate inflammatory cascades within the
kidney itself. This hypothesis merits testing.
In the course of this study, we developed and validated a
new method for measurements of renal DO2 and V̇O2. The
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Pimonidazole Staining

Hematoxylin & Eosin Staining

Fig. 12. Sections stained for pimonidazole (top) and with hematoxylin and
eosin (bottom) showing the presence of pimonidazole staining in tubular casts
in rats subjected to ischemia and reperfusion. Three consecutive sections were
taken for the analysis of each of the 10 kidneys. The first section was stained
for pimonidazole adducts and counterstained with hematoxylin, and the third
section was stained with hematoxylin and eosin. Pimonidazole adduct immunostaining is shown in brown. Note that tubules in which pimonidazole
staining is largely localized to the apical aspect correspond to those with a
patent lumen (i–ix). In contrast, tubules in which pimonidazole staining is
present in the lumen (1–7) correspond with those filled with casts, suggesting
that such luminal pimonidazole staining is artifactual. Bars # 100 'm.

principle of our new method is similar to that developed by
Mik et al. (29). Their technique requires intravenous injection
of a water-soluble near-infrared phosphor. PO2 is then calculated from the decay curve for phosphorescence, because of the
ability of O2 to quench the phosphorescence induced by excitation of the phosphor. Our approach was to use a commercially available fiber optic probe with an immobilized platinum-based fluorophore situated at the sensor tip. The fluorophore is excited by a pulse of light, and because the lifetime of
the fluorescence is inversely proportional to the concentration
of O2, PO2 can be derived. We (10, 11, 24, 25) and others (17,
41) have previously used this approach for measurements of
kidney tissue oxygenation. We are not aware of previous
studies in which this approach has been used to assess organ
DO2 and V̇O2, although fiber optic devices have been used
clinically for measurements of blood gas status (19). We
showed relatively good agreement between PO2 measured by
fluorescence optodes and direct blood oximetry, both for arte-
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rial and venous blood (protocol 1). We also showed good
agreement between arterial SO2 measured by the Mouse Ox
pulse oximeter and direct blood oximetry. Thus, measurement
of arterial PO2 by fluorescence optodes, arterial SO2 by pulse
oximetry, and estimation of hemoglobin concentration from
capillary tube hematocrit allowed us to calculate arterial blood
O2 content. Combined with measurement of RBF by transittime ultrasound flowmetry, we were able to estimate renal DO2.
To estimate renal V̇O2, we had to first establish that the pH and
PCO2 of blood during transit across the renal circulation did not
change appreciably, so that a single hemoglobin-O2 dissociation curve could be used to calculate SO2 from PO2 in arterial
and renal venous blood (protocol 2). Having established this,
we could then generate hemoglobin-O2 dissociation relationships for arterial blood, during the equilibration period of
protocol 3, by briefly exposing rats to gas mixtures with an O2
content less than that used during the experiment itself (i.e.,
(40% O2). These relationships were established in all but
three rats studied in protocol 3, but because there was little
between-rat variation, we used a single relationship determined
from the data from all animals to calculate renal venous SO2
from renal venous PO2. This also allowed us to include, in our
final analysis, the results of the three animals in which Bohr
curves could not be constructed because of equipment failure
during the equilibration period.
In conclusion, our present study, using a new method for
simultaneous assessment of renal tissue PO2 and whole kidney
DO2 and V̇O2, indicates that failure of glomerular filtration in
AKI caused by renal IRI injury provides some protection
against the development of global renal tissue hypoxia by
limiting renal tubular V̇O2. Our observations may provide at
least a partial explanation for the findings of Rosenberger and
colleagues (36) of greater HIF-1" immunostaining in renal
biopsies from patients with functional transplanted kidneys
relative to those with nonfunctional grafts. This conclusion
accords with the notion of “acute renal success” first suggested
+35 yr ago by Thurau and Boylan (40). Their concept has
remained controversial, in part because of studies showing that
the metabolic cost of Na& reabsorption is increased in various
forms of AKI (22, 23, 34, 38). Regardless, even in the absence
of widespread reductions in renal tissue PO2 in renal IRI,
localized hypoxia can be detected, particularly in, although not
restricted to, the apical aspects of dilated tubules in the outer
medulla. Such localized hypoxia may represent an important
stimulus for the progression of AKI.
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A ROLE FOR TUBULOINTERSTITIAL hypoxia in the initiation and
progression of chronic kidney disease (CKD) was first proposed by Fine and colleagues (6). Since then, a considerable
body of evidence has accumulated in support of this concept
(14). However, it must also be acknowledged that there is
currently no “smoking gun” providing direct evidence of causality (5).
At least five lines of evidence are required to assess the
validity of the “chronic hypoxia hypothesis.” 1) Renal tissue
hypoxia should be a common finding in animal models of
CKD. This has certainly been the case in nearly all animal
models studied to date (13), although recent clinical studies
using blood oxygen level-dependent magnetic resonance imaging have been unable to show a strong relationship between
renal hypoxia and the severity of CKD (11). 2) Renal hypoxia
should activate signaling cascades that drive processes such as
inflammation, fibrosis, and capillary rarefaction. There is certainly good evidence for this from in vitro studies (14). There
is also good evidence of the development of inflammatory and
fibrotic processes, tubular damage, and capillary rarefaction in
CKD (14). However, as with any slowly evolving pathology, it
has been difficult to show, in the intact animal, whether these
processes are driven by hypoxia or vice versa. 3) Renal
hypoxia itself should induce CKD. In support of this proposition, Friederich-Persson and colleagues have recently shown
that chronic treatment with dinitrophenol (9) or triiodothyronine (8) can increase renal oxygen consumption, renal hypoxia,
proteinuria, and renal inflammation in the absence of oxidative
stress. 4) Hypoxia should precede the development of renal
dysfunction in experimental models of CKD. This has been
demonstrated in diabetic nephropathy (3) and the remnant
kidney model of CKD (10). 5) It should be possible to prevent
initiation and progression of CKD by preventing renal hypoxia.
This final line of evidence has been the most difficult to
generate, chiefly because it has proved difficult to find ways to
selectively increase renal oxygenation without introducing a
host of confounding factors into the experimental paradigm.
However, it arguably represents the best approach for testing
the chronic hypoxia hypothesis because such interventions
would allow demonstration of a causal relationship between
hypoxia and the progression of CKD.
One way to potentially overcome the difficulties associated
with teasing out the temporal associations of hypoxia and the
progression of CKD is to study models of CKD that develop
after acute kidney injury (14). Such models have the advantage
that the initiation of disease can be attributed to a discrete
stimulus. In a recent issue of the American Journal of Physiology-Renal Physiology, Papazova and colleagues (12) present
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observations of renal oxygenation 2 wk after syngenic renal
transplantation, used as a model of ischemia-reperfusion injury. They provide evidence for uncoupling of mitochondrial
respiration in the transplanted kidney, presumably via uncoupling protein 2. Uncoupling of mitochondrial respiration was
assessed in vitro, as the decrease in oxygen consumption that
occurred after inhibition of uncoupling protein with guanosine
diphosphate. The apparent uncoupling of mitochondrial respiration was associated with augmented renal oxygen consumption in the whole kidney and hypoxia in the renal corticomedullary border. Importantly, at this 2-wk time point there was no
evidence of oxidative damage (as assessed by renal content of
protein carbonyls and urinary excretion of thiobarbituric acidreactive substances), proteinuria, or impaired function in the
transplanted kidney. We believe this model provides an excellent opportunity for further testing of the chronic hypoxia
hypothesis. Studies of the progression of renal dysfunction,
tissue damage, and renal oxygenation in this model may allow
the temporal associations between these factors to be identified, thereby providing a more definitive test of the chronic
hypoxia hypothesis.
Papazova and colleagues went on to examine the effects of
antioxidant treatment (mito-TEMPO), targeted to mitochondria, on mitochondrial uncoupling and renal oxygenation after
renal transplantation. They found that pretreatment of the
donor and the transplanted kidney with mito-TEMPO significantly blunted, but did not completely normalize, their measure
of mitochondrial uncoupling. However, this treatment did not
appear to greatly influence whole kidney oxygen consumption
or renal tissue PO2. Their interpretation of these findings was
that treatment with mito-TEMPO may have had limited efficacy, so that the kidney remained hypoxic because of the
residual level of mitochondrial uncoupling. This could certainly be the case, but an alternative explanation is possible.
Mitochondrial uncoupling may be only one of multiple
factors that contribute to the augmentation of renal oxygen
consumption after renal transplantation, or other forms of
ischemia-reperfusion injury. Superoxide not only activates mitochondrial uncoupling proteins but also reduces the bioavailability of nitric oxide. Reduced bioavailability of nitric oxide,
in turn, can increase renal oxygen consumption by multiple
mechanisms, including by reducing the efficiency of oxygen
utilization within mitochondria and by enhancing tubular sodium reabsorption (4). Furthermore, ischemia-reperfusion injury can result in an array of changes to tubular cell structure
and metabolism, tubular dynamics, and the intracellular localization of transport proteins, including Na!-K!-ATPase (2).
The extent to which these factors persist during the subacute
period after ischemia-reperfusion injury, such as the 2-wk time
point studied by Papazova and colleagues (12), remains to be
determined. It should also be acknowledged that mitochondrial
uncoupling in the kidney can be mediated by mechanisms in
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Fig. 1. Simplified representation of 3 positive feedback loops (dark blue arrows) through which hypoxia and oxidative stress may lead to renal dysfunction and tissue damage. Redox signaling plays
important roles in the normal regulation of renal
function. It is maintained at a low level by a
delicate balance between production and breakdown of reactive oxygen species (ROS). There are
at least 2 important “brakes” on the system (red
dashed lines): 1) activation of uncoupling proteins
inhibits mitochondrial ROS (mtROS) production
while 2) antioxidant factors scavenge ROS in the
cytosol. However, these systems can be overwhelmed, leading eventually to oxidative damage.
Our challenge is to determine the relative importance of the various potential entry points in the
vicious cycle. NO, nitric oxide; SOD, superoxide
dismutase; vit., vitamin; UCP, uncoupling protein.

addition to uncoupling protein 2 (e.g., the adenine nucleotide
transporter), at least after expression of uncoupling protein 2
has been knocked down (7). Thus, given the complexity of the
determinants of renal oxygenation in the period of transition
from acute kidney injury to CKD, it appears unlikely that a
single “silver bullet” treatment will reveal the smoking gun
required to definitively test the chronic hypoxia hypothesis.
An additional major problem in this field is our lack of
understanding of the sequence of events that drive oxidative
stress and hypoxia after renal ischemia-reperfusion. Renal
hypoxia occurs during ischemia, and to a variable extent during
the immediate period of reperfusion (1). Reperfusion also
triggers production of superoxide and other free radicals, from
a variety of sources (2). Available evidence supports the
hypothesis of a vicious cycle of hypoxia, oxidative stress, and
tissue damage during reperfusion (Fig. 1). Central to the field
is our lack of understanding of the relative importance of the
various potential entry points to this vicious cycle.
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Chapter 9
Prolonged and Continuous Measurement of Kidney
Oxygenation in Conscious Rats
Maarten P. Koeners, Connie P.C. Ow, David M. Russell,
Roger G. Evans, and Simon C. Malpas
Abstract
A relative deficiency in kidney oxygenation, i.e., renal hypoxia, may contribute to the initiation and
progression of acute and chronic kidney disease. A critical barrier to investigate this is the lack of methods
allowing measurement of the partial pressure of oxygen in kidney tissue for long periods in vivo. We have
developed, validated, and tested a novel telemetric method that can do this. Here we provide details on the
calibration, implantation, implementation for data recording, and reuse of this telemetry-based technology
for measurement of medullary tissue oxygen tension in conscious, unrestrained rats. This technique provides an important additional tool for investigating the impact of renal hypoxia in biology and
pathophysiology.
Key words Kidney, Tissue oxygen concentration, Medulla, Telemetry

1

Introduction
Clinical and experimental data indicate that multiple forms of acute
and chronic kidney disease are associated with a relative deficiency
in oxygen tension (PO2) within kidney tissue (i.e., renal hypoxia).
These observations have formed part of the evidence underlying
the hypothesis that tissue hypoxia is a critical driver of the development and progression of both acute kidney injury and chronic kidney disease [1–11]. Yet the precise roles of renal hypoxia in the
underlying mechanism(s) remain unresolved. A major technical
limitation has been the absence of methods allowing long-term
measurement of kidney tissue PO2 in conscious, unrestrained
animals.
The advent of implantable radio-telemetry has been pivotal
within cardiovascular research for recording of physiological signals, like arterial blood pressure, over extended periods of time in
unstressed animals (i.e., unhindered by anesthesia or restraint).
Recent advancements in telemetric technology, particularly the
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Fig. 1 Schematic diagram of the fully implantable telemetry system for measurement of kidney tissue PO2.
After implantation surgery each rat is placed on a SmartPad that enables transcutaneous recharging and
continuous recording with a data acquisition system. Control of the telemeter settings is facilitated wirelessly
by the Configurator

ability to recharge the batteries of telemetric transmitters in vivo, in
a completely noninvasive manner [12, 13], have enabled us to
combine radio-telemetry with an electrochemical oxygen sensor.
Herein we report the methods required for use of this exciting
new technology for measurement of renal tissue PO2, with high
temporal resolution, in conscious, unrestrained rats (Fig. 1) [14].
Previously we have validated this technology (Fig. 2) and observed
stable renal medullary tissue PO2 over a 19-day period (Figs. 3 and 4)
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Fig. 2 Validation of the telemetry system. Changes in kidney PO2 in anesthetized
rats, measured by Clark electrode and the carbon paste oxygen electrodetelemetry system. Kidney PO2 was changed by altering inspired oxygen.
Measurements were made sequentially at different depths below the cortical
surface. Symbols represent individual data points. The solid line represents the
line of best fit, calculated by ordinary least products regression analysis (r = 0.74,
P < 0.001). Reproduced from ref. 14 with permission from the American
Physiological Society

Fig. 3 A typical recording of renal medullary tissue PO2 measured over minutes, hours, and one day using a
telemeter that had been implanted for a week. Values are derived using the post-implantation calibration
relationship and subtraction of zero offset values
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Fig. 4 Mean daily medullary tissue PO2 across a 19-day period. Values are derived using the post-implantation
calibration relationship and subtraction of zero offset values and are shown as mean ± SEM of six rats
(see Note 11). Reproduced from ref. 14 with permission from the American Physiological Society

and reproducible responses to hypoxia and hyperoxia (Fig. 5). The
telemetric method we have developed represents the only existing
approach for measurement of renal oxygenation in conscious,
unrestrained rats.

2

Materials

2.1 Oxygen
Telemetry System

1. Telemeter (TR57Y, Millar Inc., Houston, TX, USA).
2. Configurator and ConfigSoft™ software (TR190, Millar Inc.).
3. SmartPad™ (TR181, Millar Inc.).
4. Acquisition hardware and software (e.g., ADInstruments
PowerLab and Lab Chart Data).

2.2 Connection
of the Electrodes

1. Oxygen electrode: carbon paste electrode (Millar Inc.).
2. Teflon (Polytetrafluoroethylene, PTFE) coated silver wire
(AG549511, Advent Research Materials, Suffolk, UK) or reference and auxiliary electrodes (Millar Inc.).
3. FluoroEtch™ (Acton Technologies, Pittston, PA, USA).
4. Acetic acid.
5. 70 % ethanol.
6. Scalpel.
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Fig. 5 Responses of medullary tissue PO2 to altered inspired oxygen content. (a)
Typical response in one rat (solid line, 0.01 Hz low-pass filtered). The dashed line
indicates the oxygen levels measured in the chamber. The shaded area shows
the 5-min periods over which average data were obtained during the four trials
over the 3-week period of telemeter implantation. (b) Mean changes in medullary tissue oxygen in response to hyperoxia (closed bars) and hypoxia (open bars)
of 14 rats. I–IV represent the successive trials performed at 3–4 day intervals.
Reproduced from ref. 14 with permission from the American Physiological
Society

7. Fine (long) nose pliers.
8. Needles for applying epoxy adhesives.
9. Silver conductive epoxy adhesive (8331-14G, MG-Chemicals,
Ontario, Canada).
10. Clear nail varnish.
11. Polyurethane tubing (internal diameter of 1.5 mm).
12. Generic (slow setting) 2-part epoxy adhesive, Selleys Super
Strength Araldite™ (Selleys Australia & New Zealand, Padstow,
NSW, Australia).
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2.3 Implantation
of the Telemeter

1. Isoflurane.
2. Scalpel.
3. Fine forceps.
4. Cotton buds.
5. Sterile saline.
6. Gauzes.
7. Scissors.
8. Retractor for laparotomy.
9. Hemostats.
10. Suture to suture the leads to the adventitia of the aorta (nonabsorbable, 6-0).
11. Needle to pre-puncture the kidney (30G).
12. n-Butyl-2 cyanoacrylate tissue adhesive (TissueSeal, Ann
Arbor, Michigan, USA).
13. SurgicalMesh™ (Textile Development Associates Inc, Brookfield,
Connecticut, USA).
14. Sutures and staples (or sutures) to close abdominal muscle and
skin.
15. Buprenorphine.
16. Sodium pentobarbitone (or alternative method of euthanasia).
17. Terg-a-zyme enzyme detergent (Sigma-Aldrich, St. Louis,
MO, USA).

3
3.1

Methods
System Overview

3.2 Connection
of the Carbon Paste
Oxygen Electrode
to a Telemeter

The Millar Tissue Oxygen Telemeter (TR57Y) is an implantable
telemeter for measurement of tissue PO2 in small animals (>200 g)
such as the rat. The telemeter incorporates a potentiostat and is
encased in silicone (Fig. 1). The unit has three stainless steel coiled
lead wires that must be attached, by the user, to the three electrodes required for measurement of tissue PO2 (working, reference, and auxiliary). The oxygen electrode (working) is a carbon
paste electrode [15–19], while the reference and auxiliary electrodes
are silver electrodes. The telemeter units come in a fully implantable
form, i.e., fitted with all three electrodes. Although the electrodes
used for measurement of PO2 are not suitable for reuse (stabilization of the oxygen electrode in vivo requires deposition of proteins
at the tip of the electrode), the great advantage of the system is that
the user can attach new electrodes before the next experiment.
These are the recommended procedures for attaching new electrodes
to the leads of the telemeter (Fig. 6). The process of attachment
of the electrodes to the telemeter leads requires at least 3 days. An
additional 2 days is required for the connection to be completely
cured, prior to calibration and implantation (see Note 1).
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Fig. 6 Electrode lead preparation. In order to reuse the telemeter, new electrodes
are attached to the telemeter leads. Silver conductive epoxy will facilitate conduction between electrodes and lead wire. Polyethylene (PE) tubing in combination with epoxy adhesive will provide a waterproof seal. Before use ~5 mm and
8 cm of the Teflon coat is removed from the reference and auxiliary electrode,
respectively. Both the carbon paste oxygen and reference electrode are bent at a
90° angle ~5 mm from the electrode tip while the auxiliary electrode is coiled
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3.3 Electrode Lead
Preparation

The oxygen electrode supplied by Millar Inc. is pre-etched by the
supplier. The etching process enhances adhesion of the polyurethane tubing (used to cover the connection) to the electrodes.
Approximately 5 mm of the Teflon-coating of the electrodes
should be removed at one end of the electrode to facilitate insertion of the electrodes into the stretched stainless steel coils of the
telemeter leads. A properly etched electrode will have a light brown
color on the Teflon coating. For best results we strongly recommend purchasing the electrodes from Millar Inc. for use with the
TR57Y telemeters. Although Millar Inc. can supply the reference
and auxiliary electrodes, these can be easily made and etched by
the researcher from Teflon-coated silver wire.

3.3.1 Etching
of the Reference
and Auxiliary Electrodes

1. Cut ~5 cm and ~8 cm of the Teflon-coated silver wire for the
reference and auxiliary electrode, respectively.
2. Heat FluoroEtch, acetic acid, and distilled water in a water
bath at 80 °C. FluoroEtch deactivates rapidly once exposed to
air. Therefore the sealed bottle should be placed inside the
water bath.
3. Immerse ~3 cm of the end of the electrodes to be etched into
the etchant for 1 min before immersing them into 70 % ethanol and distilled water for 30 s each in succession.
4. Finally, immerse the electrodes into acetic acid for 1 min.
5. The etched end of the electrode will appear brown in color
once it is successfully etched.

3.3.2 Preparation
of the Telemeter
for Reattachment
of Electrodes

The telemeters can be reused after they are explanted. Using a
scalpel carefully remove the used electrodes from the explanted
telemeter, as close to the original joint as possible to preserve as
much telemeter lead length as possible.

3.3.3 Lead Wire
Preparation

1. Place the telemeter leads on a flat surface so that the tubing is
not stretched. Cut off any used and exposed stainless steel
coiled wire.
2. Cut the leads so that all three of the telemeter leads are of the
same length.
3. For each lead, hold the polyurethane tubing upright. Using a
pair of long nose pliers, extend and stretch the unexposed
stainless steel coiled wire ~1 cm past the end of the polyurethane tube.
4. Carefully remove any colored silicone (blue, black, or red coverings around the coiled wires) from within the center of the
extended coiled wire using forceps or by rolling the silicone
coverings on the lead between two fingers.
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5. Cut the stretched lead wire so that approximately 3 mm is
extending out of the end of the tubing for each lead.
6. The leads are color coded as follows:
(a) Blue lead = carbon paste electrode (oxygen electrode)
(b) Black lead = reference electrode
(c) Red lead = auxiliary electrode
3.3.4 Electrode
Attachment (Fig. 6)

1. Insert the exposed wire of the electrode into the coiled telemeter lead wire (at least 2 mm).
2. Mix a small amount of the two component silver conductive
epoxy (1:1 ratio). The working time of this product is about
10 min. After that time it becomes too thick to apply. Using a
needle apply the silver epoxy between and around the areas
where the electrode comes into contact with the telemeter
leads. Ensure that the silicone tubing of the electrode is free of
silver epoxy.
3. Using a fresh (or cleaned) needle, remove excess epoxy. The
joint should be able to fit inside the polyurethane tubing, so
the connection should be no wider than the coiled wire itself.
4. Leave the silver epoxy to dry overnight.

3.3.5 Sealing
the Connection (Fig. 6)

1. Coat the silver conductive epoxy with two layers (30 min in
between each) of clear lacquer (nail varnish).
2. After the second coating is dry (>30 min), mix a small amount
of the two component adhesive epoxy in a 1:1 ratio.
3. Apply a layer of adhesive epoxy over the silver epoxy layer. Cut
a piece of polyurethane tubing (1.5 mm inner diameter) and
carefully slide it along the electrode, ensuring that the tubing
covers the connection and fits around the telemeter lead. Take
care not to damage the tip of the carbon paste electrode.
4. Leave this to dry overnight. Keep the leads and electrodes vertical to prevent uneven setting of the glue.
5. Mix a small amount of the two component adhesive epoxy in a
1:1 ratio. Allow it to cure for 15 min before applying to the
connection.
6. Apply the epoxy adhesive to each of the connections so that all
sides are covered and that some of the etched (brown) part of
the electrode coating is covered. Do not apply excess epoxy or
it will run down the electrode. Ensure that both ends of the
polyurethane tubing covering the silver conductive epoxy layer
are completely sealed.
Leave to dry/cure for a minimum of 2 days. Once the epoxy
adhesive is completely dry, the electrodes can be prepared for calibration and subsequent implantation.
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3.4 Preparation
before Telemeter
Implantation

All telemeters are shipped switched off (“safe mode”) to maintain
battery life. They must be activated via the following process prior
to the first use.
1. Note the Serial Number of Your Telemeter
Each telemeter has a unique serial number printed on the
casing. The default channel setting of all shipped telemeters is
Channel “setup.”
2. Set up the Wireless TR181 SmartPad™
The TR181 SmartPad™ is a universal receiver and recharging
pad for all small animal telemeters. The SmartPad™ automatically detects the type of telemeter it is communicating with and
all analogue outputs are low-pass filtered at 1 kHz. Each
SmartPad™ has a serial number printed on the side above the
status indicator light. Note that the SmartPad™ should not be
operated on a metal bench or within 10 cm of a metal object
such as a filing cabinet as this may cause the detection of a high
current and thus automatically disable the charging field.
3. Set up the TR190 Configurator
The Configurator System includes the TR190 Configurator
hardware and ConfigSoft™ software (see Note 2), which are
used together to wirelessly control any 5* series telemeters and
TR181 SmartPads™. Install the ConfigSoft™ software on your
computer. Connect the antenna to the rear of the TR190
Configurator and then connect the T190 Configurator to your
computer by the USB connection provided.
4. Pair the Telemeter with a SmartPad™
Place the telemeter to be used on the SmartPad™ you wish to
pair it with. In the telemeter configuration and diagnostics
menu of the TR190 ConfigSoft™ software, you can set the
channel number of a telemeter by entering the serial number in
the box and then selecting a channel number to change it to.
In the SmartPad™ configuration and diagnostics menu, enter
the serial number of the SmartPad™ and set it to the same
channel as the telemeter to pair the two devices and enable
both inductive charging and data transmission. The SmartPad™
indicator will turn green, indicating successful pairing, charging, and data transmission. Battery level and charging status
can also be monitored with the ConfigSoft™ software.
5. Connect the SmartPad™ to a Data Acquisition System
Connect the analogue BNC connectors located on the side of
the SmartPad™ to a data acquisition system (Inputs 1–3)
according to the following output allocation:
Telemeter model

Output 1

Output 2

Output 3

TR57Y

Oxygen

NA

Temperature
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The temperature of the telemeter body is monitored to regulate
the charging field in order to prevent overheating of the device. It
is not a necessity to connect the temperature output to the data
acquisition system.
3.5 Pre-implantation
Calibration

The current flowing between the auxiliary electrode and the
oxygen electrode is measured by the telemetry circuit. This is converted into a voltage output by the SmartPad™ to provide a voltage
which varies between 0 and 4 V. Specifically 1 V is equal to 0 nA
and 2 V is equal to −200 nA. The system has a maximum range of
up to −600 nA. The working electrode current in nanoamperes is
calibrated at the factory so as to be directly proportional to the
concentration of oxygen. A calibration factor is provided with each
electrode for use in the conversion of the measured current to PO2
(and/or oxygen concentration). We suggest that the telemeters are
calibrated both before implantation and after explanation, using
the same procedure (Fig. 7).
1. Add 20 mL of saline into a glass cell into which you place the
three electrodes. Add a mini stirring bead and place the cell on
a magnetic stirrer/heater. Set the temperature of the saline to
37 °C. Partially seal the cell and saturate the 20 ml saline with
N2 for 30 min (Fig. 7a).
2. Meanwhile, in a second cell saturate 20 mL of saline with O2
for at least 30 min to create a 100 % O2 saturated solution.
Keep this solution O2-saturated during the entire calibration
procedure.
3. Stop the infusion of N2 by pulling the tube out the saline solution so that it is just above the fluid surface.
4. Add incrementing aliquots of this O2-saturated solution (+416,
+425, +434, +443, and +452 μL) into the cell in which the
electrodes have settled to generate typical responses which
have a linear relationship (Fig. 7b). Addition of these solutions
to the calibration cell will result in PO2 of 15.8, 31.5, 47.3,
63.1, and 78.9 mmHg, respectively (equating to concentrations of O2 of 25, 50, 75, 100, and 125 μM) (see Note 3).
In the field of biomedical science, tissue oxygenation is typically measured as partial pressure [mmHg]. The carbon paste oxygen electrodes used in this system directly measures the number of
moles of oxygen in the vicinity of the electrode tip. It can be
thought of as “counting” dissolved oxygen ions in solution, where
the measured current in the wire is proportional to the number
counted. We can use molar concentration of oxygen [mol/m3] in
our physiological experiments but it becomes difficult when we
need to compare our results with those of other researchers, who
mostly present data in mmHg.
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Fig. 7 Calibration of the telemetry system. (a) Schematic diagram of a cell with the electrodes placed in saline.
Before calibration the saline within the cell is saturated with N2. (b) Typical response upon cumulative addition
of aliquots of saline saturated with 100 % O2 to the cell. Arrows show when aliquots were added. The inset
displays the calibration relationship between current measured by the telemeter (nA) and PO2
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It is possible to calibrate the sensors for use in [mmHg] but
there exists no analytical solution. The conversion is simply derived
from empirical evidence. Bolger et al. use the following conversion
factors [16]:
O2%
0

P (mmHg)

c (μM)

0

0

Air [21]

152

240

100

760

1200

Which results in the following formula:
P=c.k
where:
c is the molar concentration [mol/m3]
k is a constant, 0.631 [mmHg.m3/mol]
P is the partial pressure of oxygen in solution [mmHg].
3.6 Preparation
of Electrode
for Implantation
in the Kidney

3.7

Sterilization

Before the electrodes can be implanted, a length of the insulating
Teflon coating of the auxiliary and reference electrode must be
removed. For the reference and auxiliary electrode, remove ~5 mm
and 8 cm (increases the surface area) of the Teflon coat respectively, by rolling a scalpel gently along the Teflon-coated silver
wire, ensuring you do not damage the exposed silver wire in the
process. In addition, the 10 cm long auxiliary electrode must be
bent into a coil to generate a compact implantable configuration
(Fig. 6).
As renal tissue PO2 is spatially heterogeneous, the depth of
electrode implantation will affect the measured PO2. For inner
medullary implantation, it is recommended that you bend both the
carbon paste oxygen and reference electrode at a 90° angle ~5 mm
from the electrode tip (see Note 4). The position of the bend can
be altered to allow the tip of the probe to be positioned at the
required depth below the surface of the renal cortex (Fig. 6).
1. The effects of ethylene oxide gas sterilization on the carbon
paste electrodes have not been determined. We currently recommend that the radio transmitter of the telemeter and the
lead wires, but not the attached electrodes, are cold sterilized
using 2 % glutaraldehyde for at least 1 h before implantation
surgery.
2. At the time of surgery, the surface of the electrodes, with the
exception of the carbon paste oxygen electrode, can be sterilized using 70 % alcohol. Do not wipe the tip of the carbon
paste oxygen electrode as this will ruin the carbon paste which
is absolutely necessary for the functionality of the oxygen
telemeter.
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3.8 Telemeter
Implantation

Telemeters should be fully charged before implanting. Use the
ConfigSoft™ software to monitor battery level. Once fully charged,
a telemeter can be placed in Safe Mode to deactivate it and maintain battery charge. To reactivate the telemeter simply place it on
the SmartPad™, or in case the telemeter is reactivated after implantation, place the animal in its home cage after the surgery and
place the home cage back on the SmartPad™ it was originally
paired with.
As the implantation surgery can take 1.5–2 h, we recommend
the use of isoflurane anesthesia as this avoids the need for multiple
administration of an injectable anesthetic.
1. Prepare the rat for a laparotomy by shaving the skin overlying
the abdomen.
2. Disinfect the skin with iodine and inject the analgesic buprenorphine s.c. (3 μg/100 g rat).
3. Under isoflurane anesthesia place the rat in dorsal recumbence,
make a ~2 cm incision ventral midline abdominal incision,
and separate the skin from the underlying muscle by blunt
dissection.
4. Extend the abdominal incision through the linea alba into the
abdominal cavity taking care to avoid the underlying organs.
Use a retractor to gain appropriate access and visibility.
5. Deflect the intestines to the rat’s right with saline soaked
gauzes to expose the left kidney (see Note 5). Make sure that
during the procedure the intestine in general and the exposed
kidney in particular remain moist by applying drips of sterile
saline.
6. After identifying the abdominal aorta and the kidney, dissect
the aorta free from the surrounding fatty tissue (Fig. 8).
7. Suture the telemeter joints (i.e., the connections between the
electrodes and the telemeter leads) to the adventitia of the aorta
with 6-0 suture (non-absorbable) in the following order: reference, oxygen carbon paste, and auxiliary electrode (see Note 6).
8. Make a small puncture with a 30 gauge needle in the kidney
where the reference electrode will be inserted.
9. Insert the reference electrode and secure it to the kidney with
n-Butyl-2 cyanoacrylate tissue adhesive.
10. Insert the carbon paste oxygen electrode in the same way.
11. Cover both electrodes with SurgicalMesh™ and secure the
mesh to the renal capsule with some additional tissue adhesive.
12. Secure the auxiliary electrode to the covered electrodes and
surrounding kidney tissue with mesh and tissue adhesive on
top (Fig. 8).

Telemetric Method for Monitoring Kidney Oxygenation

107

Fig. 8 Implantation of the electrodes in the kidney. To anchor the telemeter leads, the joints of all electrodes
are sutured on the abdominal aorta. After pre-puncture of the capsula and kidney tissue, the oxygen and reference electrodes are inserted until a depth of ~5 mm (for medulla) and anchored with tissue glue and mesh.
On top the auxiliary electrode is anchored using glue and a smaller piece of mesh

13. Remove the gauze from the abdomen and replace the abdominal
contents.
14. Insert the telemeter under the abdominal muscles, on the right
side of the abdomen. Ensure the telemetry leads remain close
to each other and parallel. Maneuver the telemeter into a stable
position.
15. Insert the suture needle individually through each of the two
suture tabs on the telemeter to fix it to the underside of the
abdominal muscle (Fig. 9).
16. Pour ~1 mL of saline in the abdominal cavity. Close the ventral
midline incision in two layers. If appropriate sterile procedures
are followed, there should be no need for antibiotics. However,
you may choose to administer an agent such as enrofloxacin
s.c. (0.5 mg/100 g rat).
17. Finally, place the cage on a heated platform (30–37 °C) for
3–24 h to facilitate the rat’s recovery.
18. For postoperative analgesic care inject buprenorphine s.c.
(3 μg/100 g rat) every 8–14 h for up to 3 days or as required.
Supply soft food (e.g., “recovery gel”) for 1–3 days. Monitor
bodyweight daily for at least 1 week. If bodyweight 5–7 days
after surgery is >15 % less than its preoperative weight, appropriate action should be taken (typically the rat must be
humanely killed).
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Fig. 9 Placement of the telemeter in the abdominal cavity. The telemeter leads
are placed counterclockwise in the abdominal cavity and the telemeter body in
the lower right quadrant. The telemeter is secured to the abdominal muscles by
non-absorbable sutures through the suture tabs
3.9

Data Recording

3.10 Postexplantation
Calibration
and Cleaning
and Storage

Data can be collected 24 h a day, continuously as the telemeter
batteries never need to be replaced. The animal’s home cage is
constantly on the SmartPad™ which charges the telemeter and
receives and transmits data to your data acquisition device
(see Note 7). To verify that the telemetry system can measure differences in kidney oxygenations, the rat can be exposed to different
concentrations of oxygen in the inspired air and/or vasoactive
drugs can be given. For example, we measured the changes in
medullary tissue PO2 when rats were subjected to 30-min periods
in which they inspired hypoxic (10 % O2 to 90 % N2) and hyperoxic
(100 % O2) gas (Fig. 5).
1. In order to assess the zero offset of the telemeter system
in vivo, measure the PO2 after cardiac arrest induced by
humanely killing the animal with an overdose of anesthetic
(e.g., >200 mg/ml sodium pentobarbitone). Subtract this offset value from data collected in vivo before subsequent data
analysis.
2. One you have established the offset value, open the abdomen
to explant the telemeter (see Note 8). Depending on the duration of implantation, the telemeter may be considerably encapsulated in surrounding tissue.
3. Carefully separate away all tissue, taking care not to damage the
telemeter body, the connected leads or the electrode tips.
4. Cut the sutures and slowly pull the telemeter out.
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5. Cut out the kidney and aortic tissue to which the leads are
connected. Carefully free the leads and the electrodes from
any tissue and gently dissect and pull the electrodes out of the
kidney (see Note 9).
6. The whole system can now be removed for post-explantation
calibration (see Note 10) as described under “Pre-implantation
calibration.”
7. Thereafter cut the electrodes just below the joints (i.e., the
connection between sensor and telemeter lead). This will
enable the connection of new electrodes to the end of the telemeter leads for use in further experiments.
8. Place the whole telemeter in an enzymatic detergent such as
Terg-a-zyme enzyme detergent (Sigma-Aldrich) for cleaning.

4

Conclusion
In conclusion the telemetric method described herein represents
an exciting approach for measurement of kidney tissue PO2 in conscious, unrestrained rats. The high accuracy and temporal resolution of the data generated using this method allows long-term
investigation of kidney PO2, i.e., 24 h/day for many days. This
opens up the opportunity for the examination of changes in PO2
during the development and progression of both acute kidney
injury and chronic kidney disease. Such studies may help elucidation of the roles of renal hypoxia in the development of kidney
disease.
Telemetric measurement of tissue oxygen tension can also be
applied to other parts of the kidney (other than the medulla) or
other organs (e.g., the liver). Furthermore, combining measurement of PO2 with telemetric measurement of blood pressure and
blood flow would allow investigation of the causes and consequences of renal hypoxia. Finally the method we describe could
(and should) be combined with techniques that can demonstrate
spatial resolution, like functional magnetic resonance imaging [17,
20], laser speckle [21], fluorescence probes [22], or immunohistochemistry [23]. Taken together, we believe this technique provides
an important additional tool for investigating the impact of tissue
oxygenation in biology and pathophysiology.

5

Notes
1. The connection between telemeter joints and electrodes must
be waterproof. The correct procedure should be followed,
including allowing several days for the epoxy adhesive to cure
so it can reach its maximum bonding strength. To test whether
the joints are waterproof, they can be individually submerged
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in saline while recording PO2. Leakage will be observed as a
maximum, saturated signal of −600 nA.
2. Configurator hardware and ConfigSoft™ software do not work
on a Mac computer.
3. Calibrations can be modified to accommodate the physiological range of the tissue under investigation.
4. For implantation in renal cortical tissue, it is recommended
that you bend the tip of both the carbon paste and reference
electrode at a 90° angle, ~2 mm from the electrode tip.
5. Electrodes can be implanted in the right kidney (or other
tissues).
6. The electrode leads can be sutured to the back muscle instead
of the aorta.
7. Some data acquisition software allow for video recording which
can be used to test for the possibility of locomotor activityinduced variations in the PO2. Previously we have not observed
any overt correlation between locomotor activity and the signal from the telemeter [14].
8. Be careful not to cut the telemeter leads while explanting.
9. For histology purposes (e.g., fibrosis around the electrodes),
the kidney can be fixed (e.g., with formalin) while the electrodes
are still within the kidney. However this precludes postexplantation calibration.
10. There appears to be some drift in calibration of the probes over
the first few days of implantation. We recommend calibration
of the probes both before and after implantation [14].
11. Values of medullary tissue PO2 generated by these telemetric
probes appear to exceed those generated previously in anesthetized animals [14]. This may represent some level of inaccuracy
of the system, the confounding effects of anesthesia in previous
studies, or both.
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2

! Our understanding of the mechanisms underlying the role of hypoxia in the initiation and

Key points

! We have developed a method that allows wireless measurement of renal tissue oxygen tension
progression of renal disease remains rudimentary.

! This method provides stable and continuous measurements of cortical tissue oxygen tension
in unrestrained rats.

2
! Exogenous
angiotensin-II reduced renal cortical tissue P O2 more than equi-pressor doses of

(P O ) for more than 2 weeks and can reproducibly detect acute changes in cortical oxygenation.

! Activation of the endogenous renin–angiotensin system in transgenic Cyp1a1Ren2 rats reduced

phenylephrine, probably because it reduced renal oxygen delivery more than did phenylephrine.

!

cortical tissue P O2 ; in this model renal hypoxia precedes the development of structural
pathology and can be reversed acutely by an angiotensin-II receptor type 1 antagonist.
Angiotensin-II promotes renal hypoxia, which may in turn contribute to its pathological effects
during development of chronic kidney disease.

Abstract We hypothesised that both exogenous and endogenous angiotensin-II (AngII) can
decrease the partial pressure of oxygen (P O2 ) in the renal cortex of unrestrained rats, which might
in turn contribute to the progression of chronic kidney disease. Rats were instrumented with
telemeters equipped with a carbon paste electrode for continuous measurement of renal cortical
tissue P O2 . The method reproducibly detected acute changes in cortical oxygenation induced
by systemic hyperoxia and hypoxia. In conscious rats, renal cortical P O2 was dose-dependently
reduced by intravenous AngII. Reductions in P O2 were significantly greater than those induced
by equi-pressor doses of phenylephrine. In anaesthetised rats, renal oxygen consumption was not
affected, and filtration fraction was increased only in the AngII infused animals. Oxygen delivery
decreased by 50% after infusion of AngII and renal blood flow (RBF) fell by 3.3 ml min−1 .
Equi-pressor infusion of phenylephrine did not significantly reduce RBF or renal oxygen delivery.
Activation of the endogenous renin–angiotensin system in Cyp1a1Ren2 transgenic rats reduced
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cortical tissue P O2 . This could be reversed within minutes by pharmacological angiotensin-II
receptor type 1 (AT1 R) blockade. Thus AngII is an important modulator of renal cortical
oxygenation via AT1 receptors. AngII had a greater influence on cortical oxygenation than did
phenylephrine. This phenomenon appears to be attributable to the profound impact of AngII on
renal oxygen delivery. We conclude that the ability of AngII to promote renal cortical hypoxia
may contribute to its influence on initiation and progression of chronic kidney disease.
(Received 6 April 2016; accepted after revision 8 July 2016; first published online 18 July 2016)
Corresponding author M. P. Koeners: School of Physiology & Pharmacology, University of Bristol, Bristol BS8 1TD,
UK. Email: m.koeners@bristol.ac.uk
Abbreviations AngII, angiotensin-II; AT1 R, angiotensin-II receptor type 1; CKD, chronic kidney disease; CV,
coefficient of variation; D O2 , renal oxygen delivery; GFR, glomerular filtration rate; I3C, indole-3-carbinol; PE,
phenylephrine; P O2 , tissue oxygen tension; RAS, renin–angiotensin system; RBF, renal blood flow; Q O2 , renal oxygen
consumption; TNa , tubular sodium reabsorption.

Introduction
Chronic kidney disease (CKD) is associated with low
tissue oxygen tension (P O2 ) within the kidney (i.e. renal
hypoxia) (Evans et al. 2013). For example, in rats renal
tissue hypoxia (i.e. P O2 < 10 mmHg) was detected
using pimonidazole adduct immunohistochemistry in the
remnant kidney model of CKD (Manotham et al. 2004).
Renal hypoxia has also been observed in the early stages
of glomerulonephritis in rats (Matsumoto et al. 2004).
These and other observations led to the proposition that
renal parenchymal hypoxia is not just a consequence of
kidney disease, but rather a critical pathological mediator,
irrespective of the primary aetiology of the disease (Fine
et al. 2000; Nangaku, 2006; Tanaka et al. 2006; Heyman
et al. 2008; Palm & Nordquist, 2011).
Activation of the renin–angiotensin system (RAS) is
an established modulator of the progression of CKD
(Remuzzi et al. 2005; Kobori et al. 2007). Angiotensin-II
(AngII) induces constriction of efferent arterioles causing
hypoperfusion of post-glomerular peritubular capillaries,
thus decreasing renal oxygen delivery (Calzavacca et al.
2015). Glomerular filtration rate (GFR) is usually
maintained under such conditions (Treeck et al. 2002),
so tubular sodium reabsorption, and thus renal oxygen
consumption, is little changed. Consistent with this
proposed mismatch between renal oxygen delivery and
consumption, cortical P O2 could be relatively low in
rats with AngII-dependent hypertension. Insufficient
availability of oxygen leads to cellular injury and loss of
function (Mimura & Nangaku, 2010). Therefore AngII
type 1 receptor (AT1 R) blockade could be an interesting therapy for hypoxia. Accordingly, RAS inhibition
has been found to improve cortical tissue oxygenation
in anaesthetised rats both with (Welch et al. 2003;
Manotham et al. 2004; Eckardt et al. 2005) and without
(Norman et al. 2003) kidney disease. Although these
studies were performed in an acute setting in animals
under anaesthesia, their findings suggest that AngII can

chronically have a negative impact on renal cortical
oxygenation, which could potentially be a critical factor
in the initiation and progression of CKD. Consistent with
this concept, angiotensin-converting enzyme inhibitors
and AT1 R blockade are still used as first-line treatment
in patients with CKD who do not require dialysis, and
have been shown to improve survival (Qin et al. 2016).
The current understanding of the mechanisms underlying physiological regulation of kidney oxygenation, and
the contribution of renal tissue hypoxia in the initiation
and progression of renal disease, remains rudimentary
(Evans et al. 2015). Recently we developed a technology
that allows continuous and long-term measurement of
tissue P O2 in the kidney in unrestrained, conscious rats
(Koeners et al. 2013). This allows investigation of renal
oxygenation with high temporal resolution and without
the confounding effects induced by anaesthesia. In the present study we utilised this technique to test the hypothesis
that both exogenous and endogenous AngII promote renal
hypoxia.
The specific aims of our current study were fourfold.
In a first set of studies, we validated the use of telemetric
measurement of renal cortical P O2 for more than 2 weeks in
unrestrained rats and studied its physiological variation as
well as its ability to respond to repeated periods of hypoxia
and hyperoxia. In the second set of studies, in conscious
rats, we compared acute responses of cortical P O2 to
equi-pressor doses (I.V. boluses and infusions) of AngII
and the α1 -adrenoceptor agonist phenylephrine (PE). In
the third set of studies, in anaesthetised rats, we examined
the mechanisms underlying the differential sensitivity of
renal cortical P O2 to AngII and PE, by also assessing their
effects on renal oxygen delivery and consumption. In the
fourth set of studies we determined in a cross-over design
whether prolonged activation (1 week) of endogenous
renin could lead to renal cortical hypoxia in a rat model
(the Cyp1A1Ren2 rat). This model is known to develop
inducible AngII-dependent hypertension and ultimately
CKD when renin activation is prolonged for 4 weeks or
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more (Heijnen et al. 2011, 2013, 2014). We determined
whether renal cortical hypoxia is an early event in this
process and whether it can be reversed by AT1 R blockade
(Heijnen et al. 2013).
Methods
Ethical approval

All experiments were performed under license from the
Animal Ethics Committee of University of Auckland
(AEC R955) or the institutional Animal Care and Use
Committee of Maastricht University (DEC2014-012) and
were all carried out according to the guidelines laid down
by the New Zealand and Dutch Codes of Practice for
the Care and Use of Animals for Scientific Purposes and
complied with the policy and regulations of The Journal of
Physiology (Grundy, 2015).
System overview

The telemetry system, previously described by Russell et al.
(2012), was adapted for renal tissue (Koeners et al. 2013,
2016). Briefly, the telemeter (TR57Y, Millar Inc., Houston,
TX, USA) was equipped with a carbon paste electrode
(CPE, 0.27 mm in diameter) for electrochemical detection
of P O2 . This CPE electrode was implanted in the rat kidney
cortex, so that the tip of the electrode was approximately
2 mm below the cortical surface. Reference and auxiliary
electrodes, made of silver wire (AG549511; Advent
Research Materials, Suffolk, UK), were also implanted in
the kidney. This maintained a potentiostat circuit with
a potential of -650 mV on the CPE. The telemeter was
placed in the abdomen of the rat and attached to the
inner abdominal muscle layer. After a recovery period of
1 week, the rat’s cage was placed on a receiver-charging
unit (SmartPad TR181, Millar Inc.), which received the
data from, and recharged the battery of, the telemeter.
This setup allowed renal cortical tissue P O2 to be measured
continuously for several weeks at a frequency of 400 Hz
(Wistar rats) or 5 Hz (Cyp1a1Ren2 rats).
Animals

A total of 40 male Wistar rats (352 ± 13 g) and 8 male
Cyp1A1Ren2 rats (377 ± 28 g) were used. Wistar rats
were obtained from an internal breeding stock at the
University of Auckland, originally derived from Charles
River (USA). Cyp1A1Ren2 rats were obtained from an
internal breeding stock at Maastricht University, originally
derived from animals supplied by the Centre for Cardiovascular Science, University of Edinburgh, UK. These
rats harbour a genetically inserted construct for the
transcription of mRen2 preceded by a Cyp1a1 promoter
on the Y-chromosome. Cyp1a1 can be induced by adding
an aryl hydrocarbon agonist, such as indole-3-carbinol
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(I3C), to the diet. This leads to an increase in (pro)renin
levels and subsequently a blood pressure increase (Heijnen
et al. 2013). All animals were housed with a 12 h light–dark
cycle at a temperature of 20–22°C and allowed free
access to water and standard rat chow ad libitum. In
Cyp1A1Ren2 rats, I3C was mixed through the diet to
achieve concentrations of 0.3 or 0.6% w/w (Heijnen et al.
2013). This diet was administered to activate the RAS in
these transgenic rats. After the experimental period, all
rats were killed by intraperitoneal injection of an overdose of sodium pentobarbitone (>200 mg ml−1 , Provet
NZ PTY Ltd, Auckland, NZ) and postmortem P O2 values
were determined for off-set correction of individual P O2
recordings.
Validation of the system in the rat kidney cortex
Surgery/implantation. Telemeters were prepared and
surgery was performed as previously described (Koeners
et al. 2013, 2016). In summary, telemeters were sterilised
in a 2% w/v glutaraldehyde solution for at least 4 h and
rinsed thoroughly with sterile 0.9% w/v NaCl solution
before implantation. Male Wistar rats (n = 15) were
anaesthetised with 5% v/v isoflurane in an induction box
and maintained at 2–2.5% v/v isoflurane via a mask on
a heated operating table. Rats were pre-medicated with
enrofloxacin (5 µg kg−1 S.C., Baytrill, SVS Vet Supplies
Ltd, Auckland, NZ) and buprenorphine (30 µg kg−1 S.C.,
Temgesic, Reckitt Benckiser, Auckland, NZ, or ASTfarma
B.V., Ouderwater, Netherlands). Under sterile conditions,
the left kidney and aorta were exposed by laparotomy.
The cables connecting the electrodes and telemeter were
secured by suturing them on the adventitia of the
abdominal aorta or dorsal muscles adjacent to the spine
near the left kidney. After pre-puncturing the kidney
with a 30 gauge needle, the reference electrode and
CPE, both with a right-angled bend 2 mm from the
tip, were inserted in the kidney cortex and secured in
place with tissue glue (Histoacryl, 1050044 B. Braun,
Tuttlingen, Germany) approximately 1 mm apart from
each other, while the auxiliary electrode was affixed onto
the kidney surface. With the telemeter placed and secured
in the abdomen, the abdomen was closed with sutures
and the rat was placed on a heated pad for at least
12 h to recover. Post-operative analgesia was administered
(buprenorphine, 3 µg (100 g−1 ) every 8–14 h for up to
3 days or as required).
Cortical P O2 by CPE-telemetry for 19 days. Renal cortical

P O2 was continuously measured in nine Wistar rats for
19 days. The coefficient of variation (CV) of the P O2 signal
was assessed in each rat over the last 14 days (days 6–19)
for each recording. CV was calculated in percentage as
(standard deviation (individual means for a specific time
interval))/(all means for a specific time interval). The three
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specific time intervals we used were: days 6–19, 24 h, and
5 min. Kidneys were processed for assessment of tissue
damage and scarring around the implanted electrode tip
by Masson’s trichrome staining. As found previously in
the renal medulla (Koeners et al. 2013), there was little or
no scarring associated with implantation of the electrodes
in the cortex (Fig. 1).
Responses to altered inspired oxygen content. During
the 19 days after implantation of the telemeter, Wistar
rats underwent repetitive hypoxia/hyperoxia trials to
determine the reproducibility of responses of the system
to changes in cortical tissue P O2 . Details of this protocol
were described previously (Koeners et al. 2013). Briefly,
at 3–4 day intervals the rat’s home cage was placed in a
custom-made Perspex chamber (65 cm x 45 cm x 35 cm)
which was filled with hypoxic air (10% oxygen) or hyperoxic air (100% oxygen) for 30 min periods (5 l min−1 ). The
O2 concentration in the sealed box was measured using a
gas analyser (ADInstruments). The P O2 during the final
5 min of each trial was compared with that recorded while
rats breathed room air (21% oxygen). Hypoxic and hyperoxic conditions were presented in random order and each
challenge was preceded and followed by a 30 min period
in which the rat was exposed to room air.

Effects of angiotensin II and phenylephrine on renal
cortical oxygen tension
Conscious rats. Male Wistar rats (n = 7, 333 ± 15 g) were

instrumented with CPE-telemeters as described above.

100 µm

Figure 1. Representative section of the renal cortex, 3 weeks
after implantation of the electrode, stained with Masson’s
trichrome
Fibrotic tissue is represented by blue, the nuclei by dark purple, and
other cellular compartments by red. Electrode diameter and position
are indicated by a green circle. Photomicrograph at ×10
magnification. [Colour figure can be viewed at
wileyonlinelibrary.com]
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Another group of male Wistar rats (n = 6, 339 ± 11 g) was
instrumented with blood pressure telemeters (TRM56SP,
Millar Inc.) and a blood pressure catheter was introduced
and fixed into the abdominal aorta as described previously
(Lau et al. 2013). During the same surgical procedure both
groups were equipped with a catheter placed in the left
femoral vein. This catheter was tunnelled subcutaneously
so that it exited between the shoulder blades. The catheters
were made of heparin coated tubing (Micro-Renathane
model MRE 33 connected to model MRE 40 tubes, 3 cm
and 16 cm in length, respectively). Following surgery, a
5 day recovery period was allowed before experimental
manipulations commenced. Stable recording was achieved
when within-animal coefficient of variation (CV) of the
P O2 signal over 24 h was less than 31 ± 6% for 2 days.
During the AngII (Auspep Pty Ltd, Victoria, Australia)
and PE (Sigma, USA) intervention, rats were placed in a
custom-made Perspex chamber (25 cm x 45 cm x 35 cm)
and acclimatised for 30 min while their femoral vein
catheter was connected to tubing leading out of the
box. Baseline P O2 was defined as the average during the
final 10 min of this period. To avoid acute (seconds)
desensitisation to AngII (Guo et al. 2001), I.V. bolus
injections (5 µg ml−1 kg–1 ) were given at 0, 5, 10, 15,
and 30 s, in volumes of 1, 2, 7, 20, and 70 µl, in order to
give cumulative doses of 5, 15, 50, 150, and 500 ng kg–1 ,
respectively. Averages of the last 2 s before the next step
were used to calculate P O2 and mean arterial pressure
(MAP). The dose range was chosen based on previous
experience (Nelissen-Vrancken et al. 1992). On the same
day, after a 60–120 min recovery period, bolus doses of
PE of 20, 200, 500, 1000 and 1500 ng kg–1 were injected
in volumes of 100 µl at 5 min intervals. These doses were
chosen to produce similar changes in MAP as those evoked
by AngII. Averages from 30 to 40 s after the bolus were used
to calculate P O2 . The entire protocol was repeated 2–3 days
later, except that the order of the treatments was reversed
(i.e. PE was administered before AngII).
Subsequently, responses to 10 min infusions of AngII
(150 ng min−1 kg–1 , the second highest dose given in the
bolus injection) and PE (7.2 µg min −1 kg–1 , chosen to
produce similar changes in MAP as those evoked by AngII)
were determined. The P O2 and MAP were averaged over
the final 60 s of each infusion. This protocol was repeated
in a reverse order (i.e. PE first, then AngII) 2–3 days later.
Anaesthetised rats. In terminal experiments, MAP and
RBF (transit-time ultrasound) were determined in male
Wistar rats (n = 25, 361 ± 11 g) as described previously
(Koeners et al. 2007). Briefly, all rats were anaesthetised
with 5% v/v isoflurane, intubated and then artificially
ventilated (model 680; Harvard Apparatus, Holliston, MA,
USA) with 2–2.5% v/v isoflurane in 100% O2 and a tidal
volume of !3–4 ml and frequency of !70 breaths min−1 .
Catheters were placed in the jugular and femoral veins
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for infusions. The femoral artery was catheterised to
measure MAP and collect blood. The left ureter and
bladder were cannulated in order to collect urine. The
infusion solution contained inulin to calculate GFR
by inulin clearance as described previously (Racasan
et al. 2003). The sodium content of urine and plasma
samples was determined by flame photometry (IL 543,
Instrument Laboratory, Lexington, MA, USA). Cortical
P O2 was determined using the telemeter and electrodes,
implanted acutely, as described previously (Koeners et al.
2013). During the control period, urine was collected
over two 10 min periods and arterial blood samples
(0.2–0.3 ml) were collected before and after the entire
20 min period. After these control clearance periods,
an intravenous infusion of either saline (n = 9), AngII
(100–140 ng min –1 kg–1 , n = 8) or PE (3.8 µg min −1
kg–1 , n = 8) commenced. Once arterial blood pressure
and cortical P O2 had stabilised at the new level, urine and
blood were collected over two 10 min clearance periods.
Arterial (via femoral catheter) and renal venous blood
(via renal vein) samples were then obtained for oximetry
at the end of the experiment (i.e. during infusion of
saline, AngII or PE). Blood oxygen content (O2 ct) was
calculated as O2 ct = ([haemoglobin (g l−1 )] × oxygen
saturation × 1.34) + (blood P O2 × 0.003). Renal oxygen
delivery (D O2 ) was calculated as the product of RBF
and arterial O2 ct, while renal oxygen consumption (Q O2 )
was calculated as the product of RBF and the difference
between arterial and renal venous blood oxygen content
(Papazova et al. 2015).
Sub-acute activation of the endogenous renin–
angiotensin system. Male transgenic Cyp1a1Ren2 rats

(n = 8) were instrumented with CPE-telemeters in the
renal cortex as described above. In a cross-over design,
after a 7 day recovery period, four rats were exposed to
a 0.3% w/w I3C (Sigma-Aldrich, St Louis, MO, USA)
containing diet for 1 week. The genetic construct in these
animals, which is activated by I3C, dose-dependently
stimulates hepatic production of mouse renin (Mullins
et al. 1990) and causes AngII-dependent glomerular
sclerosis, tubular atrophy, and renal parenchymal
inflammation after 4 weeks, accompanied by hypertension (Kantachuvesiri et al. 2001; Heijnen et al. 2013).
The other four rats remained on the normal (control)
diet. During the second week, diets were switched
between groups. In week 4 both groups were fed a 0.6%
w/w I3C containing diet. After 2–4 days of 0.6% I3C
feeding, rats received a subcutaneous injection of the
angiotensin receptor antagonist losartan (MSD, Oss,
the Netherlands, 30 mg kg−1 , n = 7). Cortical P O2
was recorded continuously during the experiment. To
determine the effect of the diets, all data were averaged
over 3 h epochs. Baseline P O2 (= 100%) was set as
the group average P O2 value calculated over 6 h before
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commencing the dietary intervention. To isolate the
effects of AT1 R blockade, data were averaged for 5 min
periods and a new baseline (= 100%) was calculated
as the group average P O2 value over 15 min before
injection. Baseline P O2 was calculated from the group P O2
averages, instead of the individual P O2 averages, in order
to demonstrate the between-animal/probe variation.
Analysis of P O2 data. Raw P O2 data were filtered with a
25 Hz low-pass filter (data from Wistar rats) and artifacts
were removed when the 1st order derivative exceeded a
threshold of 5–300 nA s−1 (Wistar and Cyp1a1Ren2 rats),
as described previously (Koeners et al. 2013).
All P O2 data are expressed as relative values from
individual baseline recordings unless stated otherwise.

Statistical analysis

Data are expressed as means ± SEM. They were subjected
to Levene’s mean test (to test equality of variance) and
repeated measures analysis of variance (ANOVA), or oneor two-way ANOVA. To protect against increased risk of
type 1 error arising from the use of multiple comparisons,
either Tukey’s test (when all possible comparisons were
made) or Dunnett’s test (when multiple treatments were
compared to a control condition) was applied. Statistics
were performed using SigmaPlot software (Systat Software
Inc, California, CA, USA). Differences were considered
statistically significant if two-sided P " 0.05 and are presented as unequal lower case letters within the figures.
Results
Validation of chronic telemetric measurement
of tissue P O2 in the rat kidney cortex

Renal cortical tissue P O2 was labile during the first 5 days
after implantation, but thereafter remained relatively
stable for the 14 day observation period (Fig. 2A). To
quantify the stability of the P O2 signal, the average
within-animal CV of the P O2 signal was calculated over
three specific time intervals (days 6–19, 24 h and 5 min)
over the entire period of the last 14 days (n = 9). The
average mean CV derived from days 6–19 was 22.5 ± 3.8%,
that from the 24 h interval was 21.8 ± 2.1% and that from
the 5 min interval was 5.1 ± 0.3%.
The responsiveness and reproducibility of telemetric
recordings of cortical P O2 were tested in vivo by hypoxia/hyperoxia trials (Fig. 2B). In all trials (4 trials in each
of 9 animals) hyperoxia substantially increased cortical
P O2 , by 132 ± 31% with a mean CV derived from a 1 min
time interval of 4.6 ± 0.8%. Cortical P O2 decreased during
hypoxia in all trials, with a mean reduction of 57 ± 9%
and a mean CV derived from a 1 min time interval of
5.9 ± 1.6%.
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Effects of exogenous angiotensin II and
phenylephrine on cortical oxygenation
Acute vasoconstrictor-specific responses. In conscious
rats AngII and PE were administered as I.V. bolus injections
titrated to result in pressor responses of similar magnitude,
as assessed by telemetric measurement of arterial pressure
(Fig. 3A). Renal cortical P O2 was reduced by both PE and
AngII (Fig. 3B). At higher doses, the effects of AngII on
P O2 in the renal cortex were greater than those of PE. For
example, a dose of 500 ng kg–1 AngII decreased P O2 by
54 ± 14%, whereas P O2 was decreased only by 21 ± 7%
at an equi-pressor dose of 1500 ng kg–1 PE. Responses of
MAP and cortical P O2 to AngII and PE developed within
seconds of the injection (Fig. 3C and D).
The differential effects of AngII and PE on cortical
oxygenation were more pronounced when these agents
were administered as short-term infusions than when
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administered as boluses. Cortical P O2 fell by 41 ± 5%
during an infusion of AngII at a dose of 150 ng min−1 kg–1
but was not significantly altered by PE at a dose of
7.2 µg min −1 kg–1 , (−2 ± 6% change) (Fig. 4B). These
infusions of AngII and PE resulted in similar increases
in MAP (Fig. 4A). Infusion of AngII caused a prolonged
effect, which was normalised only when the infusion was
stopped. Original tracings during AngII and PE infusion
in a representative rat are shown in Fig. 4C and D.
Effects of exogenous angiotensin II and
phenylephrine on renal blood flow
and oxygenation in anaesthetised rats

In anaesthetised rats, cortical P O2 decreased by 21 ± 5%
during infusion of AngII. PE infusion did not change
cortical P O2 significantly −9 ± 10% change, Fig. 5C). The
two infusions resulted in similar increases in MAP (Table 1,
Fig. 5A). However, the magnitude of the change in cortical
P O2 associated with infusion of AngII and PE did not differ
significantly. RBF decreased more (3.3 ± 0.3 ml min−1 )
during infusion of AngII than during infusion of PE
(1.5 ± 0.4 ml min−1 , Fig. 5B). Infusion of the saline vehicle
resulted in little or no change in cortical P O2 , MAP or
RBF.
Compared to rats receiving an infusion of the saline
vehicle, renal oxygen delivery was significantly more
reduced (50 ± 4%) in rats receiving AngII than in rats
receiving PE (10 ± 5%, P < 0.05, Fig. 5D). However, the
other measures of whole kidney oxygenation, renal oxygen
consumption (Fig. 5E) and fractional extraction (Fig. 5F)
did not differ significantly between rats treated with saline,
AngII, or PE. GFR was not significantly altered during any
infusion (Fig. 5G). However, filtration fraction increased
by 39 ± 10% during infusion of AngII (Fig. 5H) but did not
change significantly during infusion of saline or PE. No
significant differences in the ratio between tubular sodium
reabsorption and Q O2 (TNa /Q O2 ) were found between the
three treatment groups (Fig. 5I).

50

Effects of activation of the endogenous
renin–angiotensin system on cortical oxygenation

0
–50
–100
I

II

III

IV

Trial
Figure 2. Validation of long-term measurement of cortical
tissue PO2
A, mean daily cortical tissue P O2 over a 19 day period, expressed as a
percentage of the average values on days 6–19 across all rats
(n = 9). B, mean change in cortical tissue P O2 in response to
hyperoxia (filled bars) and hypoxia (open bars) in all rats (n = 9),
compared to baseline values assessed during normoxia (room air,
21% oxygen). I–IV represent the successive trials performed at
3–4 day intervals. Data are expressed as between-rat means ± SEM.

When 0.3% I3C was added to the food of the Cyp1a2Ren2
transgenic rats, renal cortical P O2 gradually fell over the
subsequent 30 h. A nadir was reached 25 ± 4 h after the
presentation of the diet (Fig. 6A) with cortical P O2 being
20 ± 6% below its baseline value. During the challenge
with 0.6% I3C the nadir in cortical P O2 , a reduction of
29 ± 9% below baseline, was observed 23 ± 10 h after the
presentation of the diet (Fig. 6B).
Blockade of the AT1 R in Cyp1a1Ren2 transgenic rats
fed 0.6% I3C resulted in a rapid increase of cortical
P O2 . Peak responses were reached 14 ± 3 min after S.C.
administration of losartan, where cortical P O2 was 37 ± 7%
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higher than before injection (Fig. 6D). Original tracings
to illustrate the dynamics of the responses to the I3C diet
and losartan are shown in Fig. 6C and 6E.
Discussion
The results of this study show that, in conscious
unrestrained rats, renal cortical oxygen tension is
decreased by stimulation of the AT1 R by both exogenous
and endogenous AngII. Using devices for telemetric
measurement of tissue P O2 , we show for the first time in
conscious unrestrained rats that acute renal cortical hypoxia induced by exogenous AngII is (1) greater than that
evoked by equi-pressor doses of phenylephrine; and (2) is
mainly caused by reduced RBF rather than by increased
oxygen consumption. We also show that relative renal
cortical hypoxia (3) occurs relatively fast (within 24 h) after
activation of endogenous AngII, well before histological
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The ability to assess renal tissue P O2 in unrestrained rats
over prolonged periods provides a new tool to investigate
the role of renal tissue hypoxia in the pathogenesis of
kidney disease. Previously, we demonstrated that the
device utilised in the current study can be employed to
assess tissue oxygenation in the renal medulla of the rat
(Koeners et al. 2013). Now we extend these studies by
demonstrating that this method is also applicable in the
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manifestation of renal disease, and (4) can be rapidly
(within minutes) reversed by an AT1 receptor antagonist.
These new data are consistent with the hypothesis that
AngII-induced renal cortical hypoxia is a causal factor in
the aetiology of renal disease rather than a consequence of
other pathological processes.

Angiotensin-II
Phenylephrine

*

P=0.005

* P<0.001

150

150

125

125

100

100

75

75

50

AngII: 5,15, 50, 150, 500 ng kg–1

50

0 10 20 30 40 50 60
Time (seconds)

D
Cortical tissue PO (% of baseline)
2

A

6293

PE: 20, 200, 500, 1000, 1500 ng kg–1

0

125

125

100

100

75

75

50

50

5 10 15 20 25
Time (minutes)

25

25
AngII: 5,15, 50, 150, 500 ng kg

–1

PE: 20, 200, 500, 1000, 1500 ng kg

0

0
0 10 20 30 40 50 60
Time (seconds)

0

5 10 15 20 25
Time (minutes)

Figure 3. Responses of arterial pressure and cortical tissue PO2 to intravenous boluses of angiotensin-II
and phenylephrine in conscious rats
A, peak mean arterial pressure during intravenous (I.V.) bolus injections of increasing doses of angiotensin-II (AngII,
filled bars) and phenylephrine (PE, open bars) titrated to produce equi-pressor effects (n = 6). B, mean changes
of cortical P O2 in response to I.V. injections of the same increasing doses of AngII (filled bars) and PE (open bars)
in a separate cohort of rats (n = 7). C and D, original individual tracings of mean arterial pressure and cortical
P O2 , respectively, during I.V. injection of AngII and PE, recorded in a representative rat. Data in panels A and B are
shown as means ± SEM. Data were subjected to RM ANOVA (equal variance test: A, passed, P = 0,742; B, passed,
P = 0,223) followed by Tukey’s post hoc test. Differences were considered statistically significant if two-tailed
P " 0.05(∗ ).
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Effects of exogenous angiotensin II
and phenylephrine on cortical oxygenation
in conscious rats

renal cortex. We validated the methodology by showing
that measurements of cortical P O2 were stable over a period
of 6–19 days after implantation of the CPE telemeter.
Long- and short-term coefficients of variation were 22%
and 5%. These are comparable to those reported for blood
pressure or heart rate in rats (Teerlink & Clozel, 1993; Jiang
et al. 2016). Secondly we showed that the method could
reproducibly detect acute changes in cortical oxygenation
induced by systemic hyperoxia and hypoxia. Variations to
these repeated challenges were as low as 5–6%. These data
demonstrate that the technique is able to reproducibly
detect changes in renal tissue oxygenation induced by
systemic challenges. This provides strong evidence that
the system is reliable for long-term monitoring of renal
cortical oxygenation in the rat.
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We then used this method to assess the influence of
exogenous AngII on cortical P O2 . Cortical tissue P O2 was
reduced immediately by intravenous administration of
AngII. We can be confident that the reduction in cortical
P O2 induced by AngII is not a consequence of its pressor effect, because equi-pressor doses of PE had a much
lower effect on tissue P O2 , irrespective of whether the
agents were administered as boluses or infusions. It seems
likely that the differential effects of AngII and PE on renal
oxygenation reflect their disparate actions at the level of
the renal vasculature.
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Figure 4. Changes in mean arterial pressure and cortical tissue PO2 during intravenous infusions of
angiotensin-II and phenylephrine in conscious rats
A, mean arterial pressure at baseline and during a 10 min intravenous (I.V.) infusion of saline (hatched bars),
angiotensin-II (AngII, filled bars) and phenylephrine (PE, open bars) (n = 5). B, mean changes of cortical P O2 in
response to 10 min. I.V. infusion of AngII (filled bars) and PE (open bars, equal-pressure doses) (n = 6). C and
D, original tracings of mean arterial pressure and cortical P O2 , respectively, before, during and after I.V. infusion
of AngII or PE, recorded in a representative rat. Data from panels A and B are shown as means ± SEM. Data
was subjected to one-way ANOVA followed by Tukey’s post hoc test. Differences were considered statistically
significant if P " 0.05(∗ )
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Effects of exogenous angiotensin II
and phenylephrine on renal blood flow
and oxygenation in anaesthetised rats

The rapidity with which cortical tissue P O2 fell in response
to administration of AngII, either as a bolus or infusion,
supports the idea that this effect is driven predominantly
by the impact of AngII on RBF (Polichnowski et al.
2013), and thus renal oxygen delivery, rather than on
kidney oxygen consumption (Friederich-Persson et al.
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2014). Indeed it is well known that AngII decreases renal
blood flow (Hollenberg et al. 1976; Yamamoto et al.
2001; Kobori et al. 2007). To verify this, we performed
studies in anaesthetised rats in which we could quantify
renal oxygenation and haemodynamics. AngII reduced
cortical P O2 , RBF and D O2 more than PE did. We
could not detect effects of AngII or PE on Q O2 , renal
fractional oxygen extraction or TNa /Q O2 . The present
data contrast with those from a study by Welch et al.
in which a decreased TNa /Q O2 was observed. However,

TNa /QO2 (left kidney)
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Figure 5. Responses to intravenous infusions of angiotensin-II and phenylephrine in anaesthetised rats
Responses of mean arterial pressure (A) and renal blood flow (B) before (black bar) infusion or after (grey bar) 10 min
intravenous infusions, and changes in cortical tissue P O2 (C) after infusions of saline (Sal, n = 9), angiotensin-II
(AngII, n = 7) and phenylephrine (PE, n = 8). Renal oxygen delivery (D), renal oxygen consumption (E), renal
fractional oxygen extraction (F) after 10 min intravenous infusions of Sal (n = 7), AngII (n = 7) and PE (n = 5).
Glomerular filtration rate (GFR; G), filtration fraction (FF; H), and TNa /Q O2 (I) after 10 min intravenous infusions of
Sal (n = 7), AngII (n = 7) and PE (n = 5). Data shown as means ± SEM and subjected to two (A, B, G, H)- or one
(C, D, E, F, I)-way ANOVA followed by Tukey’s post hoc test. Differences were considered statistically significant if
two-tailed P " 0.05(∗ ).
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Table 1. Haemodynamic parameters before and during vasoconstrictor infusions in anaesthetised rats
Baseline

Saline
9

n
MAP (mmHg)
RBF (ml min–1 )
Cortical P O2 ("%)
FF

Baseline

83 ± 2
6.7 ± 0.4
—
0.33 ± 0.02

AngII

Baseline

7
84
6.8
2.2
0.31

±
±
±
±

3
0.5
4.0
0.02

83 ± 3
7.0 ± 0.6
—
0.35 ± 0.01

PE
7

111 ±
3.7 ±
−21.0 ±
0.49 ±

3∗#
0.3∗#
5.1#
0.03∗#

84 ± 2
8.2 ± 0.7
—
0.41 ± 0.03

119
6.7
−8.8
0.44

±
±
±
±

3∗#
0.4∗
9.8
0.03

Data are expressed as means ± SEM. Data were subjected to one-way (Cortical P O2 ) or two-way (MAP, RBF, FF) ANOVA followed by
Tukey’s post hoc test. Differences were considered statistically significant if two-tailed P " 0.05. ∗ Significant difference versus baseline
within the same group; # significant difference versus post-infusion of saline. MAP = mean arterial pressure; RBF = renal blood flow;
FF = filtration fraction.

the latter studies were done after prolonged (2 week)
infusion of AngII (Welch et al. 2005). Critically, long-term
effects of this potent peptide might be quite different
from those evoked by the short-term bolus injections
or 10 min infusions that we used. Hence, in the present study, the more pronounced reduction in cortical
P O2 in response to AngII compared to PE is likely to be
due to their differential effects on oxygen delivery to the
renal cortex. In awake sheep, AngII did not significantly
alter renal cortical P O2 when RBF and renal oxygen
consumption were reduced by 21% and 18%, respectively
(Calzavacca et al. 2015). Similar results were observed in
anaesthetised rabbits (Evans et al. 2011). Thus, it appears
that a threshold in the reduction in RBF (>30%) must
be exceeded before cortical hypoxia occurs. In addition,
total RBF and D O2 do not take into account regional
variations in blood flow, oxygen delivery/consumption,
and potentially also changes in counter-current shunting
of oxygen (Evans et al. 2008). Together this probably
explains why PE did not significantly reduce cortical
P O2 . Furthermore, renal resistance was reduced and RBF
increased after a non-hypotensive dose of captopril in
healthy conscious rats (Nelissen-Vrancken et al. 1992),
suggesting, although not decisively, that RAS inhibition
could increase renal tissue P O2 by increasing D O2 . The
maintenance of Q̇ O2 during infusion of AngII is probably
due to the maintenance of GFR (as reflected in increased
FF), and thus the filtered load of sodium. Consistent with
this proposition, van der Bel et al recently showed a strong
association of reduced cortical oxygenation (as assessed
by blood oxygen level-dependent magnetic resonance
imaging) with increased filtration fraction during intravenous infusion of angiotensin II in man (van der Bel et al.
2016).
Differences between the systemic and renal effects
of AngII and PE were greater in conscious than in
anaesthetised animals. Potentially, in conscious animals,
the ability of AngII to act presynaptically to facilitate
sympathetic neurotransmission (Nap et al. 2002) could be
greater than that in anaesthetised animals. Isoflurane and

other inhalation anaesthetics tend to inhibit the activity
of the sympathetic nervous system (Pac-Soo et al. 2000).
They can also blunt the response of the vasculature to
AngII and increase the sensitivity of the vasculature to
α-adrenoceptor activation (Yu et al. 2004; Bussey et al.
2014). These considerations emphasise the importance
of avoiding the confounding effects of anaesthesia in
studies of the physiological control of renal oxygenation.
Hence, a definitive conclusion regarding the relative roles
of changes in oxygen delivery versus oxygen consumption
in AngII-induced cortical hypoxia can only be made by
simultaneous in vivo measurement of these variables in
conscious animals. This is not (yet) possible in rats.
Activation of the endogenous renin–angiotensin
system on cortical oxygenation

Activation of the endogenous renin–angiotensin system
reduced cortical P O2 . The time course of the effect in
conscious Cyp1a1Ren2 transgenic rats was consistent with
previous studies in this model that have documented
activation of the RAS. For example, arterial pressure
was found to have increased by approximately 12 h
after administration of I3C by gastric gavage, while
pro-renin levels were found to have increased within
6 h (Kantachuvesiri et al. 2001). In the current study we
found a statistically significant decrease in P O2 after 15 h
of dietary exposure to I3C. The slower time course of
effects in our study can be attributable to the fact that I3C
was delivered via the food rather than by gastric gavage.
The immediate reversal of hypoxia by AT1 R blockade
indicates that the effects of I3C feeding on cortical P O2 were
mediated directly through activation of AT1 receptors and
exclude other components of the RAS (e.g. aldosterone).
This is in line with the findings of Norman et al., who
observed increased cortical P O2 coinciding with increased
RBF and microvascular flow after acute AT1 R blockade
in healthy (anaesthetised) rats (Norman et al. 2003).
Prolonged activation of the RAS in Cyp1a1Ren2 rats
causes hypertension, increased renal vascular resistance
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Figure 6. Effects of activation of the endogenous renin–angiotensin system
Mean cortical tissue P O2 is expressed as a percentage of the average values during the 6 h before commencing
feeding with a diet containing either 0.3% w/w (A, n = 8) or 0.6% w/w (B, n = 7) indole-3-carbinol (I3C). Grey lines
represent data for individual rats, while the thick black line represents the between-rat mean. C, original tracing,
obtained with 5 Hz sample frequency, of the current recorded in a representative rat, before and during feeding
with 0.6% I3C (expressed as nA). The dashed line indicates commencement of the I3C diet. CPE, carbon paste
electrode. Data was subjected to RM ANOVA (equal variance test: A, passed, P = 0,130; B, passed, P = 0,901)
followed by Dunnett’s post hoc test. Differences were considered statistically significant if two-tailed P " 0.05(∗ ) vs.
baseline. Effects of blockade of the endogenous renin–angiotensin system. D, mean cortical tissue P O2 before and
after subcutaneous injection of losartan during feeding with 0.6% w/w indole-3-carbinol (I3C). P O2 is expressed
as a percentage of the average values during the 10 min period prior to injection of losartan. Grey lines represent
data for individual rats, while the thick black line represents the between-rat means. E, original tracing, obtained
with 5 Hz sample frequency, of the current recorded in a representative rat, expressed as nA, before and after
subcutaneous injection of losartan. The dashed line indicates the moment of losartan injection. CPE, carbon paste
electrode. Data were subjected to RM ANOVA (equal variance test: A, passed, P = 0,163) followed by Dunnett’s
post hoc test. Differences were considered statistically significant if two-tailed P " 0.05(∗ ) vs. baseline.
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(as measured by flow probe), glomerulosclerosis and
tubulointerstitial inflammation (Heijnen et al. 2011,
2013). In addition, in Cyp1a1Ren2 rats, the kidney seems
to be more at risk of development of injury than the
heart, which showed only relatively mild maladaptation
(i.e. mild and reversible myocardial concentric hypertrophic remodelling) despite the fulminant hypertension
(Heijnen et al. 2014). Our current findings indicate that
renal hypoxia in this model is likely to be driven by
renal vasoconstriction, and precedes development of overt
renal pathology, which is not observed until 4 weeks after
initiation of I3C treatment (Kantachuvesiri et al. 2001;
Heijnen et al. 2013). Thus, renal hypoxia is more likely to
be a stimulus that contributes to the pathological process
rather than just a consequence of pathology.
To the best of our knowledge, our findings are the first to
provide direct evidence that endogenous AngII can reduce
cortical tissue P O2 in conscious, unrestrained rats, through
activation of AT1 R. Our findings are consistent with those
of others, of the effects of AT1 R blockade in anaesthetised
rats (Norman et al. 2003; Manotham et al. 2004). These
findings pave the way for detailed investigation of the
temporal relationships between renal cortical hypoxia and
renal pathology in chronic kidney disease and acute kidney
injury.
Three important limitations of our study must be
acknowledged. Firstly, we are unable to measure tissue
P O2 in more than one place using our current telemetric
approach. This precludes us from characterising the
spatial relationships between tissue hypoxia and renal
pathology using this method. Secondly, we are unable
to quantify renal oxygen delivery and consumption in
un-anaesthetised rats. Thus, we had no alternative than
to measure these variables in groups of anaesthetised
and ventilated rats. Nevertheless, the responses of cortical
tissue P O2 to AngII in anaesthetised rats were similar to
those in conscious rats. Thus, we can be confident that
our observations in rats under anaesthesia are relevant
to the interpretation of our studies in conscious animals.
Thirdly, as discussed previously (Koeners et al. 2013) we
remain cautious about using absolute P O2 values due to
discrepancies between the calibration parameters before
versus calibration after implantation, and the presence of
an additional zero offset under in vivo conditions. We
consequently used relative values in our analysis instead
of absolute concentration. This offset places restraints
on study design, because it makes direct between-animal
comparisons problematic. However, it does not limit
the use of within-animal experimental designs in which
changes in P O2 are determined from a baseline established
before the intervention, as was done in this study.
In conclusion, our current findings indicate that it is
feasible to investigate tissue oxygenation in the renal cortex
by telemetry. We found that exogenous AngII rapidly and
markedly reduced cortical P O2 in conscious rats. Our
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data suggest that the effect is mainly due to decreased
tissue oxygen delivery as a consequence of cortical
vasoconstriction and reduced RBF. Activation of the endogenous RAS in the Cyp1a1Ren2 transgenic rat resulted
in reduced cortical tissue P O2 which was rapidly reversed
by AT1 R blockade. Thus, both exogenous and endogenous
AngII can induce renal cortical hypoxia.
It has been proposed that renal tissue hypoxia is a final
common pathway in the pathogenesis of chronic kidney
disease (Fine et al. 2000; Nangaku, 2006; Tanaka et al. 2006;
Heyman et al. 2008; Palm & Nordquist, 2011). To critically
test this hypothesis, we require methods to continuously
monitor renal tissue oxygenation in unrestrained animals,
so we can elucidate the temporal relationships between
renal pathology and renal tissue hypoxia in models of
chronic kidney disease such as the Cyp1a1Ren2 rat. Our
current findings indicate that telemetric methods are
appropriate and valid for this purpose.
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COUNTERCURRENT SYSTEMS in the kidney have long been associated with the arrangement of tubules in the renal medulla that
is critical for urine concentration. However, countercurrent
systems also exist in the renal vasculature. The intimate countercurrent arrangement of arteries and veins in the cortex (52),
as well as that of the descending and ascending vasa recta in
the medulla (167), facilitates the exchange of certain gases and
other highly diffusible molecules down their concentration
gradients. The selection pressures that drove the evolution of
these vascular arrangements have been only partly identified.
For example, the countercurrent arrangement of descending
and ascending vasa recta appears to be critical for urinary
concentrating mechanisms (127). The countercurrent arrangement of arteries and veins in the renal cortex has been proposed
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to function as an antioxidant defense mechanism (104, 105).
However, many molecules, including carbon dioxide, nitric
oxide, superoxide, hydrogen sulfide, and ammonia, have the
potential to diffuse between paired vessels in the renal circulation. Thus, it is possible that diffusion of one or more of these
molecules provided the adaptive advantages that drove the
evolution of the countercurrent vascular arrangements in the
mammalian kidney.
The advantage of countercurrent flow over cocurrent flow is
that countercurrent flow maximizes transfer of heat or mass
between the two flows because it maximizes the transfer
gradient. The magnitude of the transfer is controlled by 1) the
proximity and length of the countercurrent flows, 2) the magnitude of the transfer gradient, and 3) the ease with which heat
or mass can move between the two flows. Heat or mass transfer
between flows (i.e., radially) is usually driven by diffusive
transport rather than active or advective transport and in this
case is sometimes referred to as a “diffusive shunt.” The
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systems that allow transfer of heat, gases, and solutes. For example, in the renal
medulla, the countercurrent arrangement of vascular and tubular elements facilitates the trapping of urea and other solutes in the inner medulla, which in turn
enables the formation of concentrated urine. Arteries and veins in the cortex are
also arranged in a countercurrent fashion, as are descending and ascending vasa
recta in the medulla. For countercurrent diffusion to occur, barriers to diffusion
must be small. This appears to be characteristic of larger vessels in the renal cortex.
There must also be gradients in the concentration of molecules between afferent
and efferent vessels, with the transport of molecules possible in either direction.
Such gradients exist for oxygen in both the cortex and medulla, but there is little
evidence that large gradients exist for other molecules such as carbon dioxide, nitric
oxide, superoxide, hydrogen sulfide, and ammonia. There is some experimental
evidence for arterial-to-venous (AV) oxygen shunting. Mathematical models also
provide evidence for oxygen shunting in both the cortex and medulla. However, the
quantitative significance of AV oxygen shunting remains a matter of controversy.
Thus, whereas the countercurrent arrangement of vasa recta in the medulla appears
to have evolved as a consequence of the evolution of Henle’s loop, the evolutionary
significance of the intimate countercurrent arrangement of blood vessels in the renal
cortex remains an enigma.
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Countercurrent Exchange in Organs Other Than the Kidney
Heat exchange. Countercurrent heat exchange is a common
mechanism among marine animals, facilitating the maintenance of warm body temperature in cold environments. For
example, arteries and veins in the fins of whales are arranged
in a manner that allows for the preservation of heat. A single
artery is often closely surrounded by multiple venous vessels
(Fig. 1, A and B) (129). Likewise, the arrangement of afferent
and efferent vessels in the legs of aquatic birds also facilitates
heat exchange (95, 96, 138) (Fig. 1, C and D). The Iceland gull,
an arctic seabird, has three to four veins in close association
with a single artery in each leg (95). Cold venous blood
returning to the body from the feet passes close to warm
arterial blood such that heat from the warm arterial blood is
transferred to the cold venous blood. Anatomic and histologi-

cal observations in sloths (128), leatherback turtles (57), and
tuna (137) also suggest the existence of mechanisms for heat
preservation via countercurrent heat exchange between afferent
and efferent blood vessels. Thus, it seems clear that selection
pressure for adaptations that allow regulation of tissue and
body temperature has influenced the evolution of vascular
architecture across a range of species. Could the same be said
for regulation or transport of gases and other molecules?
Gas exchange. Diffusional shunting of gases has been demonstrated in a range of vascular beds, including the stomach, small
intestine, and skeletal muscle of cats (71, 73, 132), as well as in
the canine heart (126). For example, the time required for oxygen
to traverse the circulation of the stomach (71) and small intestine
(73) was found to be less than that for erythrocytes. Similar
findings were made by Levy and colleagues in the kidney (88, 89),
as will be discussed later in detail. These studies utilized boluses
of blood enriched in oxygen beyond its physiological level, so the
arteriovenous gradient of the partial pressure of oxygen was
considerably greater than that observed under physiological conditions. In skeletal muscle, Sejrsen and Tonnesen (132) examined
the transit of 133xenon, 51chromium-labeled erythrocytes, as well
as albumin conjugated with Evans blue dye across a skeletal
muscle vascular bed, by measuring the concentration of these
substances in the venous effluent. By using xenon, a highly
diffusible inert molecule that is not naturally present in the body,
Sejrsen and Tonnesen (132) maximized the likelihood of diffusion
between afferent and efferent vessels in skeletal muscle. Thus,
although these experimental studies show the potential for highly
soluble gases to diffuse between closely associated vessels, they
do not provide direct evidence that countercurrent diffusion is
quantitatively significant under physiological conditions. Nevertheless, countercurrent gas exchange is thought to occur in a range
of vascular beds. Does the structure of the kidney allow for
physiologically significant shunting of molecules, and if so,
where?
Potential Locations of Countercurrent Diffusion in the Renal
Circulation
Multiple computational models have provided insight into
how countercurrent oxygen shunting might operate in the
kidney and other vascular beds (19, 34, 51, 133). For example,
Sharan and Popel (133) created a mathematical model of
oxygen transport between generic paired arterioles and
venules. Their findings indicate that the separation distance
between paired flows is a critical determinant of the flux of
oxygen from the arteriole to the venule. Their model predicted
that the shunt fraction would increase from 27 to 41%, as
separation distance decreases from 50 to 25 #m (133). It is
imperative for mathematical models directed toward understanding the physiological significance of diffusive shunting in
the vasculature to include accurate data regarding the geometric arrangement of blood vessels. More recently, Ngo et al.
(103) generated quantitative information regarding the barriers
to diffusion between arteries and veins in the renal cortex.
Simulations, generated using a computational model based on
these data, indicate that separation distance is an important
factor in influencing oxygen flux between paired vessels in the
kidney (52). Specifically, the flux of oxygen is inversely
proportional to the distance between the vessels. Separation
distance must similarly strongly influence the flux of other
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fraction of heat or mass transferred radially from one flow to
the other depends on the ratio of the rate of heat or mass
transfer between flows to the rate of flow along a tube. Note
that in the case of radial mass transfer between flows, the
fraction of mass transferred is also affected by sources or sinks
along the radial route of mass transport. Thus it is possible for
the mass leaving one flow to be different from that appearing
in the other flow. The fraction of heat or mass transferred is an
important concept for assessing the effectiveness, of countercurrent flow with a diffusive shunt for trapping or excluding
heat or mass from a region.
In this review, we assess the potential physiological significance of diffusive shunting of various molecular species in the
renal circulation. We review published information regarding the
transport and biochemical interactions of oxygen (O2), carbon
dioxide (CO2), ammonia and ammonium (NH3 and NH4!), nitric
oxide (NO), superoxide (O2"), and hydrogen sulfide (H2S) within
the renal vasculature and renal parenchyma.
According to Fick’s 1st law (10), the rate of transport per
unit surface area of a specific molecular species diffusing in a
specific medium depends on two factors: 1) the diffusivity of
each molecule in that medium (also called the diffusion coefficient), and 2) the magnitude of the gradient in partial pressure/concentration driving diffusion. The direction of diffusion
is from high concentration to low. Often, when Fick’s 1st law
is applied (e.g., in biological systems) or described, a discrete
or membrane form is used. In this case, the concentration
gradient is approximated by a difference in concentration
across the membrane (or barrier) divided by the thickness of
the barrier. Finally, if one is to consider the total molecular
transport, the transport from Fick’s 1st law must be multiplied
by the surface area through which the transport occurs. For
convenience, we then consider three factors when discussing
countercurrent exchange in the renal vasculature 1) diffusivity;
2), the difference in concentration between the countercurrent
flows; and 3) the nature of the barrier, which includes the
barrier thickness, the surface area of vessels, and the intimacy
of their spatial association. We address each of these factors
and then consider diffusive shunting from a physiological as
well as an evolutionary perspective to allow us to consider the
selection pressures that have driven the evolution of countercurrent arrangements in the renal vasculature. But first, we
consider the importance of countercurrent exchange in biological systems in general.
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molecular species between paired renal blood vessels. Consequently, we must consider the nature of barriers to countercurrent diffusion in the renal circulation.
Renal cortex. Arteries and veins in the renal cortex have an
intimate relationship, particularly the large vessels found at the
cortico-medullary border (49). There is some experimental
evidence for diffusive shunting of oxygen from arteries to
veins in the renal cortex (88, 130, 161), which will be described in detail later in this review. Schurek et al. (130) were
the first to our knowledge to suggest that arteriovenous (AV)
oxygen shunting in the kidney is facilitated by the intimate
relationship between intrarenal arteries and veins. At the time,
it was known that an intimate relationship between some
intrarenal arteries and veins (at least in the rat) existed. It was
also recognized that intrarenal veins have an unusual structure,
having very thin walls and fenestrations similar to those of
capillaries (49). These two features of the renal preglomerular
circulation were proposed to facilitate diffusive shunting of
oxygen and potentially other molecules (104, 105). However,
there was little understanding of how these features change
along the course of the renal circulation and thus the relative
quantities of oxygen (and other gases) that might diffuse

between arteries and veins at various points along the renal
circulation. Subsequently, Ngo et al. (103) found that the larger
proximal arteries of the renal cortical circulation, such as the
interlobar and arcuate arteries, were more likely to be in close
physical contact with corresponding veins than their smaller
distal counterparts. Unfortunately, there are no available methods to directly measure diffusive shunting in the kidney under
physiological conditions either across the entire vascular bed or
at a segmental level. Consequently, we must rely chiefly on
mathematical models, informed by quantitative information
about the spatial relationships between arteries and veins in the
renal circulation.
Gardiner et al. (52), using a two-dimensional model of
countercurrent flow in idealized artery-vein pairs, identified
four factors that likely have a critical impact on the quantity of
oxygen (and, as a natural extension, other molecules) that
diffuses between individual pairs of vessels. These include 1)
the presence of capillaries or tubules between the walls of the
artery and vein that could act as sources or sinks of the gas
(e.g., oxygen consumption by tubules), 2) the distance between
the lumen of the artery and vein (diffusion distance), 3) the
degree to which the wall of the vein envelops the wall of the
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Fig. 1. Examples of artery-vein arrangements that
enable countercurrent exchange of heat. A and B:
cross-sections of whale fins displaying a single artery
surrounded by multiple veins. C and D: cross-sections
of the hindlimbs of an aquatic bird. a, Artery; m, main
artery; v, vein; n, peroneal nerve. Images A and B from
Scholander and Schevill (129). Images C and D were
republished with permission from Midtgård (96).
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cortex to 1) be devoid of capillaries and tubules in the space
between the artery and its paired vein, 2) have some proportion
of the arterial wall wrapped by the wall of the vein, and 3) have
a short diffusion distance (%20 #m) between the lumen of the
artery and vein (Fig. 2). Importantly, the two-dimensional
model of Gardiner et al. (52) predicts that significant diffusion
of oxygen from an artery to a paired vein can occur only when
all three of these characteristics are present.
Renal medulla. The vessels that supply the renal medulla,
the vasa recta, arise from the efferent arterioles of juxtamedullary glomeruli. The descending and ascending vasa recta are
arranged in a countercurrent manner and are closely associated
(80, 81, 85). But to the best of our knowledge, this association
has not been quantified. Visual inspection of published micrographs (85, 113, 114, 165) indicates that descending and
ascending vasa recta can be as close as 5–10 #m, providing a
short pathway for diffusion (Fig. 3). Exchange of water and
solutes between vasa recta is well established. Descending vasa
recta lose water and gain solute (e.g., urea), whereas ascending

Fig. 2. Artery-vein associations in the renal cortex of the rat.
A: an interlobar artery partially surrounded by a vein,
demonstrating the phenomenon of “wrapping.” C and E:
smaller arteries tend to be separated from the nearest vein.
B, D, and F: magnified images of A, C, and E respectively.
G: changes in proportion of wrapping (%) with arterial
diameter. H: relative frequencies of wrapping (defined as an
arterial profile wrapped by a vein) according to ranges of
arterial diameter. The same lowercase letters represent bins
of arterial diameter for which wrapping (Tukey’s test; G) or
%frequency of categories of wrapping (Cochran-Armitage
test for trends; H) did not differ significantly. A, artery; V,
vein. From Ngo et al. (103).
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artery (wrapping), and 4) the gradients in partial pressure of
gases and concentrations of molecules between the arterial and
venous blood (52). Note that three of these four factors depend
upon the spatial relationships between arteries, veins, and the
renal parenchyma. The findings of Gardiner et al. (52) accorded with those of previous modeling studies of oxygen
diffusion between generic artery-vein pairs in other vascular
territories (40, 79, 133). The unique aspect of the relationship
between arteries and veins in the renal circulation, which was
not considered in these earlier studies, is the phenomenon of
“wrapping.” That is, some arteries in the kidney are partially
enveloped by their paired vein.
To determine how the radial geometry of artery-vein pairs
changes along the course of the renal preglomerular circulation, light microscopy was employed to measure arterial diameter, diffusion distance, and degree of wrapping in a large
sample (n $ 1,628) of artery-vein pairs in the kidneys of rats
(103). Arteries in the inner cortex and juxtamedullary region
were more likely than smaller arteries in the mid- and outer
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Fig. 3. Images of the close spatial association of descending (DVR) and
ascending vasa recta (AVR). A: transmission electron microscopy of rat renal
medulla (approximately &1,000 magnification). B: electron micrograph of
DVR and AVR. Fenestrations (fen) are observed in the AVR, and the close
contact of the vasa recta can be seen clearly (&12,400 magnification). C:
vascular bundles of the medulla visualized by fluorescence microscopy. DVR
are shown in green, whereas AVR are shown in red. Scale bar, 100 #m. Image
A was republished with permission from Lemley and Kriz (85). Image B was
republished with permission from Pallone and colleagues (111 and 114). Image
C from Yuan and Pannabecker (165). CD, collecting duct; P, proximal tubule;
D, distal tubule.

potentially drive countercurrent diffusion of each species in the
vasculature.
Properties That Influence Countercurrent Diffusion of
Molecules and Gases in the Renal Circulation
Tubular reabsorption and secretion are the canonical renal
transport processes. Water-soluble molecules can pass through
pores in the capillary wall by bulk flow and across the gap
between capillaries and tubules by passive diffusion. At the
tubular epithelium, active and passive transport systems (including facilitated transport) regulate the magnitude of reabsorption and secretion of specific molecular species. Thus,
many molecules that are unable to passively diffuse across cell
membranes are reabsorbed or secreted. In contrast, for any
molecule to pass through the multiple layers of the arterial
wall, it must be lipid soluble. Consequently, countercurrent
shunting between arteries and veins depends upon the diffusivities of substances both in aqueous media and across lipid
membranes.
The ability of a specific molecular species to diffuse through
a specific medium is defined by Krogh’s diffusion coefficient:
the product of the diffusion coefficient of the molecule and its
solubility in the medium through which it diffuses (120). Thus,
Krogh’s diffusion coefficient is determined largely by the
solubility of the molecule in question. Oxygen, carbon dioxide,
nitric oxide, superoxide, hydrogen sulfide, and ammonia are all
highly diffusible in plasma and/or water (Table 1), making
them very likely to diffuse within intracellular and extracellular
space. Carbon dioxide is 24 times more soluble in water than
is oxygen (120), so it diffuses more readily within the interstitium than oxygen. Oxygen and nitric oxide have similar
diffusion coefficients (153, 166). The solubilities of oxygen,
carbon dioxide, and nitric oxide differ, but their diffusion
coefficients are similar because these molecules have similar
effective molecular radii (Table 1).
We must also consider the permeability of these molecules
in cellular membranes. Permeability is a measure of the ability
of a liquid or gas to pass through a medium. It is thus defined
as the rate at which a liquid or gas penetrates a medium. Even
if a concentration gradient exists, a molecule will not diffuse
between arteries and veins or descending and ascending vasa
recta unless it is lipid permeable. Oxygen, carbon dioxide,
nitric oxide, and hydrogen sulfide are highly lipid permeable
(Table 2). In contrast, ammonia’s ability to pass through lipid
bilayers is much less than oxygen, carbon dioxide, nitric oxide,
and hydrogen sulfide. Indeed, the cell membranes of the colon,
gastric cells, and thick ascending limbs of the loop of Henle
appear impermeable to ammonia (7, 77, 106, 136, 156). Superoxide has limited lipid permeability because of its negative
charge (58, 90, 98, 142). However, superoxide can pass
through cell membranes via anion channels (90, 98), so lipid
permeability is not required.
Diffusion of molecules between paired vessels must be
driven by a concentration gradient. The greater the concentration gradient, the greater the driving force for countercurrent
diffusion. This concept is important for consideration of the
interpretation of some of the earlier studies of diffusive shunting in the renal circulation. These studies, described in detail
below, relied on injection of pulses of molecules that do not
naturally occur in the kidney or of supraphysiological amounts
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vasa recta gain water and lose solute (127). This countercurrent
arrangement also promotes diffusion of gases and other highly
diffusive molecules between descending and ascending vasa
recta (19, 20, 35).
The structural factors described above, chiefly in the context
of putative oxygen shunting, will also influence diffusion of
other molecules between the afferent and efferent vessels in the
kidney. However, there are two other important sets of factors
that must also be considered. First, we must consider the
physicochemical properties of each molecule, which in turn
defines its ability to diffuse through blood, the vessel walls, and
renal tissue. Second, we must consider the way in which each
molecule is handled within the kidney, which in turn determines the nature of the gradients in partial pressure that could
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108–162
ND, information not available; O2, oxygen; CO2, carbon dioxide; NO, nitric oxide; O2", superoxide; H2S, hydrogen sulfide; NH3, ammonia.

0.91 (72)
NH3

0.6–0.9 (147)

0.28–0.31 (26, 69)
ND
H2S

~93–103 (0.12–0.14
mol·m"3·mmHg"1)
200–300 (3.85 & 104
mol·m"3·mmHg"1) (18)

ND
ND
O2"

1.9 (2.55 & 10"3
mol·m"3·mmHg"1) (166)
ND
0.035–04 (164)
ND
NO

24 (3.21 & 10"2
mol·m"3·mmHg"1) (48)
0.067 (4)
0.067–0.078 (5, 102, 122)
CO2

Countercurrent Diffusion of Exogenous Lipid-Soluble
Substances in the Renal Circulation

0.63

54–96
0.58–0.93

ND
1

2.24
1.18

21.40
0.89

1
1

2,070–2,550 (water, 25°C; Refs. 4,
23, 31, 46, 151, and 154), 2,800
(tissue; Ref. 15)
1,850–2,110 (water, 25°C; Refs.
119, 144, 148, 149, and 152),
2,500 (water, 37°C; Refs. 54
and 70)
3,300 (tissue; Refs. 15 and 92),
2,210 (water, 25°C; Ref. 166)
2,800 (tissue, assumed to be same
as oxygen; Ref. 15)
1,480–1,930 (water, 25°C; Refs.
62, 143, and 146)
1,770 (water; Ref. 18)
1 (1.34 & 10"3 mol·m"3·mmHg"1)
(84)
0.003 (93)
O2

0.003 (93)

Diffusivity, #m2/s (Ref. No.)
' (Solubility Relative to Oxygen)
Solubility in water,
ml/dl (Ref. No.)
Solubility in plasma at 37°C,
ml/dl (Ref. No.)
Gas

Table 1. Solubility and diffusivity of the 6 molecules reviewed

of naturally occurring molecules. Such approaches inflate the
gradients for countercurrent diffusion, so findings utilizing
them should be interpreted with care with respect to the
significance of shunting under physiological conditions.

Effros et al. (39) tested the hypothesis that lipid-soluble
substances are able to diffuse from arteries to veins in the
kidney. They reasoned that this phenomenon would be evinced
by the appearance of lipid-soluble substances in the renal vein
at an earlier time point than non-lipid-soluble substances after
administration via the renal artery (39). In perfused isolated
kidneys from rabbits, they observed greater concentrations of
[14C]butanol (lipid soluble) than 3H2O and 125I-labeled albumin (non-lipid soluble) in initial samples collected from venous outflow. Increasing flow resulted in an earlier appearance
of 125I-labeled albumin in the renal venous effluent compared
with [14C]butanol and 3H2O. Thus, [14C]butanol can diffuse
from arteries to veins, at least at low rates of perfusion. But can
more biologically relevant molecules also diffuse between
these vascular elements, and if so, do these phenomena have
significance in terms of the physiology of the kidney? To
answer this question we must consider the gradients in the
intravascular concentrations of oxygen, carbon dioxide, ammonia, nitric oxide, superoxide, and hydrogen sulfide and the
experimental and/or theoretical evidence of countercurrent
diffusion of these molecules in the renal vasculature.
Oxygen
Concentration gradients. The consumption of oxygen in the
kidney, predominantly to drive sodium reabsorption (43), generates a driving force for diffusion of oxygen from arteries to
veins (51) and from descending to ascending vasa recta (19,
20). Under normal physiological conditions, the kidney extracts only 10 –20% of the oxygen delivered to it. Consequently, when arterial oxygen tension (PO2) is ~100 mmHg,
renal venous PO2 is 50 – 60 mmHg (42), so an AV gradient of
40 –50 mmHg exists. PO2 in descending and ascending vasa
recta has not been measured directly but has been estimated to
be in the range of 45– 65 mmHg (167). A value of 55 mmHg
in the descending vasa recta at the corticomedullary junction
has been assumed for the purposes of computational modeling
(167). Model simulations predict a PO2 at the end of the
ascending vasa recta of 40 – 45 mmHg, giving a gradient of
10 –15 mmHg (167). Both experimental (88, 161) and computational studies (19, 20, 51, 52) have provided evidence that
oxygen shunting occurs in both the cortex and medulla. However, the quantitative significance of these phenomena remains a
matter of controversy (44, 107, 108).
Evidence of diffusive oxygen shunting. RENAL CORTEX. Historically, most interest in the diffusive shunting of gases in the
renal cortex has focused on the phenomenon of AV oxygen
shunting. Levy and colleagues (88, 89), in a set of ingenious
experiments, provided evidence that the mean transit time for
oxygen across the renal circulation is less than that of erythrocytes. The only satisfactory explanation for these observations was the existence of a diffusive shunt between the
afferent (arterial) and efferent (venous) limbs of the renal
circulation. However, an important caveat must be applied to
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Table 2. Lipid membrane permeabilities of the 6 molecules reviewed
Molecule (Membrane Type)

Permeability, cm/s

Ref. No.

20
20
18
29
18
29
10
30
10
30

67
48
12.2 ( 0.4
125 ( 12.5
10.4 ( 1.6
22.7 ( 4.1
33 ( 1.9
114 ( 4.9
13.7 ( 1.6
54.6 ( 5.6

141
141
140
140
140
140
140
140
140
140

22-24

0.35
3.2

59
97

(48 ( 5) & 10"2
(21 ( 10) & 10"2
(52 ( 4) & 10"2
(16 ( 5) & 10"2
13 & 10"2

1

Oxygen
EYPC (0 mol% cholesterol)
EYPC (27.5 mol % cholesterol)
L-'-Dimyristoyl-PC (0 mol% cholesterol)
L-'-Dimyristoyl-PC (0 mol% cholesterol)
L-'-Dimyristoyl-PC (50 mol% cholesterol)
L-'-Dimyristoyl-PC (50 mol% cholesterol)
L-'-Oleoyl-PC (0 mol% cholesterol)
L-'-Oleoyl-PC (0 mol% cholesterol)
L-'-Oleoyl-PC (50 mol% cholesterol)
L-'-Oleoyl-PC (50 mol% cholesterol)
Carbon dioxide
Egg lecithin and cholesterol (1:1 mol ratio)
Three typesa
Ammonia
DPhPC
2:1 mixture of DPhPC and cholesterol
PC from soybeans
2:1 mixture of PC from soybeans and cholesterol
EYPC
Hydrogen sulfide
Bilayer lipid membrane from E.coli
Dilauroyl-PC liposome membranes
Calculated using solubility-diffusion model
Nitric oxide
Predictedb
EYPC (0 mol% cholesterol)
EYPC (30 mol% cholesterol)
Superoxide
Soybean PC
EYPC

157

20
25

0.5 ( 0.4
3
11.9 ( 0.7

94
22
124

25
20
20

4.6
93
77

41
141
141

25
23

2.1 & 10"6
7.6 & 10"8

142
58

PC, phosphatidylcholine; EYPC, egg yolk phosphatidylcholine; DPhPC, diphytanoyl-phosphatidylcholine. Permeability is defined as the rate at which a
molecule passes through a medium. aThe 3 types of egg lecithin and cholesterol were 1) pure DPhPC, 2) 3:2:1 mixture of cholesterol, DPhPC, and egg
sphingomyelin, and 3) EYPC, egg phosphatidylethanolamine, brain phosphatidylserine, cholesterol, and sphingomyelin; bprediction was based on data of carbon
dioxide permeability in phospholipid membrane and phospholipid-water partition coefficients.

the interpretation of these studies. As was the case for the
studies of countercurrent shunting in the stomach (71) and
small intestine (73) of the cat mentioned above, these studies
were conducted under conditions in which the AV gradient in
PO2 was increased way beyond that present under physiological
conditions. This demonstrates that shunting occurs but does not
indicate how much occurs under physiological conditions.
Schurek et al. (130) showed that the glomerular PO2 in
Wistar rats is lower than that in systemic arteries (an average
of 46 vs. 90 mmHg, respectively). These observations indicate
that oxygen is lost from arteries in the preglomerular circulation, although they do not indicate the fate of this oxygen.
Indeed, their findings could also be explained by diffusion of
oxygen from arteries to the renal parenchyma. Delivery of
oxygen to tissue by diffusion from arteries is well established
in skeletal muscle (32, 40) and is supported in the kidney by
the findings of recent theoretical analyses (103, 107).
Perhaps the best evidence for the existence of AV oxygen
shunting comes from the work of Welch et al. (161). They used
miniaturized Clark electrodes (outer tip diameter 3–5 #m) to
measure the PO2 of various segments along the nephron and in
the vasculature of the superficial cortex. The PO2 measured in
efferent arterioles (average of 45 mmHg) was lower than that
in the renal vein (average of 52 mmHg). These observations
provide evidence that some of the oxygen in renal arterial
blood diffuses directly to adjacent veins, bypassing the peritubular capillaries.

The critical question is as follows: How much of the oxygen
supplied to the kidney in the renal artery is lost by diffusion to
veins? Unfortunately, AV oxygen shunting cannot be quantified by experimental measurement under physiological conditions, so it has been necessary to rely on computational models
to try to answer this question. Gardiner et al. (51) calibrated
their model using the values of intrarenal PO2 observed by
Welch et al. (161). That is, they applied a single diffusion
coefficient across all levels of the circulation that resulted in
values of renal tissue PO2 equivalent to the value of efferent
arteriolar PO2 measured by Welch et al. (161) (45 mmHg)
when arterial (85 mmHg) and renal venous PO2 (52 mmHg)
were also set at the levels measured experimentally. Thus, their
estimate that 5–10% of the total amount of oxygen delivered in
the renal artery is shunted to the intrarenal veins under normal
physiological conditions (51) is highly dependent on the accuracy and generalizability of the findings of Welch et al. (161).
It is also noteworthy that their simulations indicate that this
proportion could increase considerably in pathological conditions associated with renal ischemia and/or anemia. In contrast,
Olgac and Kurtcuoglu (107, 108) developed an alternative
model that predicts that AV oxygen shunting is negligible.
Their model was based on the assumption that artery-vein pairs
are separated by a distance of 67–106 #m (107). However,
recent anatomic analyses indicate that a characteristic feature
of the renal cortical circulation is that some arteries are partially surrounded by a vein (wrapped) and that separation
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Carbon Dioxide
Concentration gradients. Metabolism of fats, carbohydrates,
and proteins results in the production of carbon dioxide. Thus,
catabolism contributes to the gradient of carbon dioxide between efferent and afferent vessels in all vascular beds. In the
kidney, an additional process operates, since carbon dioxide
and bicarbonate (HCO3") are reabsorbed into peritubular capillaries from tubules (2). Furthermore, within peritubular blood
the relative concentrations of carbon dioxide and bicarbonate
are influenced by the activity of carbonic anhydrase and the
buffering actions of proteins in the plasma and hemoglobin in
erythrocytes (145). In humans at rest, renal venous carbon
dioxide tension (PCO2) has been estimated to be ~1 mmHg
greater than arterial PCO2, whereas mixed venous PCO2 is ~4
mmHg greater than arterial PCO2 (123). Thus, the AV gradient
of PCO2 that would drive venous-to-arterial shunting of carbon
dioxide is rather small.
The diffusive shunting of carbon dioxide from ascending to
descending vasa recta in the renal medulla would require a
greater PCO2 in ascending than descending vasa recta. Burke et
al. (16), using a simple model to generate simulations of
intrarenal PO2, PCO2, and pH, predicted a gradient of PCO2, from
the descending vasa recta in the outer medulla to the tip of the
papilla, of 20 mmHg. This was sufficient to generate a corticomedullary gradient in pH of ~0.2 units, consistent with their
experimental observations (16). PCO2 has been calculated from
measurements of pH in descending and ascending vasa recta at
the tip of the papilla (82, 83). However, it has not been
technically possible to measure PCO2 in descending and ascending vasa recta in the outer medulla. Thus, whether a
gradient and its magnitude exist remains to be determined.
Evidence of diffusive carbon dioxide shunting. RENAL
CORTEX. DuBose and colleagues (29, 30) measured PCO2 in the
kidney. Using pH-sensing microelectrodes, DuBose et al. (30)
found gradients of PCO2 in the renal cortex. Similar findings
were generated by four other research groups (8, 13, 55, 66). In
the studies of DuBose and colleagues (29, 30), PCO2 was ~65
mmHg in the distal tubules and stellate vessels (subcapsular

vessels that form the interlobular veins) of the outer cortex and
~40 mmHg in the renal vein. These findings are consistent with
the presence of diffusive transfer of carbon dioxide from
venules/veins to arterioles/arteries in the renal cortex. Bidani et
al. (9) took a mathematical approach to examine the role of
diffusive shunting of carbon dioxide in generating high PCO2 in
the outer cortex. They also compared the model’s predictions
of PCO2 (9) with those measured by DuBose et al. (29, 30).
Their model could replicate the findings of DuBose et al. (29),
provided that both metabolic production of carbon dioxide by
aerobic respiration and its diffusion from veins to arteries were
accounted for. Modeling also predicted that the effect of
countercurrent exchange can explain the high levels of PCO2 in
the superficial cortex (3). Taken together, these observations
support the proposition that diffusive shunting of carbon dioxide generates a gradient of PCO2 in the cortex. This proposition,
however, was questioned by De Mello Aires et al. (24), who
were unable to detect a difference in PCO2 between the renal
cortex and systemic arterial blood. Three different types of
Severinghaus PCO2 microelectrodes were used in their studies,
one of which was a “glass bubble” pH electrode with some
similarities as well as some differences from the “glass membrane” electrode employed by DuBose et al. (29, 30). The
discrepancy between the findings from these different groups
has not been resolved (27). Consequently, the presence of
venous-to-arterial shunting of carbon dioxide in the renal
cortex remains unresolved.
RENAL MEDULLA. Burke et al. (16) reasoned that, due to the
countercurrent arrangement of the descending and ascending
vasa recta, gradients in PCO2 and pH should accompany gradients of PO2 within the kidney. As described above, their
model indicates that there can be shunting of carbon dioxide
between descending and ascending vasa recta, provided that
there is a gradient in PCO2 between them. But, as also mentioned above, we do not have direct experimental measurements of the size of this gradient.
Ammonia
Concentration gradients. Ammonia exists in two molecular
forms, uncharged ammonia (NH3) and charged ammonium
(NH4!). These molecular species play an important role in
maintenance of intracellular pH. Herein, we define “ammonia”
as the total of both ammonia species. When referring to a
specific species, we use either NH3 or NH4!. In most mammalian biological fluids of pH 7.4, total ammonia is mostly
present as NH4! and ~1% is present as NH3 (160). Ammonia
is produced by the kidney in the proximal tubule and is then
transported to the renal vein or into urine. It is delivered to the
renal medulla via the loops of Henle, and ammonia from the
thick ascending limb is “recycled” into the descending limb of
the loop of Henle. Therefore, this recycling leads to accumulation of ammonia in the medullary interstitium and formation
of a cortico-medullary gradient in the concentration of ammonia (125, 139).
Is there evidence of diffusive ammonia shunting in the renal
circulation? RENAL CORTEX. NH3 is uncharged but highly polar.
Consequently, NH3 has high water solubility and limited lipid
permeability (7, 106). Indeed, the cell membranes of the colon
(136), gastric glands (156), and medullary thick ascending limb
of the loop of Henle (77) have low permeability for NH3.
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distances for such artery-vein pairs are only ~15 #m (103).
Critically, in the case of these wrapped arteries, oxygen sinks
(tubules and capillaries) are not present in the space between
the artery and vein (103). Thus, both models are limited by the
absence of precise information regarding the spatial relationships between arteries and veins in the kidney (44). We
speculate that the truth may lie somewhere in between these
two extreme cases. But resolution of this controversy will
require the development of more sophisticated models that
incorporate detailed anatomic information.
Renal medulla. Modeling of oxygen transport across the
vasa recta provided evidence that oxygen could be shunted
from the descending to the ascending vasa recta (167), thus
limiting delivery of oxygen to the renal papilla (167). On the
other hand, the vascular topography of the outer medulla
appears to sustain oxygen delivery to the inner medulla (19,
20). The long descending vasa recta are sequestered in the
center of the vascular bundle, thus limiting loss of oxygen from
descending vasa recta that penetrate the inner medulla (19, 20).
This arrangement is also predicted to impede the diffusion of
oxygen to the thick ascending limbs of the loop of Henle (19).
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Nitric Oxide, Superoxide, and Hydrogen Sulfide
Concentration gradients. Nitric oxide (110) and superoxide
(37, 163) are both highly diffusible but have short half-lives, so
they act chiefly as paracrine or autocrine factors. They rapidly
react with each other to form the potent oxidizing agent
peroxynitrite (6, 47), and so they can be considered to operate
as a system (6). Nitric oxide inhibits sodium reabsorption, and
thus renal oxygen consumption, by inhibiting the Na!/K!/
2Cl" cotransporter (110). Superoxide has reciprocal effects
both indirectly via scavenging of nitric oxide and through
direct cellular actions (53). Furthermore, nitric oxide and
superoxide also affect tubular oxygen consumption through the
ability of nitric oxide to inhibit oxygen utilization by the
mitochondria (11). They also strongly influence vascular tone
in both the cortical and medullary circulations (45, 61, 168).
There is evidence that metabolites of arachidonic acid can
diffuse from venules to adjacent arterioles in skeletal muscle to
induce vasodilatation, providing a local feedback mechanism
through which tissue perfusion can be regulated to match
metabolic demand (63, 64). Is it possible for nitric oxide,
superoxide, or other vasoactive small molecules to diffuse
from venules to arterioles, so that it can provide a mechanism
for feedback control of vascular tone?
The relative concentrations of nitric oxide in venules compared with arterioles remains a matter of controversy. Arterioles have a shear rate four to six times greater than venules
(100), but venules have more endothelial cells in their walls
than arterioles because of their larger size (21). Experimental
studies in nonrenal vascular beds, when taken collectively,
provide little evidence of a venular-to-arteriolar gradient in the
concentration of nitric oxide (12, 99, 100, 155) Although
modeling predicts that radial concentration gradients for nitric
oxide and superoxide are present in the medulla (37), we are
not aware of theoretical or experimental evidence to support
the presence of gradients in the concentrations of these molecules between veins and arteries in the cortex or between
ascending and descending vasa recta in the medulla.
Hydrogen sulfide has emerged as an important signaling
molecule in control of blood pressure and vascular function
(67). In the kidney, hydrogen sulfide is produced by cystathionine )-synthase and cystathionine *-lyase, both of which are
found mainly in the proximal tubule, and 3-mercaptopyruvate
sulfurtransferase (68, 162). Hydrogen sulfide is scavenged by

Fig. 4. The likely direction of diffusion for oxygen, carbon dioxide, nitric
oxide, superoxide, and ammonia between afferent and efferent vessels of the
renal cortex (A) and medulla (B). Note that blood vessels are relatively
impermeable to ammonia, unless they are fenestrated, as is the case for
ascending vasa recta. DVR, descending vasa recta; AVR, ascending vasa recta;
O2, oxygen; NO, nitric oxide; CO2, carbon dioxide; O2", superoxide; H2S, hydrogen sulfide; NH3, ammonia.

methemoglobin, yielding sulfhemoglobin (65, 162). The halflife of hydrogen sulfide is %5 min in plasma and in vivo (150,
158). Hydrogen sulfide is also highly soluble, so it is able to
permeate cell membranes without the requirement for specific
transporters (94). A wide range of plasma concentrations of
hydrogen sulfide in plasma (%1–391 #M) has been reported in
the literature (109). Levels of hydrogen sulfide were found to
be %0.05 #M in the kidney (87). Similarly, soluble hydrogen
sulfide was found to be undetectable in arterial blood of rats
(78). Thus, due to limitations associated with current methods
for measurement of hydrogen sulfide in biological fluids, the
existence of gradients in the concentration of this molecule
between afferent and efferent vessels in the kidney remains a
matter of conjecture. New and more sensitive methods are
currently being developed (134, 135).
Is there evidence of diffusive shunting of nitric oxide, superoxide, or hydrogen sulfide in the renal circulation? Because of
the important roles of nitric oxide and superoxide in the
regulation of microcirculatory function, the transport and interactions between these molecules have been studied extensively using computational models (17, 25, 74 –76, 84). Collectively, these modeling studies provide evidence that the
diffusion of these molecules between paired vessels is possible.
In particular, computational models of nitric oxide transport
between a paired arteriole and venule provide support for the
concept that venular release of nitric oxide could induce
dilatation of adjacent arterioles, provided that there is a significant gradient in the concentration of nitric oxide and if the
paired vessels are close together (21, 75). However, there is
little evidence that significant gradients of nitric oxide, superoxide, or hydrogen sulfide exist between afferent and efferent
vessels in the renal circulation. Also, to the best of our
knowledge, there are no experimental data or model simulations that provide evidence that diffusive shunting of nitric
oxide, superoxide, or hydrogen sulfide occurs in the renal
cortical or medullary circulations. Thus the direction of shunting for these gases and molecules is unknown (Fig. 4).
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Because of its charge, NH4! requires channels, carriers, or
transport proteins to pass through lipid layers. To the best of
our knowledge, such transporters are present only in tubules,
not blood vessels. Thus, it is unlikely that NH3 or NH4! can
diffuse between arteries and veins in the renal cortex.
RENAL MEDULLA. The ascending vasa recta are highly fenestrated (111, 112) and lie in close proximity to the ascending
limbs of the loop of Henle (86) and the collecting ducts (115,
116). Subsequently, some of the ammonia, as it diffuses from
the loop of Henle into the collecting duct, will diffuse into the
ascending vasa recta. However, it is unlikely that NH3 diffuses
between descending and ascending vasa recta due to the
limited permeability of NH3 and continuous epithelium of the
descending vasa recta.
Thus, there is little evidence of countercurrent shunting of
ammonia in either the cortical or medullary circulations.
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What Factors Have Driven Evolution of the Vascular
Architecture of the Mammalian Kidney?

Perspectives and Significance
Our discussion of the physiological and evolutionary significance of countercurrent diffusion in the renal vasculature has
identified the critical gaps in our knowledge that must be filled
before we can fully understand the selection pressures that led
to the unique countercurrent arrangements of afferent and
efferent vessels in the renal cortex and medulla. First, we
require more detailed and quantitative information regarding
the barriers to diffusion between arteries and veins and descending and ascending vasa recta. Some progress has been
made in this field (103, 116, 118), but we still have a long way
to go. Second, we require measurements of the concentrations
of the relevant molecules within the renal vasculature. Currently, our knowledge is mostly limited to measurements in
arterial and renal venous blood and in some cases (e.g.,
oxygen) in vessels in the superficial cortex (161) or the tip of
the papilla (28, 56, 82, 83, 139). The available information has
allowed development of computational models of the transport
of oxygen (19, 20, 51, 52, 107, 133, 167), carbon dioxide (16),
nitric oxide (25, 35–38), and superoxide (36 –38) in the renal
cortex and/or medulla. Mathematical models can tell us what is
theoretically possible, but we rely on experimental measurements to know what “is.” Consequently, the lack of methods to
assess the concentrations of various molecules within the renal
vasculature at high temporal and spatial resolution remains the
major obstacle to understanding the physiological and evolu-
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Renal cortex. A unique aspect of the mammalian kidney is
the intimate association of arteries and veins. O’Connor and
colleagues (104, 105) proposed that diffusional shunting of
oxygen from arteries to veins in the renal cortex represents a
structural antioxidant mechanism. They argued that, by limiting oxygen delivery to renal tissue, this mechanism would
prevent excessive production of superoxide and thus oxidative
stress. An antioxidant defense mechanism of this nature that
inhibits formation of reactive oxygen species would be more
energetically efficient than one that relies on the chemical
quenching of reactive oxygen species once they are formed.
This argument is of course entirely dependent on the proposition that AV oxygen shunting is quantitatively significant. As
discussed above, the jury is still out on this question.
Carbon dioxide is much more soluble than oxygen, so it
should diffuse more readily. Venous-to-arterial shunting of
carbon dioxide would be predicted to have two important
effects. First, it would be expected to lead to “trapping” of
carbon dioxide, particularly in the outer cortex (30, 91). This
phenomenon would potentially enhance oxygen delivery to
tissue by shifting the oxygen-hemoglobin dissociation curve to
the right. Furthermore, it would potentially be enhanced when
renal blood flow is reduced, thus providing a mechanism that
sustains oxygen delivery to cortical tissue during renal ischemia. However, as reviewed above, it seems that the gradient
in PCO2 between veins and arteries in the renal cortex is
relatively small (~1 mmHg) (123), at least under normal
physiological conditions, so it may not be sufficient to drive
quantitatively significant shunting of carbon dioxide. A plausible explanation for the absence of a significant gradient is that
the cortical structures have high permeability to carbon dioxide
so that its levels approach equilibrium. DuBose et al. (30)
observed that PCO2 was similar across the proximal tubule,
distal tubule, and stellate vessels. Thus their findings are in
accord with those of others, indicating high tubular permeability to carbon dioxide (131, 159).
Theoretically, vasoactive paracrine factors could diffuse
from intrarenal veins to intrarenal arteries, thus providing a
mechanism for feedback regulation of arteriolar tone. Such
mechanisms have been described in nonrenal vascular beds
(50, 121). However, we are not aware of any evidence that
such mechanisms operate in the kidney.
It seems unlikely that countercurrent shunting of nitric
oxide, superoxide, hydrogen sulfide, or ammonia is quantitatively significant in the cortical vasculature. Thus, based on
currently available information, shunting of oxygen seems to
be the best candidate, with carbon dioxide less likely, for
providing selection pressure for the evolution of the intimate
spatial relationships between arteries and veins in the mammalian kidney (Fig. 4).
Renal medulla. It is not currently feasible to quantify the
concentration gradients of any molecule between descending
and ascending vasa recta in the outer medulla. Therefore our
current understanding of diffusive shunting in the medulla
comes from theoretical studies underpinned by anatomic observations. Our review of the literature indicates that countercurrent shunting of ammonia, nitric oxide, superoxide, and
hydrogen sulfide is unlikely to be important in the renal

medulla. However, it remains feasible that the evolution of the
architecture of the medullary vasculature has been influenced
by the adaptive advantages of diffusive countercurrent shunting of oxygen and/or carbon dioxide (Fig. 4).
The countercurrent arrangement of the descending and ascending vasa recta is thought to be critical for the countercurrent trapping of solutes and thus the mechanisms that allow
generation of concentrated urine (117, 127). It has been argued
that this arrangement renders the renal medulla susceptible to
hypoxia (14). This could represent a counteradaptive consequence of the evolutionary imperative for concentration of
urine in terrestrial animals. But could the countercurrent arrangement of vasa recta also have additional functional consequences for the kidney?
Oxygen shunting could exacerbate medullary hypoxia, but
the sequestration of long vasa recta into the core of vascular
bundles may help preserve oxygen delivery to the inner medulla (20). This is of particular importance, as the medulla is
susceptible to hypoxia (33, 42, 60). Indeed, medullary PO2 has
been reported to be in the range of 10 –20 mmHg (101).
However, the preservation of oxygen delivery to the inner
medulla appears to be at the expense of limiting oxygen
delivery to the thick ascending limbs, a major site of sodium
reabsorption and thus oxygen consumption.
Predictions from a computational model support the idea
that the countercurrent shunting of carbon dioxide, from ascending to descending vasa recta, acts to “trap” carbon dioxide
in the inner medulla (16). This mechanism was predicted to be
augmented when medullary blood flow was reduced or when
medullary oxygen consumption was increased (16). However,
all of this rests on the assumption of a gradient in PCO2 between
ascending and descending vasa recta, which is yet to be
verified experimentally.
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tionary significance of countercurrent diffusion in the renal
circulations.
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Summary
We determined whether adenine-induced chronic kidney disease (CKD) in rats is associated with renal tissue hypoxia. Adenine (100 mg) or its vehicle was administered to
male Sprague-Dawley rats, daily by oral gavage, over a 15-day period. Renal function
was assessed before, and 7 and 14 days after, adenine treatment commenced, by collection of a 24-hour urine sample and a blood sample from the tail vein. On day 15,
arterial pressure was measured in conscious rats via the tail artery. Renal tissue hypoxia
was then assessed by pimonidazole adduct immunohistochemistry and fibrosis was
assessed by staining tissue with picrosirius red and Masson’s trichrome. CKD was evident within 7 days of commencing adenine treatment, as demonstrated by increased
urinary albumin to creatinine ratio (30 ± 12-fold). By day 14 of adenine treatment
plasma creatinine concentration was more than 7-fold greater, and plasma urea more
than 5-fold greater, than their baseline levels. On day 15, adenine-treated rats had
slightly elevated mean arterial pressure (8 mmHg), anaemia and renomegaly. Kidneys
of adenine-treated rats were characterised by the presence of tubular casts, dilated
tubules, expansion of the interstitial space, accumulation of collagen, and tubulointerstitial hypoxia. Pimonidazole staining (hypoxia) co-localised with fibrosis and was present in both patent and occluded tubules. We conclude that renal tissue hypoxia
develops rapidly in adenine-induced CKD. This model, therefore, should prove useful
for examination of the temporal and spatial relationships between tubulointerstitial
hypoxia and the development of CKD, and thus the testing of the ‘chronic hypoxia
hypothesis’.
KEYWORDS

fibrosis, hypoxia, pimonidazole

1 | INTRODUCTION

multiple forms of CKD;8 the so-called ‘chronic hypoxia hypothesis’.9
More recent observations have even provided evidence that renal

Renal tissue hypoxia has been demonstrated in multiple forms of
1–3

chronic kidney disease (CKD), including polycystic kidney disease,
4

5

hypoxia per se might be sufficient to initiate the development of
CKD.10

diabetic nephropathy, the remnant kidney model, and CKD follow-

The relatively slow development of injury and/or diminished glo-

ing ischaemia-reperfusion injury.6,7 This has led to the proposition that

merular filtration rate (GFR) in most rodent models of CKD has made it

hypoxia represents a final common pathway for the development of

difficult to tease out the causal relationships between tubulointerstitial
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hypoxia and the pathogenesis of nephropathy. For example, after

The rates of excretion of sodium, chloride and osmolytes were

recovery from acute ischaemia-reperfusion injury, there is little evi-

indistinguishable in adenine-treated compared with vehicle-treated

dence of renal functional abnormalities or abnormal tubular morpholo-

rats (Table 1). However, potassium excretion tended to increase in rats

gy 8 weeks after the initial insult and only mild proteinuria is observed

treated with adenine. This apparent effect was particularly evident on

after 16 weeks.11 In most rodent models of polycystic kidney disease,

day 7, when potassium excretion was 67% greater in adenine-treated

there is some evidence of abnormalities in renal tissue structure at

rats than vehicle-treated rats. By day 7 of adenine-treatment urine

birth, but then many weeks or months are required for the condition to

osmolality was reduced by approximately 69 ± 5% of its pre-treatment

progress to frank CKD.12,13 Furthermore, in type 1 diabetes, induced

level. Proteinuria was also present at day 7 of adenine treatment.

by streptozotocin in rats, only relatively mild tissue damage is observed

Urinary protein excretion had increased by 287 ± 58% from its pre-

14

Even in the rem-

treatment level and remained similarly increased at day 14 of adenine

nant kidney model, which has been extensively used in studies of the

in the first month after the induction of diabetes.

treatment. In contrast, the vehicle treated rats excreted little protein

pathogenesis of CKD, nephropathy develops over weeks rather than

throughout the 2 week treatment period. In adenine-treated rats,

days.5

urinary albumin excretion had increased 29 ± 9-fold and the urinary

In order for us to test the chronic hypoxia hypothesis in a defin-

albumin to creatinine ratio had increased 30 ± 12 fold by day 7 of

itive manner, it is vital that we are able to precisely define the tem-

adenine treatment. Plasma creatinine, measured in three rats on day

poral and spatial relationships between hypoxia and the progression

0, was below the level of detection (i.e. ≤0.20 mg/dL). By day 14 of

of disease.15 That is, we must determine whether hypoxia occurs

adenine treatment it was more than 7-fold greater (1.50 ± 0.13 mg/

before, and in the same place as, tissue damage. Consequently, we

dL, n=4). Plasma urea averaged 4.8 ± 0.5 mmol/L (n=3) on day 0 and

require experimental models of CKD in which pathological chang-

25.5 ± 0.9 mmol/L (n=3) on day 14 of adenine treatment.

es in renal tissue develop rapidly in response to a defined stimulus.

On the 15th day of treatment, the body weight of adenine-treated

Administration of adenine, either in food16–25 or by oral gavage,26

rats was 16% less than that of vehicle treated rats (Table 2). Mean

has been shown to result in reproducible renal dysfunction. Adenine

arterial pressure of adenine-treated rats averaged 8 mmHg higher

is metabolised to 2,8-dihydroxy-adenine which forms crystalline casts

than that of vehicle treated rats but heart rate did not differ signifi-

within the renal tubules. The formation of these casts is thought to

cantly between the two groups. The kidneys of adenine-treated rats

initiate renal dysfunction.21 CKD in adenine-treated rats is associated

were 86% heavier than those of vehicle-treated rats. Haematocrit was

with hypertension and vascular calcification, renal interstitial fibrosis,

less in adenine-treated rats (31.9 ± 3.2%) than in vehicle-treated rats

proteinuria, increased water intake and urine flow, uraemia, and hyper-

(38.2 ± 1.4%).

kalaemia.25 Only modest increases in serum creatinine are observed
after 2 weeks of adenine treatment, while more prolonged treatment
results in marked renal pathology and markedly increased serum creat-

2.2 | Histology and immunohistochemistry

inine.17,18,20–22 In the current study, we tested the hypothesis that the

To visualise the tubular and vascular elements of the rat kidney, hae-

early phase of adenine-induced CKD (i.e. after 2-weeks of treatment) is

matoxylin and eosin staining was performed. Kidneys of rats treated

accompanied by renal tissue hypoxia, in order to evaluate the potential

with vehicle (Fig. 1a) were considerably smaller than the kidneys of

for this model to be used for testing the chronic hypoxia hypothesis.

adenine-treated rats (Fig. 1e). Tissue architecture of the cortex and
medulla in the kidneys of the rats treated with vehicle appeared nor-

2 | RESULTS
2.1 | Progression of chronic kidney disease

mal (Fig. 1a–d). The tubules were closely spaced and the interstitial
space and blood vessels were not prominent. The glomeruli appeared
regular with normal thickness of the basement membrane (Fig. 1b). In
contrast, the tissue architecture of the kidneys of rats treated with

Across the 2 weeks during which rats were treated with the vehicle

adenine was very different. There was considerable expansion of the

for adenine, body weight increased 27 ± 11%, while food intake and

interstitial space in the cortex and medulla (Fig. 1e–h). The tubules

faecal output slightly decreased (Table 1). Food intake and faecal out-

appeared abnormal with irregular lumen space. The glomeruli were

put were consistently less in adenine-treated rats than vehicle-treated

intact in their basement membrane but dilation of Bowman’s space

rats. There were tendencies for adenine-treated rats to gain less

was seen (Fig. 1f). The blood vessels appeared unaffected and similar

weight than the vehicle-treated rats, although this apparent effect was

to those of vehicle-treated rats. Characteristic tubular casts, presum-

not statistically significant (time × treatment interaction; P=.14). In

ably containing 2,8-dihydroxyadenine, were also observed (Fig. 2).

vehicle-treated rats, water intake and urine output gradually increased

Tissues were stained with picrosirius red (Fig. 3) and Masson’s

across the 14 days of the study, to be 28 ± 18% and 116 ± 57% greater

trichrome (Fig. 4) to examine fibrosis. Masson’s trichrome stains

than their baseline level at day 14, respectively. In contrast to vehicle-

type I collagen as well as variety of matrix elements.27 In contrast,

treated rats, much greater increases in water intake and urine output

picrosirius red is highly specific for type I and type III collagen.28

were observed in adenine-treated rats. Water intake had increased by

Sections of kidneys of vehicle-treated rats stained with picrosirius

154 ± 38% at day 7 and by 150 ± 46% at day 14. Urine output had

red appeared yellow and lacked red collagen positive stain (Fig. 3a).

increased by 346 ± 83% at day 7 and by 372 ± 96% at day 14.

The only staining observed was in the perivascular adventitia and
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Characteristics of adenine-treated and vehicle-treated rats across the course of the first 14 days of the experiment

Variable

Treat

n

Day 0

Day 7

Day 14

Vehicle

6

215 ± 13

256 ± 9

269 ± 13

Adenine

6

221 ± 10

248 ± 15

236 ± 13

Vehicle

6

20.1 ± 0.6

15.4 ± 2.3

18.4 ± 1.3

Adenine

6

19.7 ± 0.5

12.8 ± 2.0

11.2 ± 1.4

Vehicle

6

10.0 ± 0.4

6.9 ± 1.3

7.1 ± 1.0

Adenine

6

8.2 ± 0.5

5.1 ± 0.6

5.3 ± 1.1

Vehicle

6

23.3 ± 2.1

23.3 ± 4.0

29.2 ± 3.7

Adenine

6

23.3 ± 3.3

54.2 ± 5.2

54.2 ± 7.8

Vehicle

6

8.0 ± 0.8

11.3 ± 1.9

15.1 ± 2.8

Adenine

6

11.1 ± 2.7

40.1 ± 4.3

43.0 ± 6.0

Vehicle

6

0.80 ± 0.14

0.75 ± 0.10

0.77 ± 0.09

Adenine

6

0.89 ± 0.07

0.75 ± 0.11

0.71 ± 0.12

Vehicle

6

1.38 ± 0.21

1.24 ± 0.14

1.57 ± 0.10

Adenine

6

1.44 ± 0.08

1.60 ± 0.13

1.47 ± 0.16

Vehicle

6

1.25 ± 0.13

1.07 ± 0.13

1.54 ± 0.11

Adenine

6

1.29 ± 0.13

1.79 ± 0.19

1.78 ± 0.26

Vehicle

6

11.9 ± 0.8

11.2 ± 1.1

13.6 ± 1.0

Adenine

6

11.2 ± 0.9

13.2 ± 2.3

12.4 ± 1.2

Vehicle

6

2304 ± 340

1521 ± 143

1509 ± 248

Adenine

6

1704 ± 240

495 ± 96

433 ± 42

PTreat

PTime

PInteraction

Fluid/energy balance
Body weight (g)

Food intake (g/day)

Faeces output (g/day)

Water intake (mL/day)

Urine output (mL/day)

.43

.003

.14

.04

.003

.08

.03

.004

.99

.001

.002

.009

<.001

<.001

.003

.93

.54

.73

.38

.64

.30

.03

.09

.15

.97

.41

.28

<.001

<.001

.45

.001

.001

.002

<.001

<.001

<.001

.05

.07

.07

Electrolyte excretion
Sodium (μmol/min)

Chloride (μmol/min)

Potassium (μmol/min)

Osmolar (μOsm/min)

Renal dysfunction
Urine osmolality (mOsm/kg)

Urinary protein

Vehicle

6

7.48 ± 2.21

8.25 ± 0.55

8.65 ± 1.22

Excretion (mg/day)

Adenine

6

5.64 ± 0.19

21.84 ± 3.76

24.17 ± 1.39

Urinary albumin

Vehicle

6

129 ± 33

141 ± 48

63 ± 10

Excretion (μg/day)

Adenine

6

197 ± 51

3852 ± 967

5274 ± 1112

Urinary albumin/creatinine

Vehicle

6

14.6 ± 4.8

15.6 ± 5.9

6.0 ± 0.9

Ratio (mg/g)

Adenine

6

23.4 ± 7.0

542 ± 304

593 ± 213

P values represent the outcomes of repeated measures analysis of variance. The Greenhouse-Geisser correction was applied to within-subject P values to
correct for compound asymmetry.49 Treat = Treatment. Bolded P values are ≤.05.

TABLE 2
treatment

Characteristics of rats on day 15 of adenine or vehicle

around the glomeruli (Fig. 3b). In contrast, there was extensive picrosirius red staining in the kidney of the adenine-treated rats (Fig. 3e).
Considerable staining, denoting collagen deposition, was observed

Vehicle-treated
rats

Adenine-treated
rats

Variable

n

Day 15

N

Day 15

Body weight (g)

6

276 ± 14

6

233 ± 12

.04

ed perivascular staining around intrarenal arteries. In contrast, there

Mean arterial
pressure (mmHg)

5

112 ± 2

3

120 ± 1

.01

was considerable positive staining in the cortex, outer medulla and

Heart rate
(beats/min)

5

368 ± 25

3

317 ± 11

.14

Left kidney
weight (g)

5

1.32 ± 0.11

5

2.38 ± 0.12

<.001

Right kidney
weight (g)

5

1.23 ± 0.06

5

2.37 ± 0.16

.001

P values are the outcomes of Student’s unpaired t-test.

in the expanded interstitial space (Fig. 3f–h). Regarding Masson’s triP

chrome staining, there was little blue staining (reflecting fibrosis) in
sections from vehicle-treated rats (Fig. 4b,c), except for the expect-

inner medulla of adenine-treated rats (Fig. 4f–h). Quantification of
Masson’s trichrome staining revealed more than 3-fold greater staining in the cortex and medulla of adenine-treated rats compared to
vehicle-treated rats (Fig. 5).
Pimonidazole immunohistochemistry was performed to detect the
presence of hypoxia. In the kidneys of all vehicle-treated rats, positive staining, denoting hypoxia, was mainly seen in the thick ascending
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limb and collecting ducts in the outer and inner medulla respectively
(Fig. 6a–d). Very little apparent staining was seen in the cortex of all
of the vehicle-treated rats (Fig. 6b). In contrast, considerable staining
was observed throughout the entire kidney of all rats that were treated with adenine (Fig. 6e). The degree of pimonidazole staining was
markedly greater in the cortex of adenine-treated rats, particularly
in the epithelial lining of tubules, when compared to vehicle-treated
rats. There was also considerable staining seen in the outer and inner
medulla (Fig. 6g–h).
It was noted that some tubules in the cortex of adenine-treated
rats were patent or even dilated, while others had a closed lumen. This
phenomenon likely arises from the formation of tubular casts (Fig. 2).
We reasoned that tubules with an open lumen may consume more
oxygen, for reabsorption of sodium, than tubules with a closed lumen.
We hypothesised that the resultant heterogeneity of tubular oxygen
consumption might lead to heterogeneity in renal hypoxia. However,

F I G U R E 2 Micrograph of a kidney section from a rat treated
with adenine, stained with haematoxylin and eosin. Note the
presence of tubular casts (arrows) formed from precipitation of 2,
8-dihydroxyadenine

the proportion of open tubules that stained positive for pimonidazole adducts was similar to the proportion of positive stained closed
tubules (Fig. 7).

The co-localisation of hypoxia and fibrosis was examined in serial sections stained for pimonidazole adducts and with Masson’s trichrome (Fig. 8). Hypoxia and fibrosis were ubiquitously distributed in
kidneys of adenine-treated rats. It was not possible to identify areas
of the kidney that were hypoxic but not fibrotic, or fibrotic but not
hypoxic.

3 | DISCUSSION
We found that 15 days of administration of adenine resulted in
marked tubulointerstital hypoxia associated with fibrosis, along with
profound renal dysfunction Thus, this experimental model may be
useful for teasing out the temporal and spatial relationships between
tubulointerstitial hypoxia, fibrogenesis, and the initiation and progression of CKD.
Chronic kidney disease is usually defined as a gradual loss of renal
function, as quantified by measurement of GFR or plasma or serum
concentrations of creatinine. According to this definition, the rats we
studied had severe CKD by day 14 of adenine-treatment, as reflected by a more than 7-fold increase in plasma creatinine and 5-fold
increase in plasma urea. Our findings are consistent with those of
previous studies in which adenine has been administered for longer
periods (i.e. 4 or more weeks).17,18,20–22 It is well established that
creatinine clearance overestimates glomerular filtration rate in rats,
principally due to tubular secretion of creatinine.29 Nevertheless,
between-subject and within-subject differences in plasma creatinine
concentration usually reflect differences in GFR.3
Pathological changes were detectable at the tissue level after
2-weeks of adenine treatment, particularly in the form of interstitial
F I G U R E 1 Micrographs of kidney sections from rats treated
with vehicle (a–d) or adenine (e–h), stained with haematoxylin and
eosin. Cortical (b, f), outer medullary (c, g) and inner medullary (d, h)
regions are shown. Boxes in (a) and (e) show regions presented in
(b–d) and (f–h). Note hypertrophy of the kidney of adenine-treated
rats, interstitial expansion and irregular lumen of tubules. Images are
typical of two sections taken from each kidney

fibrosis and tubular casts. There were also marked increases in urinary
albumin and total protein excretion. There was a marked increase in
urine flow and reduced urinary osmolarity. Reduced urinary concentrating ability is a hallmark of CKD in humans30 and animal models (e.g.
polycystic kidney disease2). However, we cannot discount the possibility that the effect of adenine-treatment on urinary osmolarity was
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F I G U R E 3 Micrographs of kidney sections from rats treated with
vehicle (a–d) or adenine (e–h), stained with picrosirius red. Cortical
(b, f), outer medullary (c, g) and inner medullary (d, h) regions are
shown. Boxes in (a) and (e) show regions presented in (b–d) and (f–h).
Note the intense red staining in the kidneys of adenine-treated rats,
showing collagen accumulation in the expanded interstitial space.
In contrast, vehicle treated rats show faint staining around the
glomerulus and considerable staining around arteries and some veins.
Images are typical of two sections taken from each kidney

F I G U R E 4 Micrograph of kidney sections from rats treated with
vehicle (a–d) or adenine (e–h) stained with Masson’s trichrome.
Cortical (b, f), outer medullary (c, g) and inner medullary (d, h) regions
are shown. Boxes in (a) and (e) show regions presented in (b–d) and
(f–h). Note blue staining, representing fibrosis, is ubiquitous in the
interstitium of adenine treated rats, but not vehicle-treated rats.
Images are typical of two sections taken from each kidney

other models of CKD such as renovascular disease, fibrosis drives rarefaction of capillaries which in turn would be expected to reduce oxygen delivery to tissue.32 We are not aware of any published reports of
renal vascular structure in adenine-induced CKD. However, Milman
and colleagues recently provided evidence of blunted perfusion and
renal vascular reactivity in anaesthetised mice with adenine-induced
CKD, using a magnetic resonance imaging technique for assessing the

caused by increased thirst as opposed to reduced urinary concentrat-

renal vascular response to hyperoxia.24 Consistent with these obser-

ing ability.

vations, renal blood flow measured directly by transit-time ultrasound

Multiple mechanisms likely contribute to the development of renal

flowmetry33 or electromagnetic flowmetry34 under anaesthesia, and

tissue hypoxia during adenine-treatment. Our current findings indicate

by the clearance of para-aminohippurate in the conscious state,35

development of renal fibrosis in this model that is co-localized with

has been observed to be less in rats with adenine-induced CKD com-

hypoxia. Indeed, in serial sections, we were unable to identify regions

pared to control animals. Thus, it is likely that abnormalities in both

of the kidneys of adenine-treated rats that stained positive for pimo-

renal vascular structure and function contribute to the development

nidazole but not the blue stain of Masson’s trichrome, or vice versa.

of tissue hypoxia in adenine-treated rats. It is also likely that anaemia

Tubulointerstitial fibrosis increases the barriers to diffusion of oxy-

contributes to the development of renal hypoxia, since haematocrit

9,31

Thus,

was considerably less after 15 days of adenine-treatment than after

fibrosis likely makes some direct contribution to the development of

vehicle treatment. This observation is also consistent with those aris-

hypoxia in adenine-treated rats. There is also strong evidence that, in

ing from previous studies using this model.33

gen from the vascular to the tubulointerstitial compartment.
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F I G U R E 5 Quantification of fibrosis in the cortex and medulla.
Two sections were analysed from each kidney. Values are betweenrat mean ± SEM for adenine- (n=6; filled bars) and vehicle- (n = 4;
opened bars) treated rats. **P<.01 for adenine vs control (Student’s
unpaired t-test). ( ) Control; ( ) adenine

F I G U R E 7 Relationship between hypoxia and the patency of
tubules in kidneys of adenine-treated rats. Twenty non-dilated
tubules with a visible lumen (open tubules) and twenty tubules with
no visible lumen (closed tubules) were selected from each of the
kidney sections stained with Masson’s trichrome. These tubules
were then identified in serial sections processed for pimonidazole
adduct histochemistry. Each tubule was then classified as hypoxic (by
the presence of piminidazole stain) or not hypoxic (by the absence
of pimonidazole stain). Columns and error bars are between-rat
mean ± SEM of n=6. P=.39 for comparison between open and closed
tubules (Student’s paired t-test)

F I G U R E 6 Micrographs of kidney sections from rats treated
with vehicle (a–d) or adenine (e–h), showing immunohistochemical
localisation of pimonidazole adducts. Cortical (b, f), outer medullary
(c, g) and inner medullary (d, h) regions are shown. Note the intense
staining in the cortex and medulla of adenine-treated rats. In
contrast, vehicle treated rats show minimal staining in the cortex
but some staining in the medulla. Images are typical of two sections
taken from each kidney
profiles that stained positive for pimonidazole, according to whether
the tubules were occluded or patent. Thus, our current findings do
not provide support for this aspect of the chronic hypoxia hypothesis.

According to the chronic hypoxia hypothesis developed by Fine

However, we must acknowledge an important limitation of pimoni-

and colleagues, one of the major drivers of tubulointerstitial hypoxia

dazole adduct immunohistochemistry using 3,3′-diaminobenzidine

in CKD is hyperfiltration in remnant functional nephrons.36 This is

(DAB). DAB cannot be quantified because it does not obey the Beer-

thought to be a consequence of increased tubular sodium reabsorp-

Lambert law.38 Thus, future studies should examine the impact of

tion, the major source of oxygen consumption in the kidney.37 We

tubular patency on renal tissue oxygenation in greater detail through

reasoned that this might lead to localisation of hypoxia selectively

use of quantitative methods for analysis of hypoxia at the cellular

within patent tubules in the kidneys of adenine-treated rats and the

level.

presence of less severe hypoxia in those tubules that are occluded

Renal fibrosis in adenine-treated rats is also likely to be driven

due to the presence of upstream tubular casts. Our use of perfusion

by multiple factors. The role of epithelial-to-mesenchymal transi-

fixation in the current study allowed us to examine this proposition,

tion in the development of fibrosis in CKD remains controversial.39

since we could clearly distinguish between patent and occluded

Nevertheless, there are a number of pieces of evidence that support

tubules. We could not detect differences in the proportion of tubular

a role for this mechanism in adenine-treated rodents. For example,

902

|

Fong et al.

assessed. Nevertheless, it remains possible that a vicious cycle may
develop whereby hypoxia drives fibrosis and fibrosis drives hypoxia, as
has been postulated to occur in other forms of CKD.15,36
Our current finding of marked proteinuria in adenine-treated rats,
as early as 1 week after commencing treatment, together with the
documentation of both fibrosis and cellular hypoxia after 2 weeks,
provides the basis for examination of the role of hypoxia in the development of nephropathy in this model. In particular, it should be possible to use radiotelemetry, in conscious rats, to precisely define the
time-course of the development of renal tissue hypoxia.43 It should
also be possible to define the relative contributions of anaemia, renal
ischemia, and altered renal oxygen consumption in the development
of this hypoxia.3,7 A major challenge will be to find ways to ameliorate hypoxia in adenine-induced CKD to determine whether such
treatments can blunt the development of renal dysfunction. Exposure
of adenine-treated rats to hyperoxia is one possibility. However, the
efficacy of such treatments will be limited both by the potential for
oxygen toxicity44 and by loss of oxygen in the pre-glomerular circulation.45,46 Anti-fibrotic therapy might also be a useful approach to break
the putative vicious cycle of hypoxia and fibrosis.47
In conclusion, our current findings indicate that severe renal
dysfunction, accompanied by hypoxia and fibrosis, develops within
2-weeks of adenine-treatment. Therefore, in the future, this model
should prove useful for testing the chronic hypoxia hypothesis for the
development of CKD.

4 | METHODS
F I G U R E 8 Co-localisation of fibrosis and hypoxia. The
micrographs show serial sections from the kidney of a typical
adenine-treated rat, stained with Masson’s trichrome (a–d), and for
pimonidazole adducts (e–h). Cortical (a, e, b, f, c, g) and medullary
(d, h) regions are shown

4.1 | Animals
Eighteen male Sprague-Dawley rats (Monash Animal Research
Platform, Monash University, Melbourne, VIC, Australia), weighing on
average 214 ± 5 g, were used in this study. At the commencement
of treatment, the rats were 7 weeks of age. The rats were housed

Wang et al. demonstrated up-regulation of the pro-fibrogenic factors

under standard laboratory conditions; 22 ± 1°C, 40 ± 1% humidity

transforming growth factor (TGF)-β1 and TGF-β2, together with down-

and with a 12-hour light/dark cycle (06.00–18.00 hours). Tap water

regulation of the (anti-fibrotic) translational repressors of TGF-β2,

and standard rat chow were available ad libitum. All experimental pro-

micro-RNA (miR) miR200a and miR-141, in mice with adenine-induced

cedures were approved by the Animal Ethics Committee of the School

CKD.26 The authors provided evidence from cell-culture studies that

of Biomedical Sciences, Monash University, and were in accordance

TGF-β1 and TGF-β2 can drive epithelial-to-mesenchymal transition

with the Australian Code of Practice for the Care and Use of Animals

and so fibrogenesis. On the other hand, Wu et al. recently provided

for Scientific Purposes. Rats were housed individually and allowed

evidence for a role of endothelial-to-mesenchymal transition, driven

1 week to acclimatise to these conditions before entering the study

by elevated circulating levels of parathyroid hormone, in fibrogenesis

protocol.

in adenine-induced CKD.23 Interestingly, they were able to inhibit both
endothelial-to-mesenchymal transition and the development of fibriosis with the calcimetic cinacalcet.
Hypoxia, through increased signalling via hypoxia-inducible factors
(HIFs), may also play an important role in the development of fibrosis
in CKD.40 For example, renal fibrosis in rats with two-kidney-one-clip
41

hypertension can be blunted by silencing HIF-1α.

4.2 | Experimental protocol
4.2.1 | Adenine-induced chronic kidney disease
All rats were treated daily with either adenine (100 mg; Sigma-Aldrich,

Indeed, HIF acti-

Castle Hill, NSW, Australia) or its vehicle (1 mL of 0.5% w/v methyl-

vation and TGFβ signalling may be able to induce fibrosis even in the

cellulose; Sigma-Aldrich) by oral gavage for a period of 15 days. The

absence of hypoxia.42 The role of hypoxia and HIFs in driving fibro-

experiments were performed in two series. In the first series, six

sis in adenine-induced CKD has not, to our knowledge, been directly

adenine-treated rats and six vehicle-treated rats were studied as
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described below (165–252 g). For technical reasons, we were unable

Bayswater, Vic., Australia). Urine osmolarity was measured by freez-

to obtain sufficient blood from most of these animals for measurement

ing point estimation (Model 2020, Advanced Instruments; John Morris

of plasma creatinine concentration. Therefore, an additional cohort of

Scientific, Chatswood, NSW, Australia). Urinary albumin concentra-

rats (192–212 g) were included in a supplementary study (n=3 per

tion was determined using an enzyme-linked immunosorbent assay

group). The rats were treated identically to those in the first series, but

(Rat Albumin ELISA Kit; Bethyl Laboratories, Montgomery, TX, USA).

the only analysis performed was measurement of plasma creatinine

Urinary creatinine concentration was measured using a creatinine

concentration.

assay kit (Cayman Chemical Company, Ann Arbor, MI, USA). Urinary
protein concentration was measured by the Bradford method (Bio-Rad

4.2.2 | Metabolic studies
Rats were housed individually in metabolic cages for 24 hours before,

Laboratories, Hercules, CA, USA).48 Plasma creatinine and urea were
measured using a point-of-care device (iSTAT, Chem8+ Cartridge;
Abbot Laboratories, Abbott Park, IL, USA).

and 7 and 14 days after, commencement of the treatments (metabolic
studies). Consumption of food and water and production of faeces
and urine were measured over the 24-hour period. A day prior to the

4.3.2 | Histology and immunohistochemistry

first metabolic study, the rats underwent a 6-hour training period for

Two sections from each kidney were stained with haematoxylin and

acclimatisation. Urine samples were transferred into several 1-mL aliquots and stored at −20°C for later analysis. At the completion of the
24-hour period in the metabolic cage a 0.5–1 mL blood sample was
collected from the tail vein from the conscious rat. Blood was centrifuged at 3000 g at 4°C for 10 minutes and the plasma stored in 50 μL
aliquots at −20°C for later analysis.

eosin,7 Masson’s trichrome,43 or picrosirius red,2 or processed for
pimonidazole adduct immunohistochemistry7 as previously described.
Masson’s trichrome stains type I collagen as well as variety of matrix
elements,27 whereas picrosirius red is highly specific for type I and
type III collagen.28
Additionally, two sets of serial sections from each kidney were
processed so that adjacent sections could be stained with Masson’s

4.2.3 | Measurement of arterial pressure and
tissue processing

trichrome43 and for pimonidazole adducts.7 All sections were scanned

On day 15 of the experimental protocol, arterial pressure was meas-

using the Image Scope Positive Pixel Count Algorithm (Version 9;

ured via the tail artery. The tail artery was catheterised under anaesthesia with isoflurane (1–4% v/v in 100% O2, Isoflo, Baxter Healthcare,
Old Toongabbie, NSW, Australia). Following a 60-minute recovery
period, with the rats fully conscious, the catheter was connected to
a pressure transducer (Cobe, Arvada, CO, USA) and bridge amplifier
(QA1, Scientific Concepts, Mount Waverley, VIC, Australia) interfaced
with a computer running a LabView-based data acquisition program
(Universal Acquisition, University of Auckland, New Zealand). After
a 5–10 minute equilibration period, mean arterial pressure and heart

using Scan Scope (Aperio, Vista, CA, USA). Quantification of fibrosis
in sections processed for Masson’s trichrome staining was performed
Aperio). An additional analysis was performed to determine whether
hypoxia was associated with the state of patency of individual tubules,
For this analysis, 20 open (patent) tubules and 20 closed (occluded)
tubules were identified in the cortex of each kidney section stained
with Masson’s trichrome from six adenine-treated rats. These tubules
were then identified in the adjacent sections stained for pimonidazole
adducts and scored for either the presence or absence of pimonidazole
staining.

rate were recorded for 30 minutes in the conscious rat.
After measurement of arterial pressure, the hypoxic marker
2-pimonidazole (60 mg/kg pimonidazole hydrochloride, Hypoxyprobe
Inc, Burlington, MA, USA) was administered intraperitoneally. Sixty
minutes later, each rat was anaesthetised with pentobarbitone sodium (60 mg/kg, i.p.; Sigma-Aldrich). Once a surgical level of anaesthesia
was reached, a midline incision was made to expose the abdominal
aorta and inferior vena cava. The left kidney was then perfusion fixed
with 50–100 mL 4% w/v paraformaldehyde (PFA; Sigma-Aldrich),
weighed and decapsulated, and post-fixed in a 4% PFA solution at 4°C
overnight.

4.3 | Analytical methods

4.4 | Statistical analysis
All data are expressed as mean ± standard error of the mean (SEM).
Hypothesis testing was performed using the software package SYSTAT
(Version 13; Systat Software, Chicago, IL, USA). Measurements
obtained before and 7 and 14 days after commencing treatment with
adenine or its vehicle were subjected to repeated measures analysis of
variance. P values derived from the within-subjects factor ‘time’ were
conservatively adjusted using the Greenhouse-Geisser correction.49
Measurements obtained on day 15 of treatment with adenine or its
vehicle were subjected to Student’s unpaired t-test. Two sided P≤.05
was considered statistically significant.

4.3.1 | Analysis of urine and plasma samples
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urine oxygen tension for assessing renal medullary oxygenation in
rabbits: experimental and modeling studies. Am J Physiol Regul Integr
Comp Physiol 311: R532–R544, 2016. First published July 6, 2016;
doi:10.1152/ajpregu.00195.2016.—Oxygen tension (PO2) of urine in
the bladder could be used to monitor risk of acute kidney injury if it
varies with medullary PO2. Therefore, we examined this relationship
and characterized oxygen diffusion across walls of the ureter and
bladder in anesthetized rabbits. A computational model was then
developed to predict medullary PO2 from bladder urine PO2. Both
intravenous infusion of [Phe2,Ile3,Orn8]-vasopressin and infusion of
NG-nitro-L-arginine reduced urinary PO2 and medullary PO2 (8 –17%),
yet had opposite effects on renal blood flow and urine flow. Changes
in bladder urine PO2 during these stimuli correlated strongly with
changes in medullary PO2 (within-rabbit r2 ! 0.87– 0.90). Differences
in the PO2 of saline infused into the ureter close to the kidney could
be detected in the bladder, although this was diminished at lesser
ureteric flow. Diffusion of oxygen across the wall of the bladder was
very slow, so it was not considered in the computational model. The
model predicts PO2 in the pelvic ureter (presumed to reflect medullary
PO2) from known values of bladder urine PO2, urine flow, and arterial
PO2. Simulations suggest that, across a physiological range of urine
flow in anesthetized rabbits (0.1– 0.5 ml/min for a single kidney), a
change in bladder urine PO2 explains 10 –50% of the change in pelvic
urine/medullary PO2. Thus, it is possible to infer changes in medullary
PO2 from changes in urinary PO2, so urinary PO2 may have utility as
a real-time biomarker of risk of acute kidney injury.
acute kidney injury; biomarker; computational model; hypoxia; oxygen; diffusion; rabbit
HOSPITAL-ACQUIRED ACUTE KIDNEY injury (AKI) is a serious
clinical problem (21). Depending on the setting and definition
of AKI, it affects 7–18% of hospital in-patients (21). Patients
who are critically ill, who have undergone major surgery, or
are administered nephrotoxic agents, are at particularly high
risk of development of AKI. Current diagnostic procedures
rely on detection of renal dysfunction (e.g., increased serum
creatinine) or markers of kidney injury (e.g., neutrophil gelatinase-associated lipocalin). A method to detect risk of injury
or “acute kidney stress” (14) would allow clinicians to inter-
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R532

vene before AKI develops. Currently, no such method is
available.
Renal hypoxia, particularly in the outer medulla, appears to
be a major factor in the pathogenesis of AKI (6, 30). Therefore,
a method to detect medullary hypoxia should be useful for
assessing risk of AKI. Continuous measurement of oxygen
tension (PO2) in urine may achieve this aim because 1) the PO2
of pelvic (20, 31) and bladder (17) urine is highly correlated
with medullary tissue PO2; 2) the PO2 of bladder urine varies
with physiological maneuvers that would be expected to alter
medullary tissue PO2, such as altered cardiac output (15) or
renal blood flow (12); 3) the pattern of changes in bladder urine
PO2, during cardiac surgery performed on cardiopulmonary
bypass, shows a strong association with peak postoperative
serum creatinine (13); and 4) fiber-optic probes are now available that allow continuous measurement of bladder-urine PO2
in patients equipped with a bladder catheter (8). Nevertheless,
three important issues require resolution. First, there is a
paucity of observations of the effects of pharmacological
alterations in renal medullary tissue PO2 on bladder urine PO2.
Second, there is very little available information regarding the
potentially confounding effects, on bladder urine PO2, of oxygen diffusion across the walls of the ureter and bladder. Third,
no computational methods are available to allow changes in
medullary PO2 to be inferred from changes in bladder urine
PO2.
The current investigation included four experimental protocols in anesthetized rabbits. First, we investigated the effects of
hypoxemia, hyperoxemia, and reduction of medullary perfusion by infusion of vasoactive agents, on both medullary tissue
PO2 and bladder urine PO2. Then, we examined the effects of
changing the flow rate and oxygen content of isotonic saline,
infused into the proximal ureter, on the PO2 of fluid within the
bladder. We determined the relationship between fluid flow
and fluid velocity in the ureter, in order to derive transit time
along the length of the ureter at various rates of urine flow.
Finally, we assessed whether the rate of diffusion of oxygen
across the wall of the bladder could confound estimation of
medullary PO2 from bladder urine PO2. These data were then
employed in the development of a computational model of
oxygen transport in the upper urinary tract. This model allowed
us to assess the fidelity with which bladder urine PO2 reflects
the PO2 of urine in the renal pelvis, and, thus, medullary tissue
PO2. It also allows at least some of the major confounding
factors to be accounted for so that medullary tissue PO2 can
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potentially be estimated from bladder urine PO2, even in the
face of changes in urine flow and systemic oxygenation.
METHODS

Experimental Preparation

Protocol 1: Relationship Between Urinary and Medullary PO2
Preparative surgery. Eight rabbits weighing 2.94 $ 0.06 kg were
studied in this protocol. The left kidney was exposed via a flank
incision and a transit-time ultrasound flowprobe (type 2SB; Transonic
Systems, Ithaca, NY) was placed around the renal artery for measurement of renal blood flow (RBF). Two small holes were made in the
renal capsule to allow insertion of oxygen sensors. A fluorescence
optode with an in-built thermocouple (BF/OT, tip diameter ! 230
%m; Oxford Optronix, Oxford, UK) was placed in the kidney using a
micromanipulator, so that its tip lay in the inner medulla, &9 mm
below the cortical surface (18). A Clark-type oxygen electrode (50
%m tip; Unisense, Aarhus, Denmark) was also positioned with its tip
in the renal cortex (2 mm below the cortical surface). A fluorescence
optode (Oxford Optronix, LAS-1/O/E) was then inserted into the
bladder catheter so that its tip lay within the portion of the catheter
within the bladder but did not impede urine flow. Urine volume was
measured at 5-min intervals. A 90-min equilibration period was
allowed between completion of the surgical procedures and commencement of the experimental procedures.
The transit time ultrasound flow probe was connected to a compatible flowmeter (model T206; Transonic Systems). The fluorescence
optodes and thermocouples were connected to a tissue oximetry
system (Oxylite, Oxford Optronix), and the Clark electrode was
connected to a picoameter (PA2000, Unisense). Clark electrodes were
calibrated on each day of use in 154 mM NaCl (saline) bubbled with
100% N2 (0 mmHg) and air (21% O2, 159 mmHg). Values of mean
arterial pressure (MAP), heart rate (HR, triggered by the arterial
pressure pulse), RBF, arterial oxygen saturation (SO2), core body
temperature, medullary temperature, and PO2 in the renal cortex, renal
medulla, and urinary bladder were digitized as 2-s averages.

Part 1: effects of systemic hypoxia and hyperoxia. After a 20-min
control period during which the rabbit was ventilated with room air,
the inspired gas mixture was changed to either 40% O2 (hyperoxia) or
10% O2 (hypoxia) for 50 min. At the completion of this period, the
inspired gas was changed back to room air for a further 50 min. The
other gas mixture (hyperoxic or hypoxic) was then administered for
50 min, and this was followed by a further 50-min period during
which the animal was ventilated with room air. Ten minutes after each
change of inspired gas, an arterial blood sample was taken for
oximetry. The order of presentation of the gas mixtures (40% or 10%)
was randomized.
Part 2: vasopressin V1-receptor activation. Once all variables had
stabilized, in seven of the eight rabbits [Phe2,Ile3,Orn8]-vasopressin
(Peninsula Laboratories, Belmont, CA) was infused intravenously at a
rate of 30 ng·kg"1·min"1 in a volume of 0.1 ml·kg"1·min"1 for 50
min. In rabbits, this treatment has previously been shown to selectively reduce blood flow and oxygenation in the renal medulla (4, 7,
24). The infusion was then terminated, and the effects of the treatment
were allowed to dissipate over a period of 50 min.
Part 3: blockade of nitric oxide synthesis. Once all variables had
stabilized, NG-nitro-L-arginine (L-NNA; 20 mg/kg in a volume of 4
ml/kg; Sigma Chemical, St. Louis, MO) was administered over &1
min. Its effects were followed for a further 50 min. The animal was
then killed with an overdose of pentobarbital sodium.
Protocol 2: Oxygen Diffusion Across the Wall of the Ureter and
Bladder
Equipment. Oxygen can diffuse across the walls of polyvinyl and
polyethylene tubing. Therefore, to ensure precise control over the PO2
of fluid infused into the proximal ureter, all catheters were constructed
from stainless-steel (0.6 mm OD; Ulbrich Products, Bundoora, Victoria, Australia). To allow these catheters to be connected to a glass
syringe, and for the PO2 of fluid within the catheters to be measured
continuously, a flow cell was constructed (Fig. 1). PO2 within the
lumen of the flow cell was measured using a bare-fiber fluorescence
optode (BF/OT/E, Oxford Optronix). In preliminary studies, we established that the PO2 of fluid within a stainless-steel catheter did not
change as it flowed at rates of 0.05–1.0 ml/min, from the outlet of a
glass syringe, along a stainless-steel catheter of the length required to
deliver the fluid into the proximal ureter (41 cm). Therefore, in
subsequent experimental studies in anesthetized rabbits, the PO2 of
fluid infused into the ureter was measured at the outlet of the glass
syringe.
Preparative surgery. Five rabbits weighing 3.36 $ 0.12 kg were
studied in this protocol. A fluorescence optode (Oxford Optronix,
LAS-1/O/E) was inserted into the bladder catheter, and the tip was
advanced into the bladder without impeding urine flow, as for Protocol 1. A left flank incision was made, and the right ureter was ligated
and severed rostral to the ligation. This prevented flow of urine from
the right kidney into the bladder without impeding right kidney
function. The left ureter and serosa were separated from surrounding
adipose tissue at the renal pelvis and at the level of the lower pole of
the kidney. Using fine forceps, we exposed a small section of the
ureter to allow a hole to be cut in its wall. This allowed venting of
urine without disturbance of blood supply to the ureter. At the second
clearing site (&2.5 cm from the kidney), another small window was
generated to expose the ureter. A metal catheter (0.6 mm OD, Ulbrich
Products) was inserted &2 mm into the ureter and was secured in
place using tissue adhesive (Vetbond; 3M, St. Paul, MN) and a
cellulose patch (DSI, St. Paul, MN). Great care was taken to avoid
interruption of the vascular supply of the ureter. The metal catheter
was attached to a flow cell (Fig. 1) into which a glass syringe with a
19 gauge metal needle, and a fluorescence optode with an in-built
thermocouple (BF/OT/E; Oxford Optronix, Oxford, UK), were also
inserted. This allowed saline of known PO2 to be infused into the
proximal ureter, using a programmable infusion pump (55–2222;
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Male New Zealand White rabbits (n ! 20, 2.25–3.90 kg) were
studied, according to the Australian Code of Practice for the Care and
Use of Animals for Scientific Purposes. All procedures were approved
in advance by the Animal Ethics Committee of the Monash Animal
Research Platform. Experimental conditions were similar to those we
have previously reported (5). Catheters were placed in the central
arteries and marginal veins of both ears under local analgesia (1%
lidocaine, Xylocaine; AstraZeneca, North Ryde, NSW, Australia).
Rabbits were then anesthetized with pentobarbital sodium (90 –150
mg plus 30 –50 mg/h iv; Sigma Chemical, St. Louis, MO) and
artificially ventilated. A silicone rubber catheter was placed in the
bladder (Rusch Sympcath, 2.7 mm pediatric, Teleflex Medical, Kamunting, Malaysia). Throughout the surgery and experiment, extracellular fluid volume was maintained by intravenous infusion (0.15
ml·kg"1·min"1) of a 4:1 mixture of compound sodium lactate and
polygeline/electrolyte solution. Body temperature was measured using
a thermistor placed in the esophagus and was maintained between
36.0 and 38.5°C, throughout the surgery and subsequent experiment,
by means of a heated table and infrared heating lamp. Arterial
hemoglobin saturation was monitored continuously by pulse oximetry
(model 8600V, Nonin, Plymouth, MN) and maintained at !90%,
except during experimental hypoxemia, by adjusting respiratory rate
and/or tidal volume. Positive end-expiratory pressure was maintained
at 2 cm of water. Arterial pressure was measured via an ear artery
catheter connected to a pressure transducer (Cobe, Arvarda, CO) and
bridge amplifier (Model QA1; Scientific Concepts, Mount Waverley,
Victoria, Australia). Blood gas analysis was performed on 0.1-ml
samples of arterial blood, using an iSTAT point of care device (CG8#
cartridge; Abbott Australasia, Lane Cove, NSW, Australia).
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Fig. 1. Device for measurement of fluid oxygen tension. The flow cell was constructed from acrylic plastic. Metal catheters (OD 600 %m) for infusion of saline
were inserted into the perpendicular ports. A fiber optic probe for measurement of oxygen tension was inserted into the diagonal port (BF/OT/E, Oxford
Optronix). O-rings prevented leakage. All measurements are in millimeters. UNF, Unified National Fine (thread standard); tpi, threads per inch.

Harvard Apparatus, Holliston, MA). Ventilation rate was adjusted to
maintain arterial oxygen saturation, as determined by pulse oximetry,
between 95 and 100%.
Experimental protocol. Solutions of known PO2 were prepared by
bubbling saline with 100% N2 (0 mmHg), 12% oxygen in nitrogen (91
mmHg), and air (159 mmHg). During a 20-min equilibration period,
saline that had been bubbled with N2 was infused into the ureter at a
rate of 0.5 ml/min. Subsequently, the three solutions were infused into
the ureter in random order. In each case, the infusion rate was set at
1.00, 0.50, 0.25, and 0.10 ml/min for 20-min periods, or until bladder
PO2 had reached a stable level. The PO2 of the infusate (corrected for
infusate temperature, which averaged 26.8 $ 0.3°C) and of bladder
fluid (corrected for body temperature, which averaged 38.0 $ 0.2°C),
MAP, SO2, and body temperature were averaged over the final 5 min
of each flow rate. At the end of the experiment, the length of the entire
ureter and the distance between the steel ureteric catheter and the
entrance to the bladder were measured both in vivo and ex vivo.
Protocol 3: Transit Time of Urine in the Ureter
Five rabbits weighing 3.50 $ 0.17 kg were studied in this protocol.
The left pelvic ureter was vented to allow flow of urine from the
kidney. A catheter (SV50 ID 0.75 mm, OD 1.45 mm; Microtube
Extrusions, North Rocks, NSW, Australia) was placed in the proximal
left ureter to deliver isotonic saline. This catheter had a side arm to
allow injection of boluses (100 %l) of dye (lissamine green, Sigma
Chemical). A silicone rubber catheter (Silastic, ID 0.51 mm, OD !
0.94 mm, Dow Corning, Midland MI) was placed in the distal left
ureter, to allow the infusate to exit the ureter. Saline was then infused
into the ureter at rates of 0.05, 0.10, 0.20, 0.40, 0.80, and 1.60 ml/min
(in random order). At each flow rate, boluses of lissamine green were
injected into the ureter and the transit time of the dye, along the length
of the catheterized portion of the ureter, was recorded using a digital
video camera (Panasonic NV-GS180GN). At the end of the experiment, the length of the entire ureter and the distance between the two
catheters were measured both in vivo and ex vivo.
Protocol 4: Diffusion of Oxygen Across the Wall of the Bladder
Two rabbits weighing 2.25 and 2.62 kg, respectively, were studied
in this protocol. After induction of anesthesia, a fluorescence optode

(Oxford Optronix, LAS-1/O/E) was inserted into the bladder catheter
so that its tip lay within the portion of the catheter within the bladder
but did not impede urine flow. Via a retroperitoneal incision, both the
left and right ureter were vented proximal to the kidney and ligated
close to the point of entry into the bladder. Saline (at 37°C) that had
been equilibrated with 21% oxygen was then injected as a bolus into
the bladder in volumes of 2, 5, or 10 ml. Fluid flow out of the bladder
was prevented using a three-way stop-cock. In each case, the PO2 of
the fluid in the bladder was followed for at least 40 min. The bladder
was then drained and PO2 that was measured at the tip of the bladder
catheter was allowed to stabilize, before the next bolus was administered. The order of presentation of the three volumes was randomized.
Statistical Methods
All data are presented as between-rabbit means $ SE or as raw
values. Statistical analyses were performed in a within-subject fashion, using either Student’s paired t-test, repeated-measures ANOVA
with the Greenhouse-Geisser correction (23) or analysis of covariance. Lines of best fit were determined by ordinary least-products
regression analysis (22). Two-sided P " 0.05 was considered statistically significant.
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Computational Model of Oxygen Transport Along the Ureter
To predict the relationship between pelvic and bladder urine PO2,
we developed a mathematical model of the ureter that represents urine
and O2 transport (Fig. 2). The model ureter consists of three compartments: “tissue”, “bloodstream”, and “urine”. Briefly, O2 enters into
the model ureter either through the bloodstream or through urine at
“prescribed rates”. Subsequently, part of the O2 is consumed in the
ureteric tissue. The remaining O2 exits through the bloodstream and
urine at “predicted rates”. Renal pelvic urine PO2 affects the rate at
which O2 enters the model ureter. Bladder urine PO2 is computed on
the basis of the predicted rate of the exit of O2 from the model ureter.
A detailed description of the model formulation and the underlying
assumptions are given below.
Let Qurine and Qblood denote the urine and blood flows in the model
in
out
ureter. Further, let Curine
and Curine
denote the concentration of O2
out
entering and leaving the ureter though urine, and Cin
blood and Cblood
denote the concentration of O2 entering and leaving the ureter through

the bloodstream, respectively. Those concentrations are computed on
the basis of PO2 by the standard formulas (10, 11):
in
pelvis
Curine
# $ O2P O
2
bladder
out
Curine
# $ O2P O
2
artery
artery
in
Cblood
# $ O2P O
% 4!Hb"SO
2
2
venous
venous
out
% 4!Hb"SO
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# $ O2P O
2
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In the equations above, 'O2 denotes the solubility of O2 in urine,
which is assumed equal to the solubility of O2 in plasma and tissue,
artery
pelvis
bladder
PO
denote pelvic and bladder urinary PO2, PO
and
and PO
2
2
2
venous
venous
artery
PO
and
S
are the
denote
arterial
and
venous
P
O
,
S
2
O2
O2
2
arterial and venous hemoglobin saturation, and [Hb] denotes the
concentration of hemoglobin in (whole) blood. Arterial PO2 is assumed uniform throughout the systemic circulation, so the value of
artery
PO
is obtained by the PO2 measurements anywhere in the systemic
2
venous
arteries. In contrast, the value of PO
is predicted by the model,
2
based on computation of total ureter O2 consumption (see below). The
saturation curves are computed on the basis of the corresponding PO2
by the Hill equation:
S O2 #

# P O2$ n
#P50$n % #PO2$n

where P50 denotes the PO2 at which hemoglobin is 50% saturated with
O2, and n is the Hill exponent. We assume the ureter has a fixed
vascular resistance (ureter, and compute Qblood on the basis of arterial
and venous blood pressures, denoted Partery and Pvenous, respectively,
by Poiseuille’s law Qblood ! (Partery " Pvenous)/(ureter.
in
In total, O2 enters the model ureter at a rate QurineCurine
#
in
out
out
QbloodCblood and exits at a rate QurineCurine#QbloodCblood. So conservation of O2 is given by the following:
in
out
in
out
Qurine#Curine
& Curine
& Cblood
$ % Qblood#Cblood
$ # Rtissue

where Rtissue denotes the O2 consumption rate. We assume O2 consumption obeys Michaelis-Menten kinetics:
max
Rtissue # Rtissue

Ctissue
Cm % Ctissue

In the above expression, Ctissue denotes the concentration of O2 in
the ureter tissue, which is assumed uniform and fixed over time, Cm
denotes the concentration of O2 at which consumption is half maximax
mal, and Rtissue
is the maximal consumption rate. We note that the
value of Ctissue, despite being fixed over time, depends on the rate of
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Fig. 2. Schematic diagram of the model ureter. Left: O2 enters/exits the model ureter via the bloodstream or urine. Within the ureter, O2 is either consumed in
the tissue or allowed to pass between the bloodstream, tissue, and urine. Right: peristaltic boluses travel from the renal pelvis
(x ! 0) to the urinary bladder (x ! Lureter). O2 diffuses between the ureter’s tissue and the urine bolus.
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Arterial and venous blood pressures
Ureter vascular resistance
Length, volume, and cross-sectional area of ureter
O2 concentration in ureter tissue
O2 concentration at which ureter O2
consumption is half-maximal
O2 consumption and maximal O2
consumption rates in ureter
Maximal, active, and passive O2
consumption rates per ureter volume
Frequency of peristalsis
Thickness and O2 permeability of
ureter’s epithelium
Distance from ureter entrance
Time after bolus embarked from the
renal pelvis
Volume, surface area, and luminal
radius of urine bolus
Concentration of O2 within the
urine bolus at time t
Transit time of urine bolus
Reference values for the evaluation
of bolus transit time
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Vbolus

dCbolus
dt

# pepithSbolus#Ctissue & Cbolus$

where pepith is the permeability of the ureter’s epithelium, computed
by pepith! DO2/hepith, based on the diffusion coefficient of O2 and the
thickness of the urothelium, denoted DO2 and hepith, respectively.
Integrating the above equation, one gets

%

out
in
# Ctissue & #Ctissue & Curine
Curine
$exp &pepith

Sbolus
Vbolus

transit
tbolus

&

To compute the ratio Sbolus/Vbolus, which is necessary to evaluate
out
Curine
, we assume that the urine bolus is approximately cylindrical in
shape, so the ratio Sbolus/Vbolus reduces to 2/Rbolus, where Rbolus is the
luminal radius of the bolus.

pelvis
artery
Given the values of Qurine, PO
, PO
, and Partery, the model
2
2
bladder
equations can be solved to yield the value of PO
. Alternatively,
2
bladder
artery
given the values of Qurine, PO2
, PO2 , and Partery, the model
pelvis
equations can be solved to yield PO
.
2
Model parameters. Values for the parameters are given in Table 1.
Solubility and diffusion coefficient of O2 (i.e., 'O2 and DO2) have the
standard values, for example (3, 10). The concentration of hemoglobin
in whole blood (i.e., [Hb]) has been estimated from the concentration
of hemoglobin in the systemic circulation measured in Protocol 1 (see
RESULTS), assuming a molecular weight for the hemoglobin molecule
of 64.5 kDa (26). The parameters giving the O2-hemoglobin dissociation curve (i.e., P50 and n) were estimated on the basis of the
saturation values of Protocols 1 and 2 (see RESULTS) for which
the Bohr effect has been ignored. The estimated values are close to the
generally accepted values (10). The Michaelis constant of O2 consumption (i.e., Cm) corresponds to a PO2 of 4 mmHg similar to the
value used in previous modeling studies of O2 consumption (3).
Because of the lack of available data, independent estimation of the
passive
active
rates of passive (i.e., rtissue
) and active (i.e., rtissue
), O2 consumption
was not possible. Therefore, we estimated directly the maximal rate of
max
passive
active
ureteral O2 consumption (i.e., rtissue
! rtissue
# rtissue
) from whole
max
kidney O2 consumption (10). Although we model rtissue as a constant,
active
we note that, in general, rtissue
should depend on the frequency and
amplitude of ureteral contractions. Nevertheless, most available evidence indicates that at least the steady-state frequency of ureteric
peristalsis is little influenced by urine flow (34). Thus, our estimated
max
value of rtissue
is expected to yield a valid approximation. Venous
blood pressure equals the value measured in the inferior vena cava of
rabbits (33). The vascular resistance of the ureter (i.e., (ureter) has
been estimated such that the resulting model at Partery ! 67.7 mmHg,
predicts Qblood ! 0.14 ml/min. This value of Qblood is required for the
model to yield a ureter tissue PO2 of 34.5 mmHg at no urine flow and
artery
PO
! 107.5 mmHg, as suggested by the measurements of Protocol
2
2 (see RESULTS). The frequency of peristalsis (i.e., fperist) is set to the
value reported in Ref. 32. From the parameters related to the bolus
ref
ref
transit time (i.e., Qurine
and tbolus
), the reference urine flow was set
arbitrarily, and subsequently, the reference transit time is estimated
from the measurements of Protocol 3 (see RESULTS). The estimated
reference transit time was adjusted for the differences in ureter length
between the measurements of Protocols 2 and 3 (see RESULTS). The
length of the ureter (i.e., Lureter) was estimated from the measurements
of Protocol 2 (see RESULTS). Ureter cross-sectional area and epithelial
thickness (i.e., Sureter and hepith) were set to the values reported in Ref.
36. Finally, the value for the bolus radius (i.e., Rbolus) was estimated
from a least square fit of the model predictions to the measurements

Table 1. Model parameters
Description

Parameter

O2 solubility
O2 diffusion coefficient
Hemoglobin concentration in whole blood
Half-maximal hemoglobin saturation PO2
Hill exponent for hemoglobin saturation
Vascular resistance of ureter
Venous blood pressure
Michaelis constant for ureter O2 consumption
Maximal O2 consumption rate per unit
volume
Frequency of peristalsis
Reference urine flow (for bolus transit time)
Reference bolus transit time
Thickness of ureter epithelium
Length of ureter
Cross-sectional area of ureter
Bolus luminal radius

Value

Units

'O2
DO2
[Hb]
P50
n
(ureter
Pvenous
Cm
max
rtissue

1.34 ) 10
2.80 ) 10"5
1.64
25
2.75
483.57
7
5.36 ) 10"3
0.10

mM/mmHg
cm2/s
mM
mmHg

fperist
ref
Qurine
ref
tbolus
hepith
Lureter
Sureter
Rbolus

3.78
1
3.59
0.07
11.5
0.44
0.34

min"1
ml/min
s
mm
cm
mm2
mm

"3
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O2 supply. That is, the model predicts different values of Ctissue at
different O2 supply rates. The maximal consumption rate is taken
proportional to the ureter volume Vureter,which is computed on the
basis of the ureter’s length Lureter and cross-sectional area Sureter. The
max
maximal O2 consumption rate per tissue volume, denoted rtissue
,
similar to previous models of O2 consumption (for example, see Refs.
3 and 9 and references therein), consists of two components: a passive
passive
active
rtissue
and an active rtissue
component. In addition, we assume that
PO2 in the ureter tissue is in equilibrium with venous PO2; thus,
venous
Ctissue ! 'O2PO
.
2
Urine is transported along the model ureter in peristaltic boluses of
volume Vbolus, which assuming a frequency of peristalsis fperist (32),
is computed by urine flow according to Vbolus ! Qurine/fperist. As the
bolus moves over the ureter lumen, O2 diffuses across the walls of the
urothelium. To accurately model O2 diffusion, we developed a spatial
model of the ureter lumen (see Fig. 2). The model lumen extends from
x ! 0 (connection with the renal pelvis) to x ! Lureter (connection with
the bladder).
Consider a bolus of urine that is located at the ureter entrance at
time t ! 0. Let the O2 concentration within the bolus at time t be
Cbolus(t). According to the previous description, we have the condiin
transit
out
transit
tions: Cbolus(0) ! Curine
and Cbolus(tbolus
) ! Curine
, where tbolus
denotes the time the bolus takes to transverse the whole ureter. On the
transit
basis of measurements generated in Protocol 3 (see RESULTS), tbolus
is
transit
ref
ref
related to Qurine by a relationship of the form tbolus ! tbolus(Qurine
/
ref
ref
Qurine)3/4, where Qurine
and tbolus
are reference values estimated from
the experimental results in Protocol 3. We assume that the urine bolus
and tissue exchange O2 at a rate that is proportional to the bolus
surface area, denoted Sbolus, and the O2 concentration gradient. In this
case, conservation of O2 is given by the following:
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of Protocol 2. For the fit, we considered only the measurements
corresponding to infusion with 100% N2 and 12% O2, and we reduced
the bolus transit time by 21% to account for the reduced distance
between the renal pelvis and the inflow catheter. The estimated bolus
radius compares well with the ureter dimensions reported in Ref. 36.
For example, the estimated value of 0.34 mm is approximately double
the resting ureter radius of 0.16 mm, which gives &0.5 mm for the
radius of a fully expanded ureter.
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Fig. 3. Oxygen tension in the renal cortex, renal medulla, and urinary bladder
of rabbits subjected to hyperoxia, hypoxia, intravenous infusion of
[Phe2,Ile3,Orn8]-vasopressin (V1-agonist), and NG-nitro-L-arginine (L-NNA).
Symbols and error bars are 5-min averages of n ! 8, except for the V1-agonist
where n ! 7 (this part of the protocol was not completed in one rabbit).

level, and RBF, which remained 11.6 $ 4.4 ml/min greater
than its control level.
Part 3: blockade of nitric oxide synthesis. Intravenous infusion of L-NNA was accompanied by reductions in the PO2 of
medullary ("17 $ 8%) and cortical ("21 $ 8%) tissue, as
well as bladder urine ("51 $ 12%) (Figs. 3 and 4; Table 2).
RBF did not change significantly, but MAP increased (11 $
5%), and there were reductions in HR ("10 $ 4%), SO2 (from
94.9 $ 1.4% to 92.2 $ 2.2%), urine flow ("0.31 $ 0.13
ml/min), and both core body temperature ("0.5 $ 0.1%) and
medullary tissue temperature ("0.5 $ 0.1%).
Although both [Phe2,Ile3,Orn8]-vasopressin and L-NNA
treatment were associated with reduced PO2 in both the renal
medulla and the bladder, they were associated with very
different effects on RBF, cortical PO2, and urine flow (Fig. 4).
Relationships between medullary and urinary oxygen
tension. Analysis of covariance showed that there was considerable variation, in the magnitudes of the effects of the four
stimuli, between the various rabbits (PRabbit always * 0.001;
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Part 1: effects of systemic hypoxia and hyperoxia. During
ventilation with room air, arterial PO2, determined by direct
blood oximetry, was 75.1 $ 4.1 mmHg, PCO2 was 36.9 $ 1.8
mmHg, and pH was 7.44 $ 0.02. Arterial hemoglobin concentration was 106 $ 3 g/l, representing a hematocrit of 28 $ 3%.
Arterial SO2 was 94.5 $ 1.0%. Ventilation with 40% oxygen
increased arterial PO2 to 172.1 $ 8.6 mmHg and SO2 to 99.6 $
0.2%. Ventilation with 10% oxygen reduced arterial PO2 to
22.5 $ 0.5 mmHg and SO2 to 42.9 $ 2.2%.
Arterial SO2, measured continuously by pulse oximetry,
increased to 100% in all animals within 10 min of commencing
ventilation with 40% oxygen. Medullary tissue PO2 increased
by 17 $ 4%, and cortical tissue PO2 increased by 62 $ 24%,
but the apparent increase in urinary PO2 (51 $ 30%) was not
statistically significant (P ! 0.17; Fig. 3, Table 2). MAP, HR,
RBF, urine flow, and both core and renal medullary temperature were little altered by ventilation with 40% oxygen. During
the recovery period of ventilation with room air, all variables
returned to their baseline level except for MAP, which had
increased by 7.3 $ 2.4 mmHg relative to its baseline level.
Arterial PO2 measured continuously by pulse oximetry fell
rapidly in response to ventilation with 10% oxygen, averaging
39.2 $ 3.1% during the final 10 min of this intervention.
Medullary tissue PO2 fell by "87 $ 3%, cortical tissue PO2 fell
by "90 $ 5%, and urinary PO2 fell by "69 $ 7% (Fig. 3;
Table 2). There were also significant reductions in MAP ("27
$ 6%) and urine flow ("79 $ 7%), although HR, RBF, and
both core and renal medullary temperature remained relatively
stable. During the recovery period of ventilation with room air,
all variables returned to their control levels except for MAP,
which remained 9.4 $ 3.0 mmHg less than its control level
(P ! 0.02); HR, which remained 25 $ 9 beats/min greater than
its control level (P ! 0.03); body temperature, which had
fallen 0.4 $ 0.1°C (P ! 0.007); and medullary temperature,
which had fallen 0.3 $ 0.1°C (P ! 0.02).
Part 2: vasopressin V1-receptor activation. Intravenous infusion of [Phe2,Ile3,Orn8]-vasopressin was accompanied by
reductions in both medullary tissue PO2 ("30 $ 12%) and
urinary PO2 ("33 $ 9%) but no significant change in cortical
tissue PO2 (Figs. 3 and 4; Table 2). There were also increases
in MAP (38 $ 5%), RBF (39 $ 8%), and urine flow (832 $
375%), reduced HR ("44 $ 17%), and a small, but statistically significant, increase in medullary tissue temperature
(0.9 $ 0.2%). However, there were no significant changes in
arterial SO2 or core body temperature. During the 50-min
recovery period after the infusion ceased, all variables returned
to close to their control level, except for HR, which remained
36 $ 12 beats/min less than its control level, medullary tissue
PO2, which remained 3.9 $ 1.4 mmHg less than its control
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80
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Table 2. Control levels of systemic and renal variables and their responses to hyperoxia, hypoxia, activation of V1
receptors, and inhibition of nitric oxide synthase
Variable

Hyperoxia

V1-Agonist

L-NNA

Control

Change

Control

Change

Control

Change

Control

Change

63.4 $ 3.0
234 $ 10
97.2 $ 0.7
36.2 $ 0.4
36.8 $ 0.4

3.8 $ 3.2
"5 $ 5
2.8 $ 0.7**
0.1 $ 0.1
0.1 $ 0.1

69.8 $ 2.4
229 $ 10
97.3 $ 0.9
36.3 $ 0.3
36.9 $ 0.4

"18.9 $ 3.9**
19 $ 10
"58.1 $ 3.2***
0.0 $ 0.1
"0.1 $ 0.1

62.9 $ 2.0
258 $ 13
95.1 $ 0.7
36.9 $ 0.1
37.5 $ 0.1

23.4 $ 2.5***
"44 $ 17*
"0.5 $ 1.2
0.0 $ 0.1
0.3 $ 0.1**

72.5 $ 3.8
221 $ 9
94.9 $ 1.4
36.8 $ 0.3
37.8 $ 0.1

8.4 $ 3.5*
"23 $ 9*
"2.7 $ 1.1*
"0.2 $ 0.1**
"0.2 $ 0.1**

11.1 $ 2.3**
1.46 $ 0.15**

43.1 $ 5.4
0.77 $ 0.10

"5.7 $ 3.8
"0.30 $ 0.13*

34.9 $ 4.2
38.9 $ 6.2
26.2 $ 1.6
34.0

"7.7 $ 2.3**
"6.8 $ 2.7*
"13.8 $ 3.1**
"0.6

31.1 $ 2.7
0.34 $ 0.08

0.5 $ 1.2
0.11 $ 0.08

34.1 $ 3.7
0.39 $ 0.12

"4.5 $ 2.7
"0.36 $ 0.11*

31.0 $ 3.3
0.40 $ 0.11

40.0 $ 2.8
33.4 $ 5.9
46.1 $ 6.1
32.1

6.7 $ 1.4**
15.3 $ 5.2*
13.8 $ 9.2
4.9

39.8 $ 3.2
32.7 $ 4.7
42.4 $ 5.4
33.6

"34.2 $ 2.5***
"29.7 $ 4.9***
"28.1 $ 4.1***
"22.3

40.0 $ 2.8
29.3 $ 4.3
39.8 $ 7.9
32.1

"12.1 $ 4.6*
"0.9 $ 5.6
"16.8 $ 6.9*
"0.2

Values are between-animal means $ SE of n ! 8, except for the V1-agonist where n ! 7 (this part of the protocol was not completed in one rabbit). Control
levels were averaged across the final 20 min of the control period. “Change” represents the mean difference between control levels and levels during the final
10 min of the intervention. MAP, mean arterial pressure; HR, heart rate; SO2, arterial hemoglobin saturation; TBody, core body temperature; TMedulla, renal
medullary temperature; PO2, partial pressure of oxygen. *P " 0.05, **P " 0.01, ***P " 0.001 by Student’s paired t-test.V1-agonist, [Phe2,Ile3,Orn8]vasopressin; L-NNA, NG-nitro-L-arginine. Predictions of the mathematical model are shown as “Model urine PO2”.

Fig. 5). Furthermore, the slopes of the relationships between
changes in medullary PO2 and changes in urinary PO2 differed
according to rabbit (PRabbit·Medullary PO2 always * 0.001). Therefore, general linear models were constructed that included the
categorical variable “Rabbit”, the continuous variable “Change
in Medullary PO2”, and the interaction between these two
variables “Rabbit·Change in Medullary PO2”. These accounted
for 92% of the variance in changes in urinary PO2 during
exposure to and recovery from hyperoxemia (i.e., r2 ! 0.92),
50% of the variance in changes in urinary PO2 during exposure
to and recovery from hypoxia, 90% of the variance in changes
in urinary PO2 during infusion of [Phe2,Ile3,Orn8]-vasopressin
and the associated recovery period, and 87% of the variance in
changes in urinary PO2 during infusion of L-NNA. In all of
these analyses, the impact of the continuous independent variable (Change in Medullary Tissue PO2) on the continuous

Percentage Change

1500

Urine
PO2

Cortical
PO2

1000
500

Medullary
PO2

Urine
Flow
Renal
Blood
Flow

40
0
-40
-80

V1-Agonist
NOS Blockade

Fig. 4. Percentage changes in urinary and renal oxygenation, renal blood flow
and urine flow in response to intravenous infusion of [Phe2,Ile3,Orn8]-vasopressin (V1-Agonist) and NG-nitro-L-arginine (NOS Blockade). Values are
between-rabbit means $ SE (n ! 7– 8) of the percentage difference between
levels averaged across the final 20 min of the control period and those during
the final 10 min of the intervention.

dependent variable (Change in Urinary PO2) was statistically
significant (P always * 0.004).
Protocol 2: oxygen diffusion across the ureteral epithelium.
MAP (67.7 $ 1.7 mmHg), body temperature (38.0 $ 0.2°C),
and SO2 (98.8 $ 0.4%), which were measured continuously
across the course of the experiment, varied little with respect to
the solution infused into the ureter or the flow rate applied.
Arterial blood PO2 and PCO2, measured from a blood sample
collected at the conclusion of each infusion period, averaged
107.5 $ 7.4 mmHg and 19.4 $ 2.2 mmHg, respectively.
The PO2 of the saline infused into the ureter, as measured by
fluorescence optode, was 2.1 $ 0.1 mmHg after bubbling with
pure nitrogen and 111.0 $ 3.1 mmHg after bubbling with 12%
oxygen. The PO2 of saline bubbled with air (21% oxygen)
could not accurately be measured using the fluorescence optode, so it was assumed to be 159 mmHg.
The PO2 of fluid within the urinary bladder, as measured by
fluorescence optode, varied according to both the PO2 of the
saline infused into the proximal ureter (Pgas ! 0.01; repeatedmeasures ANOVA) and the rate of infusion (Pflow ! 0.01).
There was a strong interaction between these factors (Pgas·flow !
0.001). That is, the relationships between flow rate and bladder
PO2, for each value of infusate (proximal ureteric) PO2, converged on a bladder PO2 of &35 mmHg, as flow was reduced
toward zero. Presumably, this point of convergence represents
the PO2 of the ureteric tissue under the conditions of the
experiment. Importantly, the slopes of the relationships between the PO2 of the infusate and bladder PO2 diminished as the
flow rate was reduced (Fig. 6).
Total ureter length across the five rabbits was 11.5 $ 0.3 cm
in vivo. The distance from the renal pelvis to the inflow
catheter was 2.4 $ 0.1 cm. Thus, 79 $ 1% of the ureter was
included in the experimental preparation.
Protocol 3: Transit Time and Velocity of Ureteric Urine
Flow
The total length of the ureter, determined ex vivo, averaged
13.7 $ 0.6 cm across the five rabbits used in this protocol. The
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time across 45 $ 4% of the entire length of the ureter, which
was estimated to be 11.2 $ 0.5 cm in vivo. By calculating the
velocity of flow within the cannulated portion of the ureter, we
were able to estimate transit time across the entire ureter (Fig.
7). The relationship between ureteric flow and fluid velocity
was quasi-linear, so the relationship between ureteral flow
(ml/min) and transit time (s) resembled an exponential decay
curve.
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Protocol 4: Diffusion of Oxygen Across the Wall of the
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PO2 in the bladder abruptly increased when saline equilibrated with 21% oxygen was injected into the bladder as a
bolus (Fig. 8). In four of the six trials (three per rabbit), PO2
then fell over the next 3–5 min before increasing again,
presumably reflecting a mixing effect. From these time points,
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Fig. 5. Relationships between changes in medullary and urinary oxygen
tension. Each symbol represents the average change from the control level over
5-min periods during the stimulus and the recovery period (see Fig. 3).
Coordinates for each rabbit are represented by different colored symbols. The
lines of best fit were determined by ordinary least products regression analysis
(22).The four panels represent responses to hyperoxemia (A), hypoxemia (B),
and intravenous infusion of [Phe2,Ile3,Orn8]-vasopressin (C) and NG-nitro-Larginine (D). Note that the x and y axes in each panel have the same scale, so
the line of best fit at 45° has a slope of unity.
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length of ureter between the two catheters, determined ex vivo,
averaged 6.1 $ 0.6 cm. The corresponding measurement made
in vivo was 5.0 $ 0.4 cm (i.e., 18 $ 2% less than the
measurement ex vivo). Thus, on average, we measured transit
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Fig. 6. Relationships of oxygen tension in the bladder with oxygen tension of
the infusate in the proximal ureter and ureteric flow rate. Symbols and error
bars represent between-rabbit means $ SE of n ! 5. Predictions of the
mathematical model are shown by the red dotted lines.

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00195.2016 • www.ajpregu.org

Downloaded from http://ajpregu.physiology.org/ by 10.220.32.246 on September 8, 2016

This relationship was imposed in the computational model
(see above).
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Velocity (mm/s)

The model provides some insight into the impact of urine
flow on the degree to which changes in PO2 of pelvic urine are
expected to change the PO2 of urine in the bladder (Fig. 10),
which can be considered in light of our experimental observations in Protocol 1 (Table 2). The slopes of the lines in Fig. 5
indicate the fraction of a change in medullary/pelvic PO2
pelvis
(denoted PO
) that is transmitted to a change in bladder PO2
2
bladder
(denoted PO
). Namely, this fraction is computed by
2
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Fig. 7. Relationships of ureteric flow rate with fluid velocity (A) and ureteric
transit time (B). The thin dashed lines show data for the five individual rabbits.
A: thick lines show the means (symbols) $ SE (error bars) across the five
rabbits. B: means (symbols) $ SE (error bars) are shown, while the thick red
line shows the calculated relationship that was imposed in the mathematical
model.
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bladder PO2 slowly fell over the subsequent 40 –110 min, but
never reached its original level. Thus, although oxygen clearly
can diffuse across the wall of the bladder, the time scale across
which this operates is likely orders of magnitude greater than
the delay between entry of urine into the bladder and its exit via
the bladder catheter. Consequently, oxygen diffusion across the
bladder wall was ignored in the computational model (see
above).
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The model developed in this study can be used to generate
predictions of pelvic urine PO2 based on bladder urine PO2 and
given values for blood pressure, arterial PO2, and urine flow
(Fig. 9). There is evidence that oxygen in pelvic urine is in
equilibrium with that in the renal medulla (20). Thus, the PO2
of pelvic urine would be expected to provide a good estimate
of medullary PO2.
We first simulated the experimental findings in Protocol 2
(Fig. 6). There was particularly good agreement between the
model and the experimental observations over for the range of
urinary PO2 expected in the renal pelvis in vivo (*100 mmHg).
At higher input PO2, there was a greater degree of divergence
between the predictions of the model and our experimental
findings.

50

25

0
-20

-10

0

10

20

30

40

50

60

70

80

Time (min)
Fig. 8. Oxygen tension (PO2) measured in the bladder in two rabbits before and
after injection of saline equilibrated with 21% oxygen.
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denote the corresponding values
during the control period of the experiment. On the basis of the
pelvis
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model, the above fraction depends on PO
and PO
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bladder
well as O2,control and every factor that influences PO2 , such
as urine flow during the period of the intervention. Thus, even
pelvis
if we measure the same changes in PO
and urine flow, if the
2
control levels differ among the two instances, we will get
different fractions. In addition to these quantities already listed,
the above fraction depends also on arterial PO2 and blood
pressure during the intervention and control periods, which
affects the PO2 of the ureter wall. For simplicity, in the
discussion that follows, such effects are ignored. We set
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arterial PO2 at 90 mmHg and blood pressure at 100 mmHg,
which results in a PO2 in the ureteric wall of &40 mmHg.
Figure 10 shows the model’s predictions, for selected cases,
of the change in medullary/pelvic PO2 that is transmitted as a
change in bladder PO2. These selected cases were formulated to
include the range of values observed experimentally in Protocol 1 (see Table 2). That is, model simulations are presented for
pelvis
control values of pelvic urine PO2 (PO
) of 45 mmHg (Fig.
2,control
10, left) and 35 mmHg (Fig. 10, right). These correspond to the
range of mean medullary PO2 during the control periods in
Protocol 1, of 34.9 to 40.0 mmHg. Values of pelvic urine PO2
pelvis
(PO
) during the intervention period were set at 20 mmHg
2
(red lines) and 5 mmHg (blue lines). These correspond to the
experimental situations where medullary PO2 fell to 27–28
mmHg during infusion of the V1-agonist or L-NNA, and 6
mmHg under hypoxic conditions. Values of (single kidney)
urine flow during the control period were set at 0.2 ml/min
(solid lines) and 0.8 ml/min (dashed line). These values incorporate the range of urine flow observed under the control
condition (0.18 to 0.39 ml·min"1·kidney"1), as well as the
much greater urine flow observed during infusion of the V1agonist (0.93 ml·min"1·kidney"1).
Control Pelvic PO 2 = 45 mmHg

60

Change of Bladder PO2
(% Change of Pelvic PO2 )

0

The cases most relevant to this work, i.e., low urine flow
during the control and intervention periods and falls in
pelvic/medullary PO2 of 10 mmHg or more, are best described by the lower left part of the blue solid lines in both
panels. For those cases, the proportion of the change in
pelvic PO2 that is transmitted as a change in bladder urine
PO2 is small (&10%), although it increases to &50 – 60%
under diuretic conditions as observed during infusion of the
V1-agonist, when urine flow averaged 0.93 $ 0.07
ml·min"1·kidney"1. At higher urine flows, the fraction is
predicted to approach 100% (results not shown). In all
cases, urine flow has a profound effect, which is manifested
by a reduction of the fraction at lower flows. This happens
because, at low flows, transit time is longer (Fig. 7), allowing more time for oxygen in the ureter to equilibrate with
pelvis
that in the ureteric wall. Notably, at the higher PO
2,control
(which is set 5 mmHg above our estimate of PO2 in the
ureter wall under normoxic conditions, left panel) the fraction remains positive for all cases, indicating that at worse,
no change is transmitted across the ureter. In contrast, at the
pelvis
lower PO
(which is set 5 mmHg below the PO2 in the
2,control
ureter wall, right panel) the fraction can take negative values
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Fig. 9. Urinary PO2 in the pelvic ureter, predicted from bladder urine PO2 and urine flow,
at two levels of arterial PO2. Left-most surface
shows predictions under normoxic conditions
(arterial PO2 at 95 mmHg). Right-most surface
shows predictions under hyperoxic conditions
(arterial PO2 at 250 mmHg), as might be
experienced during major surgery.
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Fig. 10. Model predictions of the effects of
changes in urine flow on the ability of
changes in bladder urine PO2 to reflect
changes in PO2 of urine in the pelvic ureter.
Representative cases are shown for control
levels of pelvic PO2 of 45 mmHg (left) and 35
mmHg (right), control urine flow of 0.2 ml/
min (solid lines) and 0.8 ml/min (dashed
lines) and pelvic PO2 during an intervention
of 20 mmHg (red lines) and 5 mmHg (blue
lines). These cases are representative of the
experimental observations in Protocol 1 (see
Table 2). See text of the RESULTS for further
details.
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DISCUSSION

Collecting ducts in the inner medulla are intimately associated with ascending vasa recta (25). This anatomical arrangement explains the finding, in anesthetized humans, of a close
agreement between mean renal medullary tissue PO2 and the
PO2 of urine in the renal pelvis (20). It is not feasible to
routinely measure the PO2 of pelvic urine in hospitalized
patients. But the development of fiber-optic probes for measurement of PO2, using the principle of fluorescence-lifetime,
makes it now feasible to measure the PO2 of urine in the
bladder of patients at risk of developing AKI. The degree to
which oxygen diffusion, between the urine and the walls of
urinary tract, might confound the assessment of medullary PO2
from these measurements has remained a matter of controversy
(8). Our studies in anesthetized rabbits indicate 1) that changes
in tissue PO2 within the renal medulla are associated with
changes in the PO2 of urine in the bladder, 2) that although
oxygen diffuses across the wall of the ureter, changes in the
PO2 of fluid in the proximal ureter can still be detected in the
fluid in the bladder, except at low flow rates, and 3) that oxygen
diffusion across the wall of the bladder is slow, so is unlikely
to be a major confounder.
We also developed a computational model, using data from
our experimental studies and from the literature, for predicting
pelvic ureteric PO2 (and thus presumably medullary tissue PO2)
from bladder urine PO2 (and vice versa). Model simulations
indicate that the predictive value of this model, and so, by
inference, the value of bladder urine PO2 as a predictor of

medullary PO2, is highly dependent on urine flow. That is,
under hydropenic conditions, changes in pelvic urinary PO2 are
unlikely to be reflected in measureable changes in bladder
urine PO2. However, the predictive value of bladder urine PO2
is greatly increased under diuretic conditions. Importantly, in
many clinical situations in which patients are at risk of developing AKI, such as cardiopulmonary bypass (29) or administration of radiocontrast agents (35), fluid loading is often
employed to induce a brisk diuresis. Thus, continuous measurement of the PO2 of the urine in the bladder may provide a
clinically useful “window” on the health of the renal medulla
(8), particularly if urine flow can be measured and maintained
at a high rate.
On the basis of observations in two anesthetized dogs,
Rennie and colleagues concluded that “Oxygen in human
bladder urine is largely determined by gaseous equilibration
with ureteral walls and cannot be used as a measure of
intrarenal oxygen pressure” (28). Their experimental approach
and findings were qualitatively similar to those of our Protocol
2, although our interpretation of these findings differs from
theirs. They found that at flow rates greater than 3 ml/min in
the dog ureter, the PO2 of fluid within the bladder was similar
to that of the fluid flowing into the pelvic ureter. However, as
flow rate was progressively reduced from 3 ml/min, the outflow PO2 approached 28 mmHg, which they presumed to be the
tissue PO2 within the ureteric wall. They concluded that the
dominant mechanism driving this phenomenon was oxygen
exchange across the ureteric wall, since they found, as did we,
that the PO2 of fluid introduced into the bladder changed very
slowly. In our studies in rabbits, PO2 within the bladder
approached &35 mmHg, as ureteric flow rate was reduced to
0.1 ml/min, presumably reflecting the PO2 of the ureteric wall
under these experimental conditions. Thus, we acknowledge
that the use of bladder urine PO2 as a marker of medullary
oxygenation is confounded by oxygen exchange with the wall
of the ureter. Nevertheless, our findings also indicate that this
confounder can be at least partially accounted for with the use
of a computational model, provided urine flow and systemic
arterial PO2 (as a proxy for ureteric wall oxygenation) are
known.
In both experimental animals (15) and man (16, 19), bladder
urine PO2 has been shown to change in response to physiological maneuvers that might be expected to alter medullary
oxygenation. These have included changes in the level of
hydration (16, 19) and altered cardiac output (15). Nevertheless, there is very limited information regarding the relationship between medullary oxygenation and bladder urine PO2.
Therefore, in the current study, we measured medullary tissue
PO2 and bladder urine PO2 simultaneously, during a range of
physiological maneuvers. We also employed our computational model to predict bladder urine PO2 under each of the
conditions of this experiment. As would be expected, medullary PO2 and bladder urine PO2 both fell during systemic
hypoxemia and increased during systemic hyperoxemia. Although the computational model generated values of bladder
urine PO2 10 –15 mmHg less than those we measured, its
predictions of the changes in PO2 in response to hyperoxemia
and hypoxemia closely matched those observed experimentally. These observations emphasize the need to include a
measure of systemic oxygenation in a computational approach
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if the difference between urine flow during the intervention
and control periods is large. A negative fraction indicates
that a decrease in pelvic PO2 is associated with an increase
in bladder PO2. In the particular case in which control urine
flow is high, a reduction in pelvic PO2 of 10 mmHg could be
associated with a &15% increase in bladder PO2 if it is
accompanied by low urine flow (left-most part of dashed red
line on right panel).
Finally, we compared the direct measurement of bladder
PO2 from Protocol 1 with those predicted from the model
from the simultaneous measurements of medullary PO2,
urine flow, and arterial PO2 (Table 2). For those simulations,
it is assumed that medullary PO2 equals pelvic urine PO2.
The model’s predictions of bladder urine PO2 under control
conditions were mostly &10 mmHg less than those that
were measured experimentally, probably reflecting differences in the oxygenation status of the ureteral tissue between Protocol 1 (measurements) and Protocol 2 (model
calibration). The only exception was during the control
period before administration of L-NNA, when bladder urine
PO2 measured experimentally was considerably lower than
during the previous control periods, presumably due to
carry-over effects after administration of the V1-agonist.
The magnitude of the changes in bladder urine PO2 predicted
by the model during hyperoxia and hypoxia agreed closely
with those obtained experimentally. However, the model’s
predictions of the falls in bladder urine PO2 during infusion
of the V1-agonist and after infusion of L-NNA were an order
of magnitude less than those measured experimentally, indicating the presence of effects that are not captured by the
model.
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of urinary PO2 to reflect medullary PO2 in rabbits, studies in
larger animals and man are required so we can better understand the range of urine flows that might be required for this
approach to be useful in the clinical setting.
There are a number of limitations of the current computational model that could potentially be overcome. Firstly, as
identified above, it is likely that the model does not capture all
factors that influence the relationship between medullary PO2
and bladder urine PO2. Secondly, as currently formulated, the
model incorporates peristaltic flow of urine, but does not
account for the ability of peristaltic waves to facilitate the flow
of urine along the ureter and, thus, dominate determination of
transit time. Indeed, it is feasible that this phenomenon at least
partly accounts for the fact that the model predicts less agreement, between pelvic urine/medullary and urinary PO2, than we
observed experimentally in Protocol 1. Unfortunately, there
are currently insufficient experimental observations of ureteric
function in rabbits in vivo to allow inclusion of ureteric
peristalsis in the model. Third, the current model returns a
discrete estimate of pelvic urine/medullary PO2 from the measurable inputs: bladder urine PO2, urine flow, and arterial PO2.
But changes in urine flow also affect the uncertainty associated
with the prediction of pelvic urine/medullary PO2 from bladder
urine PO2. That is, the greater the urine flow, the greater the
confidence we can have in the model’s predictive ability. Thus,
future development of the model could include a probabilistic
component to generate a measure of uncertainty of the prediction. Fourthly, the current model is formulated for rabbits.
Future efforts should be directed toward development of the
model for use in larger species such as sheep, using available
anatomical (36) and experimental (17) data, and eventually
humans.
Perspectives and Significance
The “signal” of medullary oxygenation that is contained
within the measurement of bladder urine PO2 is likely confounded by multiple factors, including systemic oxygenation,
perfusion, and oxygenation within the ureteric wall and urine
flow. At low urine flow, the signal is all but lost. Consequently,
measurement of bladder urine PO2 will probably have little or
no utility in patients who have already developed AKI. However, standard practice for in-patient care of individuals at risk
of development of AKI, such as imaging procedures requiring
administration of radiocontrast agents (35) or cardiac surgery
requiring cardiopulmonary bypass (29), often involves interventions that ensure a brisk diuresis. Thus, measurement of
bladder urine PO2 may have utility in these situations as a
means to monitor risk of AKI, particularly if combined with a
computational model that mitigates the impact of confounding
factors. Furthermore, in recent studies in an ovine model of
hyperdynamic sepsis, medullary and urinary hypoxia could be
detected many hours before urine flow was reduced or serum
creatinine concentration was increased (17). Thus, computational modeling combined with measurement of bladder urine
PO2 in human patients could potentially provide an early
warning of risk of AKI, at a time when it is not too late for a
preventative intervention.
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for the use of bladder urine PO2 as a marker of medullary
hypoxia.
We also assessed the effects of two pharmacological
treatments that reduce renal medullary perfusion and thus
medullary tissue PO2: the vasopressin V1-receptor agonist,
[Phe2,Ile3,Orn8]-vasopressin (4, 7, 24) and the inhibitor of
nitric oxide synthase, L-NNA (27). These treatments both
resulted in reduced urinary PO2 but had very different effects
on potential confounders. For example, urine flow and RBF
increased during infusion of [Phe2,Ile3,Orn8]-vasopressin but
were both reduced after administration of L-NNA. These observations provide further confidence in the potential for bladder urine PO2 as a marker of renal medullary oxygenation.
However, the changes in bladder urine PO2 predicted by the
computational model, determined from the observed changes
in medullaryPO2, systemic arterial PO2 and urine flow, were an
order of magnitude less than those measured directly. Thus, it
seems that the model does not capture all of the major factors
that influence the relationship between medullary PO2 and
bladder urine PO2. We envisage at least two possibilities.
Firstly, it may be that medullary PO2 and pelvic urinary PO2
differ greatly and can vary independently. Although this seems
unlikely on the basis of available evidence (20), this possibility
cannot be discounted. The second, and more likely, explanation is that the vasoactive factors influenced oxygenation of the
ureteric wall. Indeed, a change in ureteric wall PO2 secondary
to local changes in vascular resistance in, or increased oxygen
consumption by, the urothelium would be predicted to alter
diffusion of oxygen into pelvic urine as it flows to the bladder.
These issues are amenable to elucidation through future experimentation.
Recent observations in conscious sheep provide additional
evidence to support the utility of bladder urine PO2 as a
measure of medullary oxygenation. These studies employed an
experimental preparation in which local tissue perfusion and
PO2, in both the renal cortex and medulla, were measured
continuously in unanesthetized sheep (2). Hyperdynamic sepsis in sheep is accompanied by increased RBF and ischemia
and hypoxia in the renal medulla but not the renal cortex (1).
The PO2 of urine in the bladder of sheep, during hyperdynamic
sepsis and resuscitation with intravenous norepinephrine, was
closely correlated with tissue PO2 in the renal medulla, but not
with PO2 within the renal cortex or arterial SO2 (17). One
important limitation of these studies in sheep was that it was
not possible to determine whether PO2 was being measured in
the inner or outer medulla. Because of the anatomical arrangement of vasa recta and collecting ducts (8), it seems likely that
urinary PO2 is more heavily influenced by tissue PO2 in the
inner than the outer medulla. Thus, the extent to which changes
in outer medullary PO2 are not reflected in changes in inner
medullary PO2 would be expected to confound the use of
urinary PO2 to detect outer medullary hypoxia. Unfortunately,
there is a paucity of information regarding of the relative
changes in inner and outer medullary PO2 during physiological
and pathophysiological challenges. There are additional potential limitations of the use of urinary PO2 as a marker of
medullary hypoxia that should also be explored in future
studies. For example, hematuria, which is common in critically
ill patients, could confound the relationship between medullary
and urinary PO2. Furthermore, while our current studies provide information about the impact of urine flow on the ability
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Chronic recurrent dehydration
associated with periodic water
intake exacerbates hypertension
and promotes renal damage in male
spontaneously hypertensive rats
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Epidemiological evidence links recurrent dehydration associated with periodic water intake with
chronic kidney disease (CKD). However, minimal attention has been paid to the long-term impact of
periodic water intake on the progression of CKD and underlying mechanisms involved. Therefore we
investigated the chronic effects of recurrent dehydration associated with periodic water restriction
on arterial pressure and kidney function and morphology in male spontaneously hypertensive rats
(SHR). Arterial pressure increased and glomerular filtration rate decreased in water-restricted SHR.
This was observed in association with cyclic changes in urine osmolarity, indicative of recurrent
dehydration. Additionally, water-restricted SHR demonstrated greater renal fibrosis and an imbalance
in favour of pro-inflammatory cytokine-producing renal T cells compared to their control counterparts.
Furthermore, urinary NGAL levels were greater in water-restricted than control SHR. Taken together,
our results provide significant evidence that recurrent dehydration associated with chronic periodic
drinking hastens the progression of CKD and hypertension, and suggest a potential role for repetitive
bouts of acute renal injury driving renal inflammatory processes in this setting. Further studies are
required to elucidate the specific pathways that drive the progression of recurrent dehydration-induced
kidney disease.
Water is essential for life. Increasing epidemiological evidence suggests irregular water intake is a risk factor for
the development and progression of chronic kidney disease (CKD). Several observational studies have documented an inverse relationship between progression of CKD and fluid intake or urine volume1–3. Furthermore,
it has been demonstrated that high urine volume correlates with a reduced risk of primary and secondary nephrolithiasis4–6. Recurrent dehydration associated with irregular water intake and occupational heat stress has been
linked to an epidemic of CKD in hot coastal communities of Central America7,8. Some evidence also exists that
low urine flow favours the development of hypertension; a major risk factor for the development and progression
of CKD9. Moreover, there is evidence from studies in 5/6 nephrectomized rats that increased water consumption
slows the progression of CKD10.
It is well recognized that the kidney is the major organ responsible for the regulation of whole-body fluid
homeostasis. However, although the underlying mechanisms that contribute to the renal regulation of body fluid
homeostasis have been extensively studied, the direct consequences of periodic water intake on the progression
of CKD and associated underlying mechanistic pathways have not been thoroughly investigated. Such investigations in this field are long overdue considering CKD is commonly asymptomatic until its advanced form
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Figure 1. Daily water intake: Daily water intake for control (
) and water-restricted SHR (
) during
the 4-week water restriction study. All data are presented as mean ± SEM. Data were analyzed using repeatedmeasures ANOVA. No correction was made for sphericity. n = 8–13 per group.
and, consequently, often remains undiagnosed. Moreover, numerous population-based studies have revealed that
around 10–11% of the adult population demonstrate some degree of renal dysfunction11. Certainly, an improved
understanding of the impact of recurrent dehydration on the progression of CKD and mechanisms that drive
recurrent dehydration-induced kidney disease could lead to the generation of improved evidence-based water
intake guidelines for the general population, as well as the identification of novel therapeutic strategies that protect against the progressive course of CKD.
To address this knowledge gap, the aim of the current study was to investigate the impact of periodic water
restriction on arterial pressure and kidney function and structure in male spontaneously hypertensive rats (SHR).
This was achieved by restricting drinking in SHR to a 2-hour period each day for 4 weeks. The SHR was selected
for this study since it is a well-established genetic model of essential hypertension that demonstrates a gradual
decline in renal function and progression of CKD with age. Our study commenced in SHR at 12 weeks of age
prior to any evidence of hypertensive kidney damage, which is morphologically evident from approximately
30 weeks of age12–14. There is a strong association between T cell infiltrate, hypertension and renal dysfunction,
although the precise mechanisms remain to be determined. We, and others, have identified an accumulation of
T cells with a pro-inflammatory phenotype in mouse kidneys, which is associated with changes in blood pressure15–17. Therefore, we investigated the impact of recurrent dehydration associated with periodic water restriction in 12-week old SHR to represent a population at risk of CKD. We hypothesized that recurrent dehydration
associated with periodic water intake exacerbates the progression of CKD and hypertension by recruiting T-cells
and promoting a pro-inflammatory environment in the kidney.

Results

Daily water intake.

the control SHR (Fig. 1).

Daily water consumption was on average ~34% less in the water-restricted SHR than

Body and kidney weight. Body weight did not differ significantly between the control and water-restricted

SHR at baseline. Over time, body weight increased by 31 ± 2% in control and 26 ± 2% in water-restricted SHR.
However, at the end of the water-restriction protocol body weight measured at the end of the dehydration period
prior to replenishment was ~6% less in the water-restricted than control SHR (P < 0.05) (see Supplementary
Fig. S1).
Kidney weight was not significantly different between the control and water-restricted SHR groups.
However, kidney to body weight ratio was ~8% greater in water-restricted SHR than control SHR (P < 0.001).
(see Supplementary Fig. S1).
Baseline MAP was not significantly
different between the control and water-restricted SHR. In the control SHR, MAP remained close to baseline
throughout the duration of the experiment (Fig. 2a). In contrast, MAP progressively increased over time in the
water-restricted SHR, to be ~13 mmHg greater at the end of the protocol than at baseline. This increase in arterial
pressure was evident from day 15 of the water restriction protocol. Furthermore, examination of hourly MAP
averages across the final week of the water restriction protocol confirmed that MAP was consistently greater
in water-restricted than control SHR across the entire 24-hour period (Fig. 3a). This was particularly evident
immediately prior to and during the water access period where arterial pressure spiked in both treatment groups
but to a greater extent in the water-restricted SHR. The circadian pattern of MAP was not significantly affected
by water restriction although there was a trend for a lower day-night difference in water-restricted than control SHR (P = 0.08). The day-night difference in MAP was 5 ± 1 mmHg and 4 ± 1 mmHg during baseline in the
control and water-restricted SHR, respectively. The average day-night difference in MAP during the final week
of the water-restriction protocol was 5 ± 2 mmHg and 2 ± 1 mmHg in the control and water-restricted SHR,
respectively.

Mean arterial pressure, heart rate and locomotor activity.
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Figure 2. 24 h mean arterial pressure, heart rate and locomotor activity across the 4-week water restriction
protocol: (a) 24-hour average mean arterial pressure (MAP), (b) heart rate and (c) locomotor activity in control
(
) and water-restricted (
) SHR at baseline and across the 4-week protocol of water restriction. All data
are presented as mean ± SEM. Data were analyzed using repeated-measures ANOVA with Bonferroni’s posthoc tests (28 comparisons). No correction was made for sphericity. **P ≤ 0.01 versus baseline (3-day average).
n = 6–9 per group.

Heart rate was also similar between the control and water-restricted SHR at baseline. Mean heart rate decreased
similarly in the two treatment groups across the duration of the experiment. At the end of the experimental protocol, mean heart rate was 20 ± 7 bpm and 16 ± 3 bpm lower than at baseline in control and water-restricted SHR,
respectively (Fig. 2b). In-depth analysis of this data by examination of hourly heart rate averages across the final
week of the water restriction protocol revealed that heart rate was higher in water-restricted than control SHR in
the hours before and during the 2-hour period of access to water. In contrast, during the remainder of the 24-hour
period heart rate was similar in the two groups (Fig. 3b).
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Figure 3. Hourly mean arterial pressure, heart rate and locomotor activity during the final week of the water
restriction protocol: (a) Average hourly mean arterial pressure (MAP), (b) heart rate, and (c) locomotor activity
during the final week of the experimental protocol in control (
) and water-restricted (
) SHR. All data are
presented as mean ± SEM. Data were analyzed using repeated-measures ANOVA using the factors group, time
and the interaction between group and time. n = 6–9 per group.
At baseline, locomotor activity was not significantly different between the control and water-restricted SHR.
However, across the duration of the water restriction protocol we observed differences in locomotor activity
between the treatment groups (Fig. 2c). This was associated with differences in activity patterns across a 24-hour
period. Water-restricted rats were more active than their control counterparts in the hours preceding, and during,
the period of access to water (Fig. 3c).
Measurements were made from 9 am to 9 am at baseline and at the end
of the 4 week protocol, with water access from 9–11 am in the water-restricted group. Food and water intake
was similar in the control compared with the water-restricted SHR at baseline (Fig. 4a,b). At the end of the
water restriction protocol, there was a trend for lesser food intake in water-restricted than control SHR (P = 0.08;
Fig. 4a). Moreover, water intake was ~53% less in SHR subjected to water restriction than in control rats (Fig. 4b).
Urine flow was similar in control and water-restricted SHR at baseline (Fig. 4c). In the control SHR, urine flow
was similar to baseline at the end of the 4-week treatment period. In contrast, as would be expected, 24-hour urine
production was 34 ± 9% less than baseline levels in rats subjected to water restriction (Fig. 4c). Urine flow was
also assessed as the first 8 hours (including 2-hour period of access to water) and the final 16 hours of urine collection. This analysis showed that urine production in the water-restricted SHR during the first 8 hours was similar

24-hour metabolic cage study.
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Figure 4. Food and water intake, urine flow and urine osmolarity data: (a) 24-hour food consumption,
(b) water intake, (c) urine flow and (d) urine osmolarity in control (
) and water-restricted (
) SHR at
baseline and at the end of the 4-week water restriction protocol. (e,f) The 24-hour urine flow and osmolarity
data for the post-treatment collection period are replotted as the first 8 hours and final 16 hours. Data are
presented as mean ± SEM and were analyzed using repeated-measures ANOVA with Bonferroni’s post-hoc tests
(2 comparisons). *P ≤ 0.05 and ***P ≤ 0.001 versus baseline or 8 hours. #P ≤ 0.05, ##P ≤ 0.01 and ###P ≤ 0.001
versus control SHR. n = 8–13 per group.

to that observed in the control SHR. However, during the final 16-hour collection period (when water-restricted
SHR had no access to water), urine flow was ~66% less in water-restricted than control SHR (Fig. 4e).
At baseline, 24-hour urine osmolarity was similar in the two treatment groups (Fig. 4d). In the control SHR, we
did not observe any significant change in 24-hour urine osmolarity across the time course of the experiment. In
contrast, 24-hour urine osmolarity was 69 ± 26% greater post-treatment than at baseline in water-restricted SHR
(Fig. 4d). Moreover, urine osmolarity varied across the day in the water-restricted SHR. Urine osmolarity was similar
in the control and water-restricted SHR during the first 8 hours of the urine collection. However, during the final
16 hours of the urine collection, urine osmolarity was ~95% greater in the water-restricted than control SHR (Fig. 4f).
This demonstrates the occurrence of regular periods of dehydration and rehydration in the water-restricted SHR.
Transcutaneous clearance of FITC-sinistrin, an estimate of GFR, was
similar at baseline in the control and water-restricted SHR (Fig. 5). At the end of the 4-week water restriction
protocol, no significant change in FITC-sinistrin clearance was observed in the control SHR compared to baseline. In comparison, FITC-sinistrin clearance measured at the end of the dehydration period prior to rehydration
was prolonged by 39 ± 12% in the water-restricted SHR, which is representative of a significant decline in GFR
(Fig. 5).
Glomerular fibrosis, as assessed by picrosirius red staining, was ~45% greater in the water-restricted than
control SHR (Fig. 6a). Similarly, we observed a ~68% greater proportion of tubulointerstitial fibrosis in kidney
tissue from water-restricted SHR as compared to their control counterparts (Fig. 6b). Glomerular morphology,

Renal function and morphology.
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Figure 5. Assessment of glomerular filtration rate: Excretion half-life (t1/2) of FITC-sinistrin in control
(
) and water-restricted (
) SHR at baseline and at the end of the 4-week water restriction protocol.
Data are presented as mean ± SEM and were analyzed using repeated-measures ANOVA with Bonferroni’s
post-hoc tests (2 comparisons). ***P ≤ 0.001 versus baseline. n = 8–10 per group.
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Figure 6. Assessment of renal fibrosis: Bar graphs represent quantification of the (a) glomerular and
(b) tubulointerstitial percentage area positively stained with picrosirius red in control (
) and waterrestricted (
) SHR. Representative images of renal cortical fibrosis in (c) control and (d) water-restricted
SHR at the end of the 4-week water protocol. Scale represents 100 µm. Data are presented as mean ± SEM.
Data were analyzed using an unpaired t-test. #P ≤ 0.05 versus control SHR. n = 8–13 each.

podocyte number and density, and expression levels of the podocyte-specific markers, p57 and synaptopodin,
were not significantly different between the control and water-restricted SHR (see Supplementary Fig. S2).
The urinary concentration ratios of protein, uric acid and neutrophil gelatinase-associated lipocalin (NGAL)
relative to creatinine were not significantly different between the groups at baseline (not shown). At the end
of the 4-week treatment period, during the first 8 hours of urine collection when urine flow was not different
between the groups, urinary protein/creatinine and uric acid/creatinine were similar between groups. However,
urinary NGAL/creatinine was ~50% greater in the water-restricted compared to the control SHR (P < 0.05; see
Supplementary Fig. S3). Urinary levels of NGAL, protein, and uric acid decreased significantly during the final
16 h of urine collection in the water restricted group, likely reflecting the marked reduction in urine flow (~70%)
and GFR (~25%) during this time (Supplementary Fig. S3).
Circulating CD3+ T cell count
and the proportion of the T cell subpopulations characterized by CD4+ (T helper cells) and CD8+ (cytotoxic
T cells) were similar in the control and water-restricted SHR (Fig. 7a,b). However, the expression profile of

Circulating and renal T cell populations and cytokine production.
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Figure 7. Circulating renal immune cell infiltration and cytokine production: Circulating renal immune
cell infiltration and cytokine production in control (
) and water-restricted (
) SHR at the end of the
4-week water restriction protocol. (a) Circulating T cells (CD3+ cells), the proportion of (b) circulating T
helper cells and cytotoxic T cells and (c) T cells producing IFN-γ, IL-4 and TNF-α, and (d) Th1:Th2 proportion
of cytokine producing T cells (measured as the ratio of IFN-γ/IL-4). Data are presented as mean ± SEM. Data
were analyzed using an unpaired t-test. ##P ≤ 0.01 versus control SHR. n = 7–13 each.
circulating T cell-derived cytokines differed between the treatment groups (Fig. 7c). There was ~1.6-fold more
circulating IFN-γ-producing T cells in the water-restricted than control SHR. There also appeared to be more
circulating IL-4-producing T cells in the water-restricted than control SHR although this apparent effect was
not statistically significant (P = 0.1). Thus, there was no significant imbalance in the circulating Th1/Th2 ratio
(measured as the ratio of IFN-γ/IL-4) between the control and water-restricted SHR (Fig. 7d). Furthermore, the
proportion of circulating tumour necrosis factor-α (TNF-α) producing T cells was similar between the treatment
groups (Fig. 7c).
In the kidney, leukocyte and T cell infiltration was similar between the control and water-restricted SHR
(Fig. 8a,b). Moreover, there was no significant difference in the proportion of the T cell subpopulations characterized by CD4+ (T helper cells) and CD8+ (cytotoxic T cells) between the treatment groups (Fig. 8c). However,
there was a phenotypic shift towards a pro-inflammatory Th1 (IFN-γ-producing) phenotype in kidney T cell infiltrate from the water-restricted SHR. There was no statistically significant difference in the proportion of renal T
cells producing IFN-γ or IL-4 between the water-restricted and control SHR (P = 0.07 and P = 0.09, respectively)
(Fig. 8d). However, the renal Th1/Th2 ratio (measured as the ratio of IFN-γ/IL-4) was ~5-fold greater in SHR
subjected to water-restriction than control SHR (Fig. 8e). There was also a trend for a greater proportion of renal
TNF-α-producing T cells in water-restricted as compared to control SHR (P = 0.07) (Fig. 8d).

Discussion

The key findings of this study were that daily cycles of dehydration and replenishment induced by periodic water
restriction exacerbated hypertension, decreased renal function, and increased NGAL excretion, renal inflammation and fibrosis in male SHR. These data provide strong evidence that recurrent dehydration associated with
chronic periodic water intake hastens the progression of CKD and aggravates hypertension.
Detailed investigations into the impact of recurrent dehydration associated with periodic water intake are long
overdue. It is very common for individuals to go through daily cycles of mild dehydration and replenishment due
to the time-consuming nature and physical demands of their work and home schedules, or simply out of habit.
Alternatively, for other individuals irregular water intake is a means of dealing with incontinence, a result of
incapacity to acquire or consume fluids, or a clinically recommended practice to avoid fluid overload and hyponatremia during the latter stages of CKD. Importantly, our water restriction protocol in rats allows us to interrogate the impact of recurrent dehydration on kidney health. Under conditions of dehydration, there is a marked
increase in endogenous circulating levels of the hormone arginine vasopressin (AVP)18. As demonstrated in the
current study, restriction of water intake to a 2-hour window each day induced periods of high and low urine
osmolarity. It seems reasonable to propose that these fluctuations were associated with fluctuations in the plasma
concentration of AVP since urine osmolarity is highly correlated with plasma AVP 19. Such variation in urine
osmolarity is commensurate with the physiological results of cyclic changes in daily water intake in humans20.
Our data provide strong evidence that recurrent dehydration associated with chronic periodic water intake
promotes hypertension and the progression of CKD. Our key findings were that periodic water intake exacerbated hypertension and promoted renal dysfunction and injury in male SHR. Specifically, arterial pressure
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Figure 8. Renal immune cell infiltration and cytokine production: Renal immune cell infiltration and
cytokine production in control (
) and water-restricted (
) rats at the end of the 4-week water
restriction protocol. Renal (a) leukocyte (CD45+ cells) (b) T cells (CD3+ cells), the proportion of (c) renal T
helper cells and cytotoxic T cells and (d) T cells producing IFN-γ, IL-4, and TNF-α (e) the Th1:Th2 proportion
of cytokine producing T cells (measured as the ratio of IFN-γ/IL-4). Data are presented as mean ± SEM. Data
were analyzed using an unpaired t-test. #P ≤ 0.05 versus control SHR. n = 10–17 each.

gradually increased in SHR subjected to periodic water restriction, an effect that was observed approximately 2
weeks into the 4-week water restriction protocol. Other studies have also suggested an association between hydration status and hypertension9,21. In addition, in the final week of water restriction a trend for a smaller difference
in day-night arterial pressure was observed in the water-restricted SHR. This was likely due to differences in arterial pressure at specific time points across a 24-hour period between the treatment groups. Indeed, greater spikes
in arterial pressure were observed in the water-restricted than control group immediately prior to and during
the water access period. However, it is also possible that this difference reflects activation of hormonal pathways
(e.g. AVP; renin-angiotensin system, RAS) under conditions of water deprivation. Indeed, activation of the RAS
has been shown previously to invert the circadian pattern of arterial pressure22.
Water restriction also led to an ~25% reduction in GFR, as indicated by an increase in FITC-sinistrin elimination half-life. This measurement was made at the end of the dehydration period prior to rehydration. Thus, the
reduction in GFR could reflect CKD or an acute event as a result of the dehydration. In future studies it will be
important to determine GFR following rehydration. If GFR were normalized following rehydration this would
suggest that repetitive bouts of renal ischemia inducing acute kidney injury might play a role in the development
of CKD. It would also be of interest in future studies to track changes in GFR using the transcutaneous assessment of FITC-sinistrin clearance across the duration of the study in order to identify the temporal progression of
recurrent-dehydration induced alterations in kidney function. In combination with radiotelemetric assessment
of arterial pressure, this would provide us with significant insight into the time-course of pathological changes
induced by recurrent dehydration associated with periodic water intake, and whether the reduction in GFR is
secondary to the increase in arterial pressure. Cowley and colleagues recently demonstrated the strength of combining such methods to follow the progression of disease23.
Notably, the exacerbation of hypertension and decline in kidney function in water-restricted SHR was associated with glomerular and tubulointerstitial fibrosis. This was not associated with increased urinary protein
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excretion at least after 4-weeks of chronic water restriction. Nor was there any evidence of damage to the glomerular filtration barrier, as documented by no change in podocyte number and density, synaptopodin and P57
expression in the water-restricted SHR. However, NGAL excretion was increased in association with the greater
tubulo-interstitial fibrosis in the water-restricted SHR, similar to the findings of Roncal Jimenez et al.24, in a
heat-stress induced model of dehydration in mice. Together this evidence suggests that recurrent dehydration
induces tubulo-interstitial injury and fibrosis. Furthermore, clear evidence now exists that inflammation and
immune system activation play an active role in the development and progression of CKD25 and, in the context
of the present study, has previously been shown to precede the pathogenesis of renal damage in SHR14. In this
regard, we also observed a phenotypic change in the T cells infiltrating the kidney in water-restricted SHR, resulting in a greater renal Th1/Th2 ratio than in SHR with free access to water, which may drive macrophage recruitment. Indeed, previous studies have indicated that macrophage infiltration may play a role in dehydration related
CKD24. Thus, our data suggest that T-cell activation of the immune system may recruit inflammatory cells to the
kidney contributing to the promotion of renal dysfunction and damage in SHR subjected to water restriction.
Future studies to determine the mechanistic pathways linking T-cell activation, renal injury and hypertension in
response to recurrent dehydration are now required.
It is also of relevance that water-restricted SHR gained less weight than control SHR across time in the current study. This may be attributable to differences in food intake between the water-restricted and control SHR.
Both of our treatment groups were given ad libitum access to food. We observed a trend for less food intake in
water-restricted than control SHR. Although we did not monitor timing of food intake, previous investigations
have found that rats subjected to water restriction first drink when access to water is restored, and then alternate
drinking and eating26. Therefore, the majority of food intake in water-restricted SHR likely occurred during the
period of water access. However, the difference in weight gain between the treatment groups across the duration
of the study may also be attributable to differences in energy expenditure, basal metabolic rate and/or a consequence of reduced total body water content associated with reduced 24-hour water intake in water-restricted
SHR. In consequence, based on our study findings to date, we cannot rule out the possibility that the lower food
consumption and thus energy intake in the water-restricted than control SHR induced adverse metabolic consequences. These in turn may impair optimal function of the immune system and contribute to the aggravation of
hypertension and renal injury that we observed in the water-restricted SHR; independent of the effects of dehydration. Accordingly, such differences in nutritional status require careful consideration in future investigations.
Hyperuricemia, elevated serum levels of uric acid, has also been proposed as a potential mechanism whereby
recurrent dehydration might lead to CKD27. Hyperuricemia is a common observation in individuals with CKD28–30.
Furthermore, it is also considered a potential causative factor in the development and progression of CKD via a
range of pathogenic mechanisms including, but not limited to, activation of the RAS, and promotion of endothelial dysfunction, inflammation and oxidative stress28,29. A large proportion of cases of hyperuricemia are attributable to impaired renal excretion of uric acid. However, increased production of uric acid, or a combination of
increased production and altered urinary excretion of uric acid can also contribute28. Based on our observation
in the present study that urinary uric acid levels were not different between the control and water-restricted SHR
(as measured when the animals were water replete and urine flow was similar between the groups), it is plausible
that altered renal handling of uric acid could possibly be a contributing factor to the exacerbation of hypertension and promotion of renal dysfunction and damage in water-restricted SHR. However, as recently proposed by
Johnson et al.29, since the kidney is the major organ responsible for the excretion of uric acid, a reduction in GFR
contributes to an elevation in serum levels of uric acid. Moreover, it is also well recognized that dietary factors can
affect serum uric acid levels28. Therefore, given that we observed a trend for less food intake in water-restricted
than control SHR, this might also have influenced uric acid excretion between the treatment groups. Accordingly,
future studies in which serum uric acid levels are monitored and uric acid levels are modulated would be essential
to uncover a causal role for uric acid in the setting of recurrent dehydration-induced CKD and interrogate the
underlying mechanistic pathways that contribute. Moreover, it is important to consider in this and future investigations that uric acid metabolism differs significantly between humans and other species, including rodents.
In humans, uric acid is the end product of purine metabolism. Conversely, uric acid is further metabolized to
allantoin in rats by the enzyme, uricase. As a result, rats have lower serum levels of uric acid than humans. Thus,
information gained from studies of uric acid metabolism in rats should be extrapolated to humans with caution.
Our data add to evidence that hydration status has a major impact on the progression of renal dysfunction and
disease. Several studies have reported a protective effect of reducing urine concentrating activity by increasing
water intake, or administering AVP receptor antagonists, on the progression of CKD in rats10,31–33. Moreover, AVP
infusion accelerated the progression of CKD in 5/6 nephrectomized AVP-deficient Brattleboro rats with diabetes
insipidus34.
In addition, the knowledge generated from our study extends the previous investigations of Roncal Jiminez et al.
into the impact of recurrent heat-induced dehydration on cardiovascular and renal function in normotensive
mice24. Mice that were subjected to heat stress in combination with restricted water access (enforcing delayed
rehydration) developed renal dysfunction and injury, and demonstrated greater arterial pressure than control
mice subjected to heat stress in the absence of delayed rehydration. For the first time, we have shown that recurrent dehydration associated with periodic water intake, in the absence of heat exposure, is sufficient to cause a
significant rise in arterial pressure and renal dysfunction and morphological changes, at least in male SHR.
There is also some evidence that sustained increases in urine osmolarity are associated with alterations in
renal function and morphology in humans, suggesting that recurrent dehydration associated with periodic water
intake promotes CKD in the clinical situation. Meijer et al. identified an association between the concentration
of plasma copeptin, a marker of endogenous AVP release, and urinary albumin excretion and microalbuminuria
in the general population35 and accelerated decline in renal function in renal transplant recipients36. In addition,
epidemiological evidence suggests that low water intake correlates with an increased risk of CKD. Clark et al.
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examined the relationship between urine volume and renal decline over 6 years in a large Canadian cohort and
identified a faster decline in estimated GFR in individuals with low as compared to high urine volume1. Similarly,
Strippoli et al. reported an inverse relationship between intake of fluid and prevalence of CKD based on the
findings of two cross-sectional surveys in Australia3. Moreover, Sontrop et al. analyzed data from the National
Health and Nutrition Examination Survey (NHANES) from a representative sample of the US population and
found that the prevalence of stage III CKD was highest amongst individuals with the lowest water intake2. In light
of these observations, a clinical trial is presently underway to ascertain the impact of increased water intake on
renal decline in patients with CKD.
Notably, evidence also exists that low urine flow may promote hypertension in humans, or at least worsen
pre-existing hypertension, by reducing urinary sodium excretion. Bankir et al. demonstrated an association
between impaired urine flow and higher arterial pressure in patients with diabetes9. Moreover, Choukroun et al.
showed that low water intake limits the capacity of the kidneys to excrete a moderate sodium load (less than 50%
of their usual daily intake) in male healthy volunteers21.
To further advance this field, future studies should further interrogate the underlying mechanisms that are
activated by recurrent dehydration associated with periodic water intake, and how they drive the development
of CKD. This could arm us with the knowledge of downstream mechanisms that could be targeted to prevent
or arrest the clinical course of CKD in individuals who habitually or intentionally demonstrate irregular water
consumption. In this regard, it is plausible that key hormones, including AVP and the major RAS effector peptide, angiotensin II (AngII), produced during dehydration, play a significant role. Such hormones elicit significant effects on arterial pressure, glomerular hemodynamics and non-hemodynamic renal mechanisms37,38; all of
which might induce alterations in renal function and morphology in the setting of chronic recurrent dehydration. The recent investigation by Roncal Jiminez and colleagues provided evidence that activation of the aldose
reductase pathway in the renal cortex could also contribute to the development of recurrent dehydration-induced
CKD via the generation of endogenous fructose in the kidney, which might cause renal injury via metabolism
by fructokinase24. Accordingly, it would be insightful in future studies to assess time-dependent changes in AVP
and AngII levels, and renal sorbitol and fructose levels, to look for correlations between peak changes in and/
or chronic activation of these pathways with the promotion of hypertension (including any impact on circadian
rhythm of arterial pressure) and aggravation of renal injury and dysfunction under conditions of recurrent dehydration. It will be of major interest in future studies to include female cohorts, as well as populations without
existing disease (e.g. normotensive animals) and advanced stages of CKD. This would likely provide insight into
whether the impact of recurrent dehydration on the development and progression of renal dysfunction and injury
is influenced by sex and/or the prior existence of renal disease. Moreover, investigations in normotensive populations could also assist in the dissection of the underlying mechanisms driving renal injury.
In conclusion, our findings support the notion that chronic recurrent dehydration associated with irregular
water intake is a risk factor for the progression of CKD. This highlights the importance of regular daily water
intake for the maintenance of kidney health in populations with existing cardiovascular and renal disease, and
provides further impetus for studies of this phenomenon in human populations at risk of CKD. Importantly,
our findings are consistent with the proposition that repetitive bouts of acute kidney injury, induced by recurrent dehydration, may activate the immune system and promote progression to CKD. Further mechanistic studies are now required to provide insight into the underlying pathways that drive the progression of recurrent
dehydration-induced kidney disease and thus uncover potential therapeutic targets. Moreover, it will also be
of major interest to investigate this phenomenon in females as well as males, and populations without existing
disease.

Methods

Animals. Ten-week old male SHR were obtained from the Animal Resources Centre (Canning Vale, Western
Australia, Australia). Rats were housed individually under standard laboratory conditions (12-hour light/dark
cycle at a temperature of 21 °C) and were fed a sodium-controlled diet (0.25% w/w sodium chloride; Specialty
Feeds, Glen Forrest, WA, Australia) ad libitum. Experiments were approved by the Monash University, School of
Biomedical Sciences Animal Ethics Committee and were performed in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes. Rats were allowed 1–2 weeks to acclimatize to
these conditions prior to the commencement of the study protocol.
Baseline renal function and mean arterial pressure. At 11–12 weeks of age, rats were placed in individual metabolic cages for 24-hours to collect a 24-hour urine sample for assessment of baseline renal excretory
function and hydration status (urine osmolarity). Specifically, food and water consumption and urine output were
recorded, and urine samples were collected for subsequent analyses of urine osmolarity (Advanced Osmometer
2020, Advanced Instruments, Needham Heights, MA, USA).
The following day, baseline glomerular filtration rate (GFR) was determined via the transcutaneous clearance
of fluorescein isothiocyanate (FITC)-labeled sinistrin using a miniaturized non-invasive clearance (NIC)-kidney
fluorescent detection device (Mannheim Pharma & Diagnostics GmbH, Mannheim, Germany)39. Briefly, rats
were lightly anesthetized (2–2.5% v/v isoflurane). The NIC-Kidney device was attached to a depilated region
on the back of the rat using a double-sided adhesive patch and adhesive tape. Following a 3–5 minute baseline
period, a bolus of FITC-sinistrin (3 mg/100 g made up in 0.9% sodium chloride solution) was administered via
tail the vein. The rat was then returned to an experimental chamber for 2 hours. At the end of the 2-hour recording period, rats were lightly anesthetized and the NIC-kidney device was removed. The collected data were subsequently analyzed using NIC-kidney device partner software. The software generates the elimination kinetics
curve of FITC-sinistrin from which excretion half-life (t1/2) determinations, which correlate with GFR, were
calculated using a one-compartment model.
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Upon completion of baseline metabolic cage studies and GFR measurements, each rat was anesthetized
(isoflurane; 2–5% v/v O2) and a radiotelemetry probe (PA-C40, Data Sciences International, MN, USA) was
implanted into the abdominal aorta for the measurement of mean arterial pressure (MAP), as previously
described22. After a 10-day recovery period, baseline MAP was recorded continuously for 3 days.

Four-week water treatment protocol. Rats were randomly allocated to 1 of 2 treatment groups (control
or water-restricted) and the 4-week treatment protocol commenced. Across the 4-week treatment period, control
rats were given unlimited access to water. In contrast, water-restricted rats were given access to water for only a
2-hour period (9 am to 11 am) each day. Water intake for all rats was recorded daily. MAP was measured continuously across the entire 4-week treatment period.
At the end of the water treatment protocol, urinary metabolic cage studies and GFR measurements were
repeated. GFR measurements were taken in water-restricted rats prior to their daily period of access to water.
During the final 24-hour urinary metabolic cage study, urine was collected at the 8-hour and 24-hour time points
to enable us to examine differences in urine production and concentration across a 24-hour time period, and also
during the periods when the rats did and did not have access to water. Furthermore, urinary creatinine (Exocell,
Excel Inc, PA, USA), protein (Bio-Rad Protein assay, Bio-Rad Laboratories Pty. Ltd., NSW, Australia), uric acid
(Beckman Coulter SYNCHRON DXC800, Beckman Coulter, NSW, Australia) and NGAL (R&D systems Rat
Lipocalin-2/NGAL DuoSet DY3508) concentrations were determined. The concentrations of these biomarkers
were expressed relative to creatinine concentration.
At the end of the study, rats were humanely
killed via carbon dioxide asphyxiation and a 1 ml blood sample was collected via cardiac puncture. Rats were
then intracardially perfused with phosphate buffered saline (PBS; NaCl 137 mmol/L, KCl, 2.7 mmol/L, Na2HPO4
10 mmol/L, KH2PO4 2 mmol/L), and the kidneys were removed. Blood samples were mixed with red blood cell
(RBC) lysis buffer (NH4Cl 155 mmol/L, KHCO3 10 mmol/L, EDTA 0.01 mmol/L) to remove all erythrocytes, and
were then washed in PBS and cells were counted using a Countess Automated Cell Counter (Life Technologies).
To isolate kidney mononuclear cells, the left kidney was enzymatically digested using collagenase type IX
(125 U/mL), hyaluronidase (60 U/mL) and collagenase type I-S (450 U/mL; all enzymes from Sigma Aldrich)
dissolved in PBS buffer containing calcium and magnesium for 45 min at 37 °C as previously described40. Samples
were then passed through a 70 µm cell strainer (BD Biosciences) to yield a single cell suspension. After washing
with PBS, cells were centrifuged at 1200 RPM for 10 min at 4 °C. Samples were then resuspended in 40% w/v
isotonic percoll solution (GE Healthcare), and 60% w/v isotonic percoll was gently underlaid beneath the sample
for density centrifugation. Density gradients were then spun at 2700 RPM for 20 min at room temperature with
the brake off. Mononuclear cells were isolated from the interface of the percoll layers, and washed with PBS.
Blood and kidney mononuclear cells were stained with an aqua live/dead viability stain (Life Technologies) for
15 minutes at 4 °C. After washing with FACS buffer (PBS with 0.5% bovine serum albumin) cells were stained
with fluorochrome-conjugated antibodies (all from Biolegend) for surface markers including CD45 (leukocytes;
clone OX-1; PE-Cy7), CD3 (T cells; clone 1F4; BV605), CD4 (T-helper cells; clone W3/25; APC-Cy7) and CD8
(cytotoxic T cells; clone OX-8; PerCP). Cells were analyzed using an LSR II flow cytometer (BD Biosciences) to
quantitatively characterize T cell populations and tissue-infiltrating T cells, as previously described40.

Tissue harvesting and preparation for flow cytometry.

®

Intracellular cytokine analyses. Blood and kidney samples were prepared as described above. Following
preparation of mononuclear cells and digestions, cells were resuspended in complete RPMI1640 media (fetal
bovine serum, 10%; streptomycin/penicillin, 100 U/mL; HEPES, 25 mmol/L; 2-mercaptoethanol, 2 µ M) and
seeded onto a 96-well plate. Cells were then stimulated with phorbol-12-myristate (PMA; 50 ng/mL) and ionomycin (500 ng/mL) in the presence of Golgi transport inhibitors brefeldin A and monensin (BD Biosciences) for
6 hours at 37 °C with 95% O2 and 5% CO2. Following stimulation, cells were washed and stained with a viability
stain and surface markers as described above. Cells were also fixed and permeabilized, and stained for intracellular cytokines interferon-γ (IFN-γ; clone DB-1; FITC; Biolegend), tumour necrosis factor-α (TNF-α; clone TN319.12; PE; Biolegend), and interleukin (IL)-4 (clone OX-81; eFluor660; Affymetrix). Cells were analyzed using a
LSR II flow cytometer (BD Biosciences). Representative flow cytometric plots of the gating strategy employed for
circulating and renal cytokine-producing T cells are shown in Supplementary Fig. S4. Gating for all cytokines was
defined by an unstimulated blood or renal sample run concurrently with each assay (see Supplementary Fig. S5).
FlowJo Software Version 10.0.6 (Tree Star) was used to analyze all flow cytometric data.
For assessment of collagen deposition, the right kidney was fixed in 10% neutral buffered
formalin and paraffin embedded. Renal glomerular and tubulointerstitial fibrosis was then analyzed in 4 µm-thick
paraffin-embedded kidney sections stained with 0.05% w/v Picrosirius red solution. Specifically, digital images
were captured at 40x magnification using an Aperio Scanscope AT Turbo scanner in a blinded manner. Forty random glomeruli and 40 non-overlapping cortical fields without vessels or glomeruli were then analyzed for each
kidney and the fraction of the stained (red) areas was determined using Aperio Image Scope software. Results are
presented as percentage of glomerular or tubulointerstitial area stained with Picrosirius red.

Renal fibrosis.

Immunofluorescence. Antigen retrieval was performed on 4 µm thick sections using Dako Target Retrieval
Solution (S1699; Dako, Glostrup, Denmark) on a Dako PT Link Instrument (PT10126; Dako) for 30 minutes at
98 °C. Sections were then allowed to cool. A standard immunofluorescence protocol was performed as previously
reported41. Briefly, sections were incubated in primary and secondary antibodies for 1 hour at room temperature with five washes with DakoWash Buffer (K8007; Dako) between each incubation step. In order to assess
glomerular and podocyte morphology we used a polyclonal rabbit anti–mouse p57 (1:200; SC8298; Santa Cruz
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Biotechnology, Santa Cruz, CA) and a goat anti–mouse SNP (1:400; SC21537; Santa Cruz Biotechnology) as
primary antibodies and a polyclonal donkey anti–rabbit Alexa Fluor 555 (1:200; A31572; Life Technologies) and
a polyclonal chicken anti–goat Alexa Fluor 488 (1:400; A2467; Life Technologies) as secondary antibodies. After
incubation with secondary antibodies, sections were washed five more times with DakoWash Buffer, and DAPI
(1:10,000; D1306; Life Technologies, Carlsbad, CA) was added for 20 minutes. Five final washes were done before
coverslipping each section with Prolong Gold (P36934; Invitrogen, Carlsbad, CA).

Confocal microscopy and model-based stereology. Optical images from 4 µm sections were obtained

using an inverted Leica SP5 Laser Confocal Microscope (Leica Microsystems) fitted with a 403 objective lens
(1.25 numerical aperture) with a 1X zoom using sequential imaging for 405, 488, and 555 nm. Representative
images were obtained with six line averages and stored in a 1024 × 1024 pixel frame. Glomerular cross-sections
were sampled using a systematic walk from the superficial to the inner cortex. These images were used to estimate
glomerular volume and total podocyte number per glomerulus by the Weibel and Gomez method42. Podocyte
density was then calculated by dividing total podocyte number per glomerulus and glomerular volume.

Statistical analyses. Data are presented as mean ± standard error of the mean (SEM). Body weight, daily
water consumption, GFR and telemetry and metabolic cage study data were analyzed using repeated-measures
analysis of variance (ANOVA) using the factors group (control or water-restricted SHR), time and their interaction. Bonferroni’s post-hoc tests were performed when multiple comparisons were made. Student unpaired t-tests
(with Welch’s correction) were used for group comparisons of body weight, kidney weight, arterial pressure, heart
rate, locomotor activity, renal fibrosis, and urinary uric acid excretion at baseline and/or at the completion of the
experimental protocol. Two-tailed P values ≤ 0.05 were considered statistically significant.
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