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Alzheimerôs disease (AD) is a common neurodegenerative disease and one of the hallmark 

pathologies is the amyloid beta (Ab) plaques that accumulate in the brain, causing neuronal 

damage. Tissue-type plasminogen activator (tPA) is a key protease that can generate plasmin 

from plasminogen and plasmin can then degrade fibrin in a blood clot, in a process called 

fibrinolysis. tPA and plasmin can also degrade Ab in the same manner. This important 

interaction led us to become interested in the involvement of the plasminogen activation (PA) 

system in the onset and progression of AD, in the hopes that increased levels of tPA and 

plasmin could lead to reduction in Ab plaques and improve outcome. An animal model that 

expresses mutated proteins associated with AD, and will develop AD like symptoms, was used 

to study different approaches of modulating tPA levels in the brain and the effect this could 

have on AD outcomes. A model of intranasal (IN) drug delivery of tPA, and a tPA variant, 

Tenecteplase (TNK), was developed to administer these proteases to the brain. A second 

approach to neuronally overexpress tPA in the same AD model was used as well. The 

hypothesis was that upregulating tPA or TNK activity in the brain by intranasal drug delivery 

or genetic overexpression would result in more Ab degradation and therefore improve 

behavioural and pathological outcomes in AD mice. 

 

The main aims of this thesis were to characterise the temporal and local distribution pattern of 

intranasally administered tPA and TNK, assess the impact that long-term intranasal delivery of 

tPA or TNK could have on the AD outcomes, and to overexpress tPA neuronally in AD mice 

and again observe the impacts on AD outcomes.  

 

Chapter 2 of this thesis includes a comprehensive literature review that describes the 

mechanisms of pathogenesis of AD, the mechanisms of the PA system, the involvement of the 

PA system outside of fibrinolysis and in particular the roles of these proteases in the central 

nervous system (CNS), then more specifically an in-depth investigation into publications that 

have documented the effects of the PA system on AD pathogenesis. It also introduces the 

method of intranasal drug delivery and how this has previously been proposed for use in 

treating neurodegenerative disorders.  

 

Chapter 3 is the first results chapter of this thesis and is focused on the intranasal drug delivery 

method. Intranasal tPA (IN-tPA) has been used by other groups in different disease models, 

but it has not been characterised in detail as to the biodistribution of IN-tPA. We also applied 
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IN-TNK in the same way to assess its feasibility since TNK has resistance to endogenous 

inhibitors and therefore an extended half-life compared to tPA. IN-tPA and IN-TNK was 

treated as a single dose in tPA deficient or wild-type animals, and then animals were euthanised 

and samples collected at different timepoints after administration to assess how long the drugs 

were remaining active for in the CNS and lungs. Different functional assays were used to 

determine the activity of these proteases. It was determined that both IN-tPA and IN-TNK 

could be detected mostly in the olfactory bulb region of the brain with only a small amount of 

drugs reaching other regions of the brain. IN-TNK was not as proteolytically effective in these 

assays. Both drugs were remaining present for up to 3 hours post-administration. A large 

portion of these intranasal drugs was being distributed into the lungs of the mice. 

 

Chapter 4 applies this intranasal treatment of tPA and TNK long-term in a mouse model of 

AD. AD mice were treated three times a week for eight weeks and then assessed by behavioural 

outcomes and brain Ab pathology. Mice were assessed at either 6 or 12 months of age, with 

treatment being conducted for two months prior to the experimental endpoint. It was found that 

at 6 months of age, long-term treatments of IN-tPA or IN-TNK did not significantly impact 

AD outcomes. At 12 months of age there was a surprising increase in plaque number and size 

in IN-tPA treated animals. The reason for this remains unclear. 

 

Chapter 5 measured the same kind of behavioural and pathological outcomes as Chapter 4, 

but in mice that were overexpressing tPA instead of being treated pharmacologically. The AD 

mice were crossed to mice that overexpress tPA specifically in their neurons. This generated 

cross was termed the AD-T4 mouse colony. The AD-T4 mice and littermates (including WT, 

T4 and AD mice) were aged to 6 months and behavioural tests were performed and brain 

pathology assessed to determine impacts of high endogenous levels of tPA on AD pathologies. 

There were no significant changes to the plaques in these mice due to increased tPA levels. 

 

Chapter 6 of this thesis is the integrated thesis discussion that covers the results of chapters 3-

5 and delves into possible mechanisms and other hypotheses for how the PA system is 

interacting in AD pathogenesis. The Appendix is brought into the discussion here as well, as 

a preliminary study was conducted to determine if Ab accumulation post-traumatic brain injury 

could be affected by differing endogenous tPA levels. As well this chapter talks about the 

potential future directions of the work performed here and the overall conclusions. 
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Overall, it was found that increasing the tPA levels in the brain, by intranasal drug delivery or 

genetic overexpression, did not have an impact of AD pathology at the 6-month timepoints, 

and no behavioural deficits were found due to the model not being severe enough at the 

observed timepoints. However, in the 12-month IN-tPA treated mice there was an increase in 

the plaque number and size indicating that the original hypothesis could be wrong, and more 

research needs to be conducted to understand the complex interactions of the PA system in AD 

development.  
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2.1 Introduction 

Alzheimerôs Disease (AD) is a serious neurological condition that affects around 55 million 

people worldwide1. There are many debates surrounding the causative mechanisms of AD, but 

one of the key pathologies associated with the disorder is the accumulation of amyloid beta 

(Ab) peptide2. Ab is a soluble peptide that is cleaved from its parent protein, amyloid precursor 

protein (APP). From there, soluble Ab can aggregate and form toxic oligomers and fibrils 

leading to the eventual generation of amyloid plaques in the brains of AD patients3. There are 

many enzymatic and phagocytic processes that can break down and remove Ab, such as 

neprilysin and microglia being two of the main ones4. Another pathway that has received 

relatively little attention in the field of AD research to date is the plasminogen activation (PA) 

system.  

 

The PA system is more commonly known for its role in the breakdown of blood clots 

(fibrinolysis), however this pathway, involving serine proteases, can also directly break down 

Ab5. An essential enzyme in the PA system is the tissue-type plasminogen activator (tPA). tPA 

activates plasminogen to create plasmin, a potent serine protease capable of cleaving fibrin as 

well as several different misfolded proteins5. Common to all of these substrates is the presence 

of exposed lysine residues. These residues act as binding sites for plasminogen and tPA, 

allowing them to localise to the target protein (e.g., fibrin, Ab) resulting in the generation of 

plasmin in a highly targeted manner5. It has been shown in vitro and in vivo that plasmin can 

directly cleave Ab and that Ab can activate the PA system in the same lysine-dependent manner 

that fibrin does6. Interestingly, the levels of tPA and plasmin are decreased in the brain of AD 

patients, while the main inhibitor of this system, plasminogen activator inhibitor-1 (PAI-1), is 

increased7. This further suggests that the PA system may play an important role in the 

pathogenesis of AD.  

 

One potential method of targeting the PA system in brain would be to administer tPA or other 

proteases via intranasal (IN) drug delivery. This administration technique has been proposed 

as a means to get drugs into the central nervous system (CNS) whilst by-passing the blood 

brain barrier (BBB)8. This method has been tested in models of AD and there are also some 

clinical trials taking place that are observing the effects of intranasally delivered drugs in AD 

patients, such as intranasal insulin9. 
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This literature review aims to delve into the mechanisms by which the PA system is 

hypothesised to be involved in AD and proposes that intranasal drug delivery could be a novel 

approach to treat AD by harnessing this system.  

 

2.2 Alzheimerôs Disease (AD) 

2.2.1 Background and epidemiology 

AD was first described in 1906 by Alois Alzheimer, a German psychiatrist, who discovered 

microscopic lesions in the brains upon autopsy of a patient he followed for a number of years 

suffering with ósenile dementiaô10. AD is the most common form of dementia, and it is 

estimated that over 55 million people worldwide suffer from this debilitating disorder1,2. It is 

predicted that these numbers will increase significantly due to extended life expectancies and 

better diagnostic capabilities, with estimations of 165 million people suffering from the disease 

by 20501,2. AD is the most common cause for disability later in life, costing the nation billions 

in health care, long-term care and hospice services. It has also been found to be the second 

leading cause of death in Australia11.  

 

2.2.2 Diagnosis and treatments 

The main symptom of AD is memory loss, and other symptoms include language, personality, 

visual, executive, and depressive differences that may be observed in patients2,12. In late-stage 

AD, patients may experience decline in motor function and coordination, disruption to speech 

and ability to think logically2. Diagnosis of AD is generally achieved by mental status 

examinations that assess the patientôs memory and neurological function. Blood and 

cerebrospinal fluid (CSF) can be tested for biomarkers of the disease and brain imaging 

techniques such as magnetic resonance imaging (MRI), positron emission tomography (PET) 

and computerised tomography (CT) can also be used in conjunction with other testing2.  

 

There is currently no ñcureò for AD and treatment options are minimal. All current treatments 

use the oral administration route which has severe limitations when targeting the CNS due to 

the BBB13. There are some treatments available to slow the disease progression, these 

treatments mainly focus on the treatment of the dementia phase, some of these include 

glutamate antagonists and acetylcholinesterase inhibitors, resulting in an increase in levels of 

the neurotransmitter acetylcholine14. There is a lot of research into this field and many clinical 



Chapter 2: Literature review 

 9 

trials are established every year to evaluate new potential therapeutics15. However, there is a 

lot of debate around why most clinical trials for new treatments of AD have failed in the past16 

and that new hypotheses of the disease mechanisms need to be uncovered.  

 

One interesting new treatment for AD is monoclonal antibodies that specifically target Ab, 

including lecanemab, donanemab and aducanumab17-21. These act by binding directly to Ab 

aggregates and are said to alter the course of the disease but not reverse the effects of the 

symptoms17-20. Recently, a Phase 3 clinical trial of lecanemab in patients with early AD has 

been completed and showed that there was moderate reduction in the worsening of cognitive 

function in the lecanemab treated groups compared to placebo20. There was also reduced 

markers of amyloid in these patients indicating that it could be having a direct effect on Ab 

levels in the brain. These promising results were also associated with slightly higher chances 

of adverse events, but longer trials of this drug are warranted and will hopefully yield more 

promising results. Donanemab similarly has undergone a Phase 2 clinical trial and showed that 

there was increased score for cognition and improved ability to perform basic tasks after 76 

weeks of treatment21.  

 

These antibody therapies have challenged the doubts about the amyloid hypothesis (more on 

this in section 2.2.6). The high prevalence and severity of this disease highlights the need for 

early detection, identification of reliable biomarkers to assist in the diagnosis and development 

of new treatment options. These new findings that directly targeting Ab is worth pursuing and 

that we need to keep developing new methods to understand the complex mechanisms at play 

in this disease. 

 

2.2.3 Risk factors 

AD can occur sporadically (99% of the time) or can be hereditary, with both genetic and 

environmental factors potentially contributing to the development. Environmental and lifestyle 

factors that are likely to increase the risk of acquiring AD include: diabetes, obesity, physical 

and mental inactivity, depression, smoking, traumatic brain injury and diet14,22-24. There are 

also a number of genetic risk factors associated with AD, with the most dominant being 

Apolipoprotein E (ApoE), specifically allele e425-28. Individuals with two ApoE e4 alleles have 

a 50-60% increase in risk of developing AD25. Other genes associated with increased risk of 

developing AD, and can subsequently be used as biomarkers, include APP, presenilin 1 and 2 
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(PS1 and PS2) and bridging integrator 1 (BIN1)26,29. A mutation in the tumour necrosis factor 

alpha (TNF-a) gene has also been associated with early onset AD, which implicates the role 

of inflammation in the disorder30. 

 

Traumatic brain injury (TBI) is a major known risk factor of AD24. There are many studies that 

have looked into the long-term effects of multiple head concussion especially that occur in 

sports such as boxing and football24,31-33. It has been shown that Ab accumulates rapidly after 

a TBI22,34-36 and that TBI can have long term effects on the immune system37 which could 

exacerbate the disease38. TBI has also been linked with cerebral amyloid angiopathy 

(CAA)39,40, which is a condition associated with AD where amyloid proteins deposit in the 

blood vessels of the brain and can lead to microhaemorrhages41. Recent studies have also found 

an association post neurosurgery with development of CAA42-44.  

 

2.2.4 Mechanisms of pathogenesis 

AD is a complex disease with many pathologies. Neurodegeneration, neuronal loss, loss of 

synapses, neuroinflammation, CAA and oxidative stress are some that have been frequently 

observed especially in severe cases14. The primary neuropathological hallmarks of AD are the 

extracellular amyloid plaques caused by the accumulation of misfolded Ab peptides and 

intracellular neurofibrillary tangles (NFTs) caused by hyperphosphorylation of tau in the 

brain45. Tau is normally involved in the stabilisation of microtubules and when it becomes 

hyperphosphorylated, it dissociates from the microtubules, resulting in microtubule 

destabilisation and loss of function, and this results in the formation of intracellular neurotoxic 

NFTs46-50. NFTs cause neuronal cell death by reducing the cellsô ability to assemble stable 

microtubules which disrupts axonal transport and signaling49,51.  

 

2.2.4.1 Amyloid precursor protein (APP) processing 

Ab is derived from a larger membrane protein called APP. APP has been studied in great detail 

and has been found to be largely expressed on neurons and glial cells52, but has also been 

discovered on peripheral cells not found in the CNS such as platelets53 and monocytes54,55. The 

physiological function of APP remains largely unknown, however it is hypothesised that it is 

involved in neuronal growth, survival and neurite path finding52,56.  
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APP is cleaved by different secretases at different points along its structure57. The three main 

secretases that are capable of cleaving APP are known as Ŭ-, ɓ- and ɔ- secretases. When cleaved 

by the Ŭ-secretase, it is considered to be processed in the non-amyloidogenic pathway, and 

when cleaved by the b-secretase it is the pathogenic or amyloidogenic pathway58. The ɔ-

secretases are PS1 and PS2, which are located in the cell membrane and cleave APP at the ɔ- 

site after Ŭ or b processing58.  The amyloidogenic pathway results in the synthesis of Ab. 

 

2.2.4.2 Amyloid beta (Ab) 

Ab was first discovered in 1984 by Glenner and Wong, where they purified Ab peptide from 

the meningovascular fibrils found in patients who had died from AD59. In 1985, Ab was 

isolated from amyloid plaque cores60. A lot of work was conducted in the 1980s that 

characterised AD61 and Ab62 and the amyloid hypothesis was first described in the early 

1990s63.  

 

APP processing in the amyloidogenic pathway results in either a 40 or 42 amino acid (aa) 

peptide, referred to as Ab40 or Ab42 respectively. There are other forms of Ab that are created 

from APP processing as well (ranging from 38-43aa), though these two have been shown to 

accumulate the most with AD onset3. Ab40 is thought to be slightly less pathogenic and Ab42 

is more likely to aggregate and form plaques3. Ab40 is linked with causing vascular damage 

leading to CAA, a condition that occurs in around 90% of AD patients or can occur 

independently64-70. It has been hypothesised that the ratio of Ab40 to Ab42 is important in the 

balance of the disease and many publications use this as a measure of disease severity71-74.  

 

Ab monomers have the intrinsic property to form aggregates which are structured like b-

pleated sheets3. Ab oligomers are soluble and have more recently been found to potentially be 

the most toxic form of Ab and more indicative of the disease severity than the insoluble fibrillar 

Ab that forms plaques75-77. Oligomers cause toxicity by binding to some cell surface receptors, 

disrupting their function and signalling, such as the N-methyl-D-aspartate (NMDA) receptor78 

and nerve growth factor receptor79, leading to cell death. Not only does Ab accumulate and 

cause damage extracellularly, there is also an abundance of evidence that Ab can cross the cell 

membrane and accumulate intracellularly80-85.  
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Ab fibrils are insoluble and are what create the extracellular plaques in the brain. There are two 

types of plaques that Ab is found in, diffuse and neuritic. Diffuse plaques are sometimes 

considered pre-amyloid plaques and neuritic (also called senile plaques) are much more 

detrimental to the brain3,27,86. 

 

2.2.4.3 Inflammation 

Neuroinflammation in recent years seems to be the focus of most AD research and has been 

widely reviewed87-91. It is hypothesised that neuroinflammation is very important early in the 

disease progression and microglia play a key part in this. During the early stages of AD, 

microglia help in the clearance of Ab by phagocytosis92,93, but in later stages, chronic microglia 

activation can be detrimental, promoting synaptic damage94,95. 

 

2.2.5 Clearance of amyloid beta (Ab) 

Ab peptides can be broken down by several different enzymes, including neprilysin, insulin-

degrading enzyme, endothelin-converting enzymes, angiotensin-converting enzyme, matrix 

metalloproteases and plasmin, amongst others4,96-98. Plasmin can degrade monomeric and 

fibrillar forms of Ab97-100. Degraded Ab can be cleared by cells such as microglia, perivascular 

macrophages and astrocytes96. There is also involvement of the BBB and glymphatic system 

in degraded Ab removal67,101. Because some of the enzymes responsible for clearing Ab are 

reduced with age, this translates to a decreased capacity of Ab degradation in elderly AD 

patients thereby leading to increased deposition in the brain and the cerebrovascular system. 

The fact that there are these redundant processes present in the brain to degrade Ab peptides 

indicate the importance of clearance of this peptide to maintain physiologically acceptable 

levels.  

 

2.2.6 Amyloid hypothesis 

There are several hypotheses concerning the interactions of Ab and tau protein in causing 

neurodegeneration. The amyloid hypothesis is the most well-known and suggests that Ab is 

the primary cause of the disease and this impacts tau and other pathologies downstream of Ab 

events16,45,102,103. The amyloid hypothesis has been altered over time; this is due to more 

understanding of the Ab peptide coming to light. It was first thought that the amyloid plaques 

simply caused the disease, then it was presumed to be due to increased Ab42 concentrations 
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being present and driving the disease instead of Ab40. Next was a focus on the Ab42 to Ab40 

ratio where it was hypothesised that if there is more Ab40 present, i.e., a lower ratio, then there 

is more protection against the more pathogenic Ab42. Now it is considered that possibly 

soluble oligomeric forms of Ab are causing the most damage75,104.  

 

There is much contention surrounding this hypothesis however, in the past it has been 

questioned why all treatments targeting amyloid plaques were failing105, though new clinical 

trials targeting Ab are now seen to be have some success17-21. It has also been hypothesised 

that Ab and tau proteins act independently to enhance the other toxic effects in the brain27,106 

or that tau alone is driving the disease progression107. Newer hypotheses about the disease 

mechanisms lean towards the toxic soluble Ab oligomers rather than plaques that can disrupt 

synapse function, leading to neuronal death108. Generally, it is believed that the effects of these 

amyloid plaques and NFTs is what results in the neurodegeneration of the brain in AD patients. 

Whilst there are many hypotheses proposed to try and understand this complicated disease, 

clearly more research needs to be conducted to further understand and elucidate the 

fundamental mechanisms so new early intervention treatment strategies can be 

developed109,110. 

 

Even though there has been so much controversy around Ab and whether it is or is not the 

driving cause of AD progression, the work conducted in this thesis examines Ab degradation 

by the PA system in the hope that we can further our understanding of the complex mechanisms 

involved with Ab peptide accumulation and degradation in AD pathology.  

 

2.2.7 Animal models of AD 

There are over a hundred animal models of AD, as indicated on Alzforum (an open-source 

website with resources for AD information), most of these are mouse models, which are often 

used as mice have a shorter life span and therefore would not need to be aged for as long as 

rats. Because there are so many factors and unknown genes involved in AD, most of the current 

models focus on using the known mutations that occur in familial AD111. This can be 

rationalised by acknowledging that the downstream effects of the disease pathology appear to 

be the same no matter what triggers the disease onset and processes.  
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AD models normally involve mutated human transgenes, often APP and PS1 and sometimes 

genes related to tau as well. The most common promoters used in these models to drive the 

transgenes to be expressed in the CNS, are those of the platelet-derived growth factor (PDGF)-

b chain, thymocyte differentiation antigen-1 (Thy-1) and the prion protein (PrP)111. Even 

though the animals that are used to examine the disorder are genetically identical, not all 

animals will display exactly the same progression and symptoms. In most cases the AD animal 

models aim to overexpress a mutant form of human APP which will lead to an increase of 

processing and accumulation of Ab42. Animal models that knockout the essential genes 

associated with AD, have been invaluable in determining the roles these proteins play in the 

disease112 and basic studies have shown that introducing exogenous Ab into the brains of AD 

mice causes the mice to be worse off113-115. Some models of AD have observed other co-

pathologies such as enlarged spleens and altered cytokine levels116. 

 

An example of one of the first mouse models is Tg2576117, this model has been widely used 

and characterised over the years. APP/PS1 is another very commonly used model. These mice 

overexpress a human APP transgene with the 695 Swedish mutation and PS1 transgene with 

the DE9 mutation118-120. Both transgenes are located together and controlled by the Thy-1 

promoter. The APP/PS1 model has been shown to develop plaques at a faster rate than the 

Tg2576 mice111,121. The Ab plaques in the brains of these animals is structurally similar to that 

found in human patients and can be stained with the same methods, such as Thioflavin and 

Congo red111. The APP/PS1 mouse model of AD were used for the AD experimentation in this 

thesis. 

 

2.3 The Plasminogen Activation (PA) system 

2.3.1 Peripheral roles 

Classical fibrinolysis is defined by the role of the PA system in clot removal122. It has been 

well characterised in this context and the main enzymes include tissue-type and urokinase-type 

plasminogen activators (tPA and uPA, respectively). tPA and uPA are serine proteases, and 

both cleave plasminogen at the same amino acid sites (Arg-Val) to create plasmin122,123. 

Plasmin, also a serine protease, is the effector enzyme responsible for the cleavage of cross-

linked fibrin, which is one of the major components of blood clots123. tPA acts preferentially 

when plasminogen is bound to the lysine residues on cross-linked fibrin and uses fibrin as a 
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cofactor to cleave plasminogen. It is more selective than uPA which tends to act at later stages 

of the clot removal process, by cleaving plasminogen independently of fibrin binding and can 

be in solution or at the site of its receptor uPAR on endothelial cells, not just at the site of the 

clot123.  

 

Plasminogen activation can be inhibited by plasminogen activator inhibitors 1 and 2 (PAI-1 

and PAI-2) that inhibit tPA and uPA and plasmin can also be directly inhibited by a2-

antiplasmin and a2-macroglobulin122. Neuroserpin is an endogenous inhibitor of tPA 

specifically in the brain124. There are also clinically available plasmin inhibitors such as 

tranexamic acid (TXA) and aprotinin, however aprotinin was discontinued due to side 

effects125. TXA is a lysine analogue and acts by binding and blocking the lysine resides that 

plasminogen requires for activation. TXA is used to stop excessive bleeding during surgeries 

or after a trauma126-128. A summary of the interactions of the PA system can be observed in the 

schematic below (Figure 2.1). 

 

 

Figure 2.1. The plasminogen activation system pathway to degrade blood clots. Tissue-type 

plasminogen activator (tPA) or Tenecteplase (TNK; a tPA variant) and plasminogen bind to the surface 

of a blood clot by the exposed lysine (Lys) residues on the fibrin molecules. Plasminogen is 

proteolytically activated into plasmin which can cleave the cross-linked fibrin within the clot leading to 

clot lysis, or fibrinolysis. This system can be inhibited by plasminogen activator inhibitor-1 (PAI-1) 

that blocks tPA activity, antiplasmin which binds to active plasmin or tranexamic acid (TXA), a lysine 

analogue that competes with the lysine on fibrin to block this process.  
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2.3.2 PA system in the treatment of ischaemic stroke and myocardial infarction 

Recombinant human tPA, such as Actilyse/Alteplase, is currently the main treatment of 

ischaemic stroke and myocardial infarction. Other recombinant forms of tPA have also been 

developed such as Tenecteplase (TNK) and Desmoteplase. TNK has been altered to have a 

longer biological half-life129,130. There are only six amino acid substitutions different between 

TNK and tPA. One of the substitutions creates a new glycosylation site in the kringle binding 

domain which alters the structure of the protein and allows for it to bind more specifically to 

fibrin131. A four amino acid change in the protease domain results in resistance to PAI-1 

inhibition and therefore reduces the clearance of the protein131. This is beneficial because tPA 

has a plasma half-life of only 5 minutes and is required to be administered as a bolus injection 

and then infused over an hour to maintain high enough levels to control systemic fibrinolysis. 

Whereas the half-life of TNK is around 20 minutes and this drug can be delivered as one 

intravenous injection131. TNK is currently undergoing clinical trials for the treatment of 

ischaemic stroke130 and is already approved for the treatment of myocardial infarction129. 

 

2.3.3 Other roles of the PA system 

Historically, the only role of tPA and uPA was thought to be activating plasminogen to plasmin 

for fibrinolysis, however the proteases of the PA system have been shown to function in many 

other biological systems not just fibrinolysis. These include and are not limited to; immune 

system regulation (both suppression and activation)126,132,133, promotion of wound healing134 

and musculoskeletal repair135, malignancy136, cell signalling, neuroplasticity137, BBB 

permeability138,139 and clearance of misfolded proteins. This review will focus on the roles of 

the PA system in AD, in particular clearance of Ab. 

 

2.3.4 Central nervous system (CNS) roles 

2.3.4.1 Expression patterns 

Research conducted in the last 20 years has shown that tPA, uPA and plasmin play significant 

roles in the CNS5,140-142. There are specific studies that have examined the mRNA and protein 

expression levels of these proteases in the brain143-149. It has been found that tPA is widely 

expressed in the hippocampus, hypothalamus, cerebellum and amygdala regions149-152, and 

more specifically, in these regions tPA is expressed by neurons, astrocytes, microglia and 

oligodendrocyte cell types152. Expressed uPA can be found in extracellular spaces, neurons 

oligodendrocytes and astrocytes especially during development141,153-156. Plasminogen 
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expression in the CNS is less than that of tPA and uPA140,157,158 and not necessarily in the same 

locations, as plasminogen is generally only detected in extracellular spaces. It is also important 

to note that there is no fibrinogen expressed in the brain159, suggesting that the role of tPA, uPA 

and plasmin located in the brain is not only for fibrinolysis.  

 

Both PAI-1 and neuroserpin are inhibitors of tPA, and both are expressed in the brain124,160. 

Neuroserpin preferentially inhibits tPA over uPA and is a reversible inhibition that occurs 

mostly in neurons124,161-164. PAI-1 inhibits in extracellular spaces and forms an irreversible 

complex with tPA165. It has been determined that tPA is the main activator of plasmin in the 

brain, however it remains uncertain whether plasmin generation is the main purpose for tPA in 

the CNS. In fact, both tPA and uPA can act in plasmin-dependent and independent manners to 

affect the function of the CNS. 

 

2.3.4.2 Neuroprotective effects of tPA and plasmin 

Most of the functions that the PA system is involved with in the CNS tend towards a 

neuroprotective role166-169. tPA deficient mice have been important in characterising the effects 

of what endogenous tPA normally has in the brain. Seeds et al. reported that tPA deficiency 

impairs motor learning in mice170,171, and in other studies these mice have shown decreased 

long-term potentiation (LTP)172,173. These effects were confirmed when experiments were 

performed using mice that over-express tPA, these mice were shown to have an increased 

ability in learning tasks, such as Morris water maze and LTP173. It has also been shown that 

tPA levels in the brain increase during complex motor tasks174.  

 

tPA promotes synaptic plasticity, axon growth and neuronal survival and function137,175,176. tPA 

has been shown to either directly or indirectly via plasmin to modulate the functions of different 

cell types including astrocytes, neurons, microglia and pericytes5.  Both tPA and uPA are 

involved in synaptic signalling, being released from the neurons by calcium-dependent 

mechanisms and acting as direct modulators of synaptic function137,138,177-180. There are a few 

noteworthy physiological instances where tPA can act independently from plasminogen 

activation in the brain including in microglia activation181, mossy fibre outgrowth 

stimulation182 and in N-methyl-D-aspartate (NMDA) receptor signalling183.  
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Other roles of the PA system in the CNS include but are not limited to; promoting 

neurorepair184, addiction185, synaptic plasticity186, depression187, anxiety188 and extracellular 

matrix degradation during neuronal development189. Plasmin has also been shown to be 

involved in brain-derived neurotrophic factor (BDNF) activation190. The PA system has also 

been implicated in conditions such as ischemic stroke191, seizures192, TBI193 and some 

neurodegenerative disorders including AD. Specifically in TBI models endogenous tPA has 

been shown to protect against brain injury by protecting neurons and white matter, in a process 

involving tumour necrosis factor alpha (TNF-a)166,167. 

 

2.3.4.3 Neurotoxic effects 

There are some controversies around the roles of tPA in the brain, whilst the above section 

listed some of the neuroprotective impacts PA proteases can have, there is also evidence that 

tPA can cause neurotoxic effects167-169,194. It has been hypothesised that tPA can damage the 

BBB and facilitate oedema and haemorrhage in animal models of acute brain injury139,163,195-

200. tPA can also be toxic to grey matter, but beneficial to white matter following 

stroke166,167,201. Mice over-expressing tPA, aged to 10 weeks, were reported to also have 

negative impacts such as nervousness, impaired gait and death of Purkinje cells202. It has also 

been shown that tPA deficient mice are resistant to glutamate induced neuronal cell death203.  

 

It is clear that the PA system has many important functional roles in the CNS, next this literature 

review will go into further detail on how this system is thought to be involved in the 

pathophysiology of AD. 

 

2.4 Roles of tPA/plasmin in AD 

Proteins of the PA system have been studied in the context of CNS disorders in the past, as 

mentioned in the previous section5,133. More specifically though, there is evidence in the 

literature that tPA, uPA, PAI-1 and plasmin also play roles in AD pathogenesis96,141,204. It is 

thought that the PA system might have a protective effect against the disease, in particular 

because plasmin is one of the proteases capable of degrading Ab4. In contrast, the recognised 

potential for tPA to promote neurotoxicity in the CNS, for example by increasing BBB 

permeability205 and promoting glutamate mediated excitotoxicity183,203,206, may act to 
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exacerbate disease progression and severity. The positive and negative effects that the PA 

system may have on AD progression will be discussed further below. 

 

2.4.1 Altered levels of PA proteins in AD 

It has been found that there is altered expression and activity of PA proteins in AD animal 

models and in AD patients. Endogenous tPA levels decrease naturally due to age201,207 and 

importantly it has been shown that there is a further decrease in tPA levels observed in the 

brains of AD patients7,208. A direct consequence of this is that lower levels of plasmin are 

detected in AD as well144,209,210. This reduction in tPA levels is most likely due to increased 

inhibition as there is an increase in both neuroserpin and PAI-1 expression in AD7,207,208,211-215. 

This increase in PAI-1 is also observed in the serum levels and correlates with the cognitive 

decline in these AD patients214. Surprisingly, Ab has been shown to increase tPA and uPA 

mRNA expression6,210,216, furthering the hypothesis that the decreased tPA levels observed is 

due to direct inhibition. These findings all correlate with increased Ab load indicating that 

having lower ability to generate plasmin results in more Ab accumulating (i.e., less degradation 

of the peptide occurring). 

 

Other studies have found no correlation with PA proteins and AD pathologies and concluded 

that they would not make appropriate biomarkers for the disease143,144,217. This indicates that 

more research needs to be conducted on the expression levels and activity of proteins of the 

PA system in AD and aging people, to give a clearer understanding of their roles in the brain 

regarding AD development and neurodegeneration. 

 

2.4.2 Role of PA system in Ab clearance 

Plasmin has been shown to directly degrade Ab in vitro6,100,210,212,218-220, and can reduce Ab-

mediated toxicity to neuronal cell cultures6,99,221. It has also been found that plasmin can 

degrade Ab in vivo, in several animal models of AD6,99,210,212,215,218,220-223. Many misfolded 

proteins, including Ab contain exposed lysine residues224 which allows plasmin to degrade it 

in the same manner as it degrades fibrin within a blood clot215,225-227. 

 

Interestingly, Ab can also act to stimulate plasminogen activators in both in vitro and in vivo 

settings6,222,228,229. This is one of the notable features of this system that the very presence of 

the target substrate (i.e., fibrin or Ab) initiates activation of this enzyme cascade. Contrary to 
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this finding, Ab has also been found to have the ability to block fibrinolysis230,231. Fibrin 

deposits are found in close proximity to neuronal damage232 and AD patients have decreased 

blood flow in the brain due to fibrin deposits233. These haemostatic and vascular interactions 

in AD have previously been reviewed234. 

 

A key study of interest was conducted by Oh et al. in 2014, that examined the effects of tPA in 

AD by crossing a homozygous tPA knockout (tPA-/-) mouse with an AD susceptible mouse 

(Tg2576)223. They reported that the progeny of this cross had a lethal phenotype, with 75% 

mortality rate at birth and a life expectancy of under three months, suggesting a strong 

association with tPA and AD pathogenesis. When one tPA allele was present (i.e., 

Tg2576/tPA+/-), the progression of AD was still worsened compared to Tg2576/tPA+/+, with 

more Ab plaques being present. These mice were smaller and had shorter life spans than the 

Tg2576/tPA+/+ genotypes223. Behavioural tests showed that Tg2576/tPA+/- mice had 

decreased ability to learn and recall memory223. 

 

PAI-1 plays an important role in the tPA and plasmin mediated clearance of Ab. This is 

demonstrated when PAI-1 is knocked out or pharmacologically inhibited, there is a reduction 

in Ab plaques formation212,218,220,235,236. In 2003, a study was conducted looking into the levels 

of tPA and PAI-1 in two different mouse AD models and found decreased tPA and increased 

PAI-1 levels in both strains215. They also showed that when Ab40 peptide was injected directly 

into the hippocampus of tPA deficient or plasminogen deficient mice there was reduced 

clearance of the injected peptide compared to wild-types215. This indicates that tPA facilitates 

Ab clearance in a plasmin-dependent manner. Based on some of the above publications, 

another group used oral delivery of a PAI-1 inhibitor in a mouse model of AD, and showed 

enhanced clearance of Ab218.  

 

A paper by ElAli et al. had a similar finding, that tPA facilitated Ab clearance, however they 

stated that this was occurring in a plasmin independent manner237. Their research investigated 

the use of weekly intravenous administration of tPA for 10 weeks in AD mice. They concluded 

that the chronic tPA treatment stimulated microglia and increased the frequency of patrolling 

monocytes, thereby providing a neuroprotective effect, resulting in the clearance of Ab 

plaques237. Another paper has also shown that tPA can activate microglia via the extracellular 
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signal-regulated kinase (ERK)1/2 and other signalling pathways238. The ability of tPA to 

activate microglia independent of plasmin has been reported previously as well181. 

 

A schematic displaying two possible mechanisms of how tPA could be initiating Ab 

degradation is provided in Figure 2.2. This diagram shows that tPA could be acting 

independently of plasmin by stimulating microglia, or by direct plasmin generation degrading 

Ab. It also shows the correlated protein levels of the PA system in AD patients. These two 

hypotheses of the involvement of tPA in Ab removal will be the focus of the experiments 

performed within this thesis. 

 

 

Figure 2.2. Schematic showing the two potential mechanisms by which the plasminogen activation 

system can remove amyloid beta (A-beta). The top pathway shows tissue-type plasminogen activator 

(tPA) mediated activation of microglial cells that promotes amyloid beta uptake and degradation by 

phagocytosis. The bottom pathway indicates direct plasmin-mediated proteolysis. Plasminogen 

activator inhibitor 1 (PAI-1) can inhibit these processes. The red arrows indicate the protein levels 

shown in the brains of Alzheimerôs disease (AD) patients. Created with BioRender. 

 

It has been shown that uPA in the CNS can also protect against Ab-mediated damage177, 

through activation of plasmin that cleaves Ab peptide221. However, newer evidence has since 

demonstrated that uPA has other roles in AD independent of plasmin activation, which was 

recently reviewed by Yepes in 2021141.  

 

A different hypothesis proposed by Dotti et al. for how the PA system is involved in AD 

involves lipid rafts and has been reviewed some years ago204. They claimed that the site of 

plasmin activity is important, and that it is mostly active at lipid raft sites and that plasmin 
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triggers Ab cleavage at this site239. Lipid rafts are disrupted in AD pathogenesis and therefore 

plasmin activity is also disrupted and cannot cleave Ab as it normally would204. 

 

2.4.3 Neurotoxic impacts of the PA system in AD 

There are also reports that have highlighted the potential negative impact of the PA system on 

neurodegenerative diseases202,240-242. Some of the neurotoxic effects of the PA system were 

outlined in the above section 2.3.4.3. Specifically in AD there have been studies that contradict 

all the above studies and instead imply that increasing tPA and plasmin activity in the brain 

would lead to increases in Ab levels. Depleting plasminogen levels in the blood with antisense 

oligonucleotide technology was found to improve the outcome of AD in mice240, and the 

opposite was observed when a2-antiplasmin levels were depleted, increasing plasmin activity, 

it exacerbated the disease symptoms240. It has also been found that neuroserpin can be 

neuroprotective243-247, and the mechanism underlying this is not clear, but perhaps is indicative 

of a role of neuroserpin unrelated to tPA inhibition. In whole, there is not a clear consensus on 

the effects the PA system has on the pathogenesis of AD. 

 

2.5 Intranasal drug delivery 

As mentioned earlier, current treatments targeting the removal of Ab plaques are failing, and 

thus a better drug delivery system is necessary to target therapy in the most effective way. A 

method, relatively unexplored is the intranasal route8. This method has been in use for a long 

time, but it has more recently been proposed for use in various neurodegenerative diseases8. 

The BBB makes treating AD and other neurodegenerative disorders extremely difficult which 

is why there is large emergence of evidence indicating that intranasal drug delivery could be a 

good approach8.  

 

Studies have examined the option of intranasal drug treatment in many CNS disorders such as 

Parkinsonôs disease248, Alzheimerôs disease (AD)249, Huntingtonôs disease250, autism spectrum 

disorder (ASD)251, epilepsy252, glioblastoma253 and multiple sclerosis254. It has also been 

proposed to be applicable to treat various other disease conditions including stroke and obesity 

where there were signs of reduced weight gain when leptin, an appetite suppressant, was given 

intranasally255-257. Intranasal delivered oxytocin improved learning and memory and has been 

proposed as a possible therapeutic option for treating depression257,258. This poses an exciting 
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novel treatment option for patients suffering from AD to improve outcome and intranasal drug 

delivery could pose as a potential way of delivering tPA to the brain in order to increase plasmin 

activation and stimulate microglia and consequently promote Ab clearance.  

 

2.5.1 Mechanisms 

Studies have been conducted to determine where and how drugs are processed throughout the 

brain and body following intranasal administration259. Intranasal drug delivery allows small 

and large molecules to bypass the BBB and have quick acting, local effects in the brain. This 

method is simple and non-invasive and directly delivers the drug to the brain rather than 

systemically through the circulation. This also means that it bypasses intestinal and hepatic 

metabolism, increasing the biological half-life and reducing the likelihood of systemic side 

effects of the drugs when administered this way259-262.  

 

In 1986 the first tracers were studied in this pathway and shown to be in the axons of olfactory 

nerves and the olfactory bulb itself263. The nasal route has since been shown to utilise the 

olfactory and trigeminal pathways that can transport molecules to the anterior and posterior 

parts of the brain. These different systems transport molecules through intracellular and 

extracellular mechanisms259. In the former pathway, the drug is first endocytosed by olfactory 

sensory cells, then the axonal transport system delivers the vesicles containing the drugs to the 

synaptic clefts of the olfactory bulb and the drug is released via exocytosis264. This process of 

trans-synaptic transport is then repeated along other olfactory neurons until the drug reaches 

various parts of the brain. Intranasal drug administration also has an extracellular mechanism 

by which drugs are dispersed throughout the brain. This mechanism directly transports the 

drugs to the CSF by passing through the paracellular space across the nasal epithelium, then 

through the perineural space to the subarachnoid space264.  

 

2.5.2 Intranasal drug delivery in AD 

This is still an emerging treatment strategy and so far there have been two notable instances of 

clinical trials conducted involving intranasal drugs targeting the CNS265; insulin in AD249 and 

oxytocin in ASD251. Specifically in AD, there has been an accumulation of evidence 

implicating the role of the insulin signalling pathway in the progression and development of 

AD. Intranasally administered insulin is shown to improve attention, memory and cognitive 

function and preserve brain volume in animal studies and clinical trials in AD patients9,249,266-
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270. Intranasal insulin has been shown to increase resting-state functional connectivity between 

the hippocampus and the brain, which could be one of the reasons there is a positive therapeutic 

benefit271. The distribution of intranasal insulin has been demonstrated by measuring CSF and 

serum levels after administration with levels in the CSF starting to rise 10 minutes post 

administration and peaking at 30 minutes271. Levels in the serum are much lower and safer than 

when delivered peripherally. 

 

There are several rodent studies that have examined IN administration of various drugs and 

other molecules in AD models, including Paclitaxel, tetrahydrocannibidol (THC) and cell-

derived vesicles272-275. A review of the strategies for intranasal drug delivery for treatment of 

AD has been published recently261. 

 

2.5.3 Intranasal tPA treatment in stroke and TBI  

Interestingly intranasal tPA has been studied in some animal models of brain injury. One group 

have looked into the use of intranasally administered tPA as a treatment for stroke276,277 and 

TBI278. These papers hypothesised that the use of intranasal tPA during the subacute phase 

post-injury promoted neurorestorative processes. They showed that giving tPA intranasally 7 

days post stroke or TBI, to avoid negative BBB effects, improves neuroplasticity and functional 

outcomes276,277,279. A study conducted by a different research group also showed how intranasal 

delivery of tPA can be used as a safe therapeutic post-TBI in mice193. They found that tPA 

promotes white matter integrity and functional recovery. Another interesting study in a 

different model, showed that PAI-1, a potent inhibitor of tPA, when given intranasally has been 

shown to stop extravascular toxicity of tPA in hypoxic ischemia in newborns280,281. 

 

There is still much work that needs to be conducted to understand the distribution, efficacy and 

functions of administering tPA into the CNS by intranasal drug delivery. Some of this will be 

examined in this thesis. 

 

2.6 Conclusions 

There is a substantial amount of evidence that links the PA system with the pathogenesis of 

AD, however much more research needs to be conducted to understand the complexity of the 

interactions with all enzymes, molecules and cells involved and to gain a better understanding 
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of which parts are beneficial and which parts are detrimental to the disease. The association 

between tPA, Ab clearance and AD severity has raised the possibility that exogenous activation 

of the PA system in the CNS might have potential therapeutic advantage in AD. Key studies 

have identified that when tPA is lacking in the brain there is a worse outcome in AD mice223 

and tPA as an intravenous treatment in AD mice has improved outcomes, though this is 

possibly facilitated through microglia activation237. Intranasal drug delivery is a promising new 

therapeutic option for AD and intranasal tPA has safely been used in mouse models of TBI and 

stroke, therefore it would be very interesting to observe the effects of intranasal tPA (and TNK, 

a tPA variant) in an AD model, which is what part of this PhD thesis set out to accomplish.  

The main aims of this thesis were; to characterise the distribution of intranasally delivery tPA 

and TNK in the CNS and periphery; to determine the effects of long-term intranasal tPA/TNK 

treatment on AD mice outcomes; and to develop a new mouse line neuronally overexpressing 

tPA in an AD background and again observe any changes in outcomes. 

 

Based on the above literature review, it has been hypothesised that increasing the activity of 

the PA system in the CNS of AD mice would improve neurological outcomes and Ab 

pathology. More specifically it was hypothesised that if tPA was administered by the intranasal 

drug delivery method it would be distributed into the CNS and could have clinical benefit to 

the pathologies in these AD mice. As well it was hypothesised that there would be a reduction 

in plaque pathology in AD mice overexpressing tPA. 
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3.1 Introduction 

Intranasal (IN) drug delivery has been proposed for the treatment of neurodegenerative diseases 

in recent years8. This method is particularly appealing as it is a targeted and non-invasive 

approach. IN administration avoids systemic delivery as would be the case with intravenous or 

oral administration. By targeting primarily to the brain, lower doses (that provide the same 

therapeutic benefit) and longer half-lives of drug can be achieved as they are not being cleared 

by the liver in first-pass metabolism that is observed in oral or intravenous administration260-

262. IN delivery allows drugs to be absorbed into the central nervous system (CNS) by two 

mechanisms, intracellularly (by endocytosis through the olfactory epithelium and olfactory 

sensory neurons) and extracellularly through the cerebrospinal fluid (CSF), detailed 

mechanisms were described in section 2.5.1. In neurodegenerative diseases it is difficult to 

target drugs to the brain due to larger molecules not crossing the blood brain barrier (BBB) 

readily8. IN treatment of AD has been proposed and studies have used different drugs in this 

approach. tPA has been linked with AD pathogenesis due to its ability to generate plasmin and 

stimulate microglia. Applying tPA as an intranasal treatment for AD has not been studied 

before.  

 

Recombinant tPA is currently the only Food and Drug Administration (FDA) approved drug 

to treat ischemic stroke by thrombolysis. tPA has a therapeutic window of 9 hours and there 

has been shown to be no clinical benefit after this time point. Previously tPA was only 

administered in the first 4.5 hours post stroke onset, but new literature has shown the benefits 

of delivering the drug beyond this point282. tPA has a relatively short half-life of 5 minutes in 

plasma as it gets inhibited by its endogenous inhibitor, plasminogen activator inhibitor 1 (PAI-

1), and then the tPA-PAI-1 complex gets cleared by the liver283. In such cases, tPA is 

administered as a bolus injection followed by infusion over an hour. Tenecteplase (TNK) is a 

recombinant form of human tPA that has a longer plasma half-life of 30 minutes. It is used in 

the treatment of myocardial infarction and is currently under clinical evaluation for treatment 

of ischemic stroke284. TNK has only six amino acids different to tPA and is more resistant to 

PAI-1 inhibition and more fibrin selective (Figure 3.1). 
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Figure 3.1. Amino acid differences between tissue-type Plasminogen Activator (tPA) and 

Tenecteplase (TNK). In the kringle 1 domain there is a substitution of threonine 103 with asparagine 

and asparagine 117 with glutamine (T103N and N117Q). In the protease domain there are four 

substitutions of amino acids 296-299 to four alanine molecules. 

 

Apart from the role of tPA in thrombolysis, and safety concerns about haemorrhage283 and 

neurotoxicity285, there are also a lot of therapeutic benefits that tPA has that relate to 

neuroprotection. tPA has been shown to be promote synaptic plasticity137, dendritic 

remodeling286, axonal outgrowth287 and long-term potentiation163,171,200,288. tPA can also protect 

neurons and white matter166,167. tPA and plasmin have also been shown to be involved in the 

pathogenesis of AD and could potentially provide a therapeutic treatment option to reduce 

plaques and improve memory. The role of TNK on neuroprotection and involvement in AD 

pathogenesis has not previously been studied. 

 

Interestingly, IN treatment of tPA (IN-tPA) has been used in some rodent models over the past 

decade. It was reported to be beneficial in models of TBI and stroke, stating that IN-tPA was 

improving functional outcomes and neuroplasticity193,276-278. In models of acute ischaemic 

stroke conducted in rats and mice, it was shown that there was a benefit of administering tPA 

by the intranasal drug delivery route at one week after the stroke onset, in the sub-acute 

phase276,277. IN-tPA delivered at 7-14 days after stroke showed improved motor function 

recovery and promoted neuronal remodelling in the brain and spinal cord at 8 weeks post 

injury276,277.  

 

Efforts to develop neuroprotective agents to treat TBI in clinical trials have failed289. Normally 

tPA would not be considered as a treatment for TBI due to the risk of oedema and haemorrhage 

from increasing BBB damage163,195-200,285,290. Although one paper showed that tPA bound to 
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red blood cells reduced haemorrhage when compared to free-tPA290. Two studies have now 

shown that there can be a benefit to giving IN-tPA after TBI193,278. One of these studies gives 

a high dose of IN-tPA from 7 days after the injury278. The other study, conducted by a different 

research group, gives low dose IN-tPA 2 hours after TBI was performed. Both of these studies 

found there was a benefit to cognition and motor function193. tPA has been shown in vitro276 

and in vivo to promote neurite outgrowth axonal regeneration and synaptic plasticity after 

injury (both endogenous and exogenous tPA)175,176,200,291-295. Now it has been shown that IN-

tPA can also achieve this in vivo276,277. 

 

IN delivery has been shown to significantly lower the elimination rate of the administered 

proteins when compared to delivery into the blood by intravenous injection296. Indeed, it has 

previously been shown 2 hours post intravenous injection of tPA, levels in the rat brain were 

7ng/ml297. A supplementary figure shown in Chen et al. 2018 showed that fluorescently 

labelled IN-tPA was evenly distributed through the brain at 30 minutes post-administration276. 

This same group also showed high amounts of exogenous tPA present in the brain at 24 hours 

after intranasal delivery277,278. Whilst these findings are promising and indicate that IN-tPA is 

reaching the brain and remaining active for significantly longer than it does when injected 

intravenously, there is still much more research that needs to go into characterising the 

distribution pattern of IN-tPA in the brain and other organs. 

 

This first results chapter aims to use multiple detection methods to compare the temporal and 

local biodistribution pattern of intranasally delivered tPA and TNK in mice. This will better 

inform where IN-tPA and IN-TNK are being distributed in the brain, as well as other organs 

such as the lungs. Different timepoints were characterised to give a clearer idea of how long 

the drugs are remaining active for before being inhibited and cleared. Another aspect that will 

be examined is the functionality of the drugs and their inhibition by endogenous inhibitors such 

as plasminogen activator inhibitor 1 (PAI-1). Based on the previous studies that have used IN-

tPA and claimed it reaches the brain, it was hypothesised that IN-tPA would enter the CNS and 

be distributed to different regions of the brain and remain proteolytically active for several 

hours post administration. This research will provide sufficient background evidence that this 

drug delivery system of tPA/TNK could pose as a potential treatment in AD to increase brain 

tPA levels. 
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3.2 Methods 

3.2.1 Animal welfare 

Experiments were performed under the approval and regulation of Alfred Research Alliance 

(ARA) Animal Ethics Committee (AEC) according to the Australian Code of practice for the 

care and use of animals for scientific purposes (2013). All experiments in this chapter were 

performed with AEC approved project numbers: E/8315/2022/M, E/1958/2019/M and 

E/1836/2018/M. 

 

All animals were housed in specific pathogen-free facilities in groups of 4-6 mice per cage, in 

a temperature-controlled environment. This consisted of a 12-hour light/12-hour dark cycle. 

Mice had free access to food (chow) and water, and were provided with environmental 

enrichment (e.g., tissues, cardboard rolls, cut-up tissue boxes). All experiments used in this 

chapter involved mice (traditional and genetically modified) on a C57BL/6 background. 

Genotypes and drug treatments for the animals were not blinded for the experimenter in this 

chapter.  

 

3.2.2 Strains 

3.2.2.1 Wild-type 

C57BL/6 mice were used as wild-type (WT) mice. These mice were obtained from ARA 

Precinct of Animal Care (PAC). These mice were aged 8-12 weeks at the time of 

experimentation, and on average weighed 22-33 grams. Female and male were used in this 

chapter to determine the biodistribution of intranasal tPA.  

 

3.2.2.2 tPA deficient mice 

tPA-/- mice used in these studies were originally described by Szabo et al. in 2016298. These 

mice were then bred in PAC with a homozygous breeding strategy. These mice lack both copies 

of the tPA gene (Plat). They appear to have a normal phenotype, and are healthy, viable and 

fertile. Female and male mice were used at 8-12 weeks of age and were of the same weight 

range as the wild-type mice used for this study.  

 

3.2.2.3 tPA overexpressing mice 

Thy-tPA Transgenic (Tg) mice, also termed T4 mice were originally described by Madani et 

al. 1999173. These mice were bred in PAC with C57BL/6 crosses, resulting in litters that 
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included Thy-tPA Tg/+ (T4) and Thy-tPA +/+ (WT) littermates. These mice overexpress 

mouse tPA which is controlled by the Thy-1.2 gene promoter which selectively expresses the 

tPA cDNA in neurons. These mice have 20 times higher levels of tPA in their brains299. They 

appear to have a normal phenotype and are healthy, viable and fertile. Female and male mice 

were used at the same age and weights as wild-type and tPA-/- mice mentioned above. Samples 

from these mice were only used as positive controls for the various assays and were not treated 

with intranasal tPA. 

 

3.2.3 tPA and TNK dialysis 

Recombinant human tPA (Actilyse) was obtained from Professor Bruce Campbell at the Royal 

Melbourne Hospital that was surplus to requirements of a completed randomised clinical trial. 

When reconstituted in H2O it contains considerable levels of arginine, phosphoric acid, 

polysorbate 80 and nitrogen as stabilisers. Arginine is an essential component in the generation 

of nitric oxide and has been shown to be deleterious in some in vitro studies. Previous members 

of the lab determined that the original formulation of Actilyse was toxic to brain cells in vitro 

and that removing the vehicle components by dialysis removed this toxicity300. Therefore, all 

experiments performed in this chapter and Chapter 4 utilised dialysed tPA. Tenecteplase 

(TNK) was provided by Professor Chris Levi (University of Newcastle, NSW), and contains 

very similar ingredients to Actilyse and therefore was dialysed using the same procedure.  

 

Actilyse/Tenecteplase was reconstituted in the minimum volume of dH2O required (1-3ml, 

>10mg/ml), so as to concentrate the stock solution. It was then injected into a dialysis cassette 

(10kDa cut-off, Slide-A-Lyzer 3-12ml capacity, ThermoFisher #66382). Actilyse was then 

dialysed against 0.4M HEPES buffer (pH 7.4, autoclaved before use) at 4̄C, in sterile 

conditions. The cassette was hydrated in cold HEPES buffer for 2 minutes then Actilyse was 

added using the provided 18-gauge syringe with cassette kit. Then the dialysis was completed 

in three steps: firstly, the Actilyse-containing cassette was floated and gently stirred in 1L 

HEPES solution for 6-8 hours, then transferred to fresh HEPES buffer (1L) overnight, and 

finally moved to 1L fresh HEPES buffer for an additional 6-hour period. After the third and 

final step the cassette was withdrawn, and contents carefully removed with a blunt 18-gauge 

needle (provided with cassettes) attached to 20ml syringe. A small aliquot was set aside for 

confirming the concentration using a spectrophotometer (NanoDrop ND-1000, Extinction co-

efficient 17.43). Once the stock concentration was confirmed, it was diluted with HEPES buffer 
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down to 3.3mg/ml and then 100ml, 200ml and 500ml aliquots were prepared and then stored in 

a -80̄ C freezer. Dialysate (HEPES buffer from the last dialysis step) was treated in the same 

manner and was used as the vehicle for all experiments. A depiction of the dialysis process is 

shown in Figure 3.2. Dialysed Actilyse and Tenecteplase will simply be referred to as tPA and 

TNK for the remainder of this thesis.  

 

 

Figure 3.2. Dialysis of Actilyse (tPA) and Tenecteplase (TNK). Concentrated stocks of Actilyse and 

Tenecteplase are placed into dialysis cassette, then cassette is incubated in cold 0.4M HEPES buffer for 

6 hours, buffer is then replaced and incubated overnight, then replaced again for a further 6-hour 

incubation. During this process the original buffer containing arginine and other stabilisers (yellow 

balls) leaves the cassette and is replaced by HEPES buffer and drug (red balls) remains in cassette. The 

resulting solution in cassette is termed dialysed tPA/TNK or simply tPA/TNK. Created with BioRender. 

 

3.2.4 Intranasal drug delivery in anaesthetised mice 

The method used for intranasal drug delivery in mice was adapted from Chen et al. (2018)276. 

Animals were randomly assigned to receive either tPA (100mg/dose), TNK (100mg/dose) or 

HEPES buffer vehicle. Dose was given as a total amount of protein rather than mg/kg as the 

drug is not being delivered systemically and therefore weight of animal was not required. The 

volume of the dose of intranasal drug delivery in mice was determined by the volume of the 

nasal cavity, as previously described276,301. Mice were anaesthetised with an intraperitoneal 

injection of Ketamine Hydrochloride (100mg/kg; Ketamav 100) and Xylazine Hydrochloride 

(10mg/kg; Ilium Xylazil-20)), i.e., a solution of 10mg/ml Ketamine and 1mg/ml Xylazine in 

saline was prepared, mouse was weighed and given 10ml/g, therefore a 30g mouse would 

receive 300ml. Once mice were anaesthetised, they were placed in a supine position on their 

backs on a heat pad to help maintain their body temperatures. Using a 20ml Gilson pipette, 3ml 

droplets of tPA or TNK both at 3.3mg/ml or vehicle solution were placed on alternating nostrils 

10 times, for a total of 30ml (100mg total protein), with 3 minutes between droplets, over a 30-
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minute period. The drops were naturally sniffed by the mice. The mice were kept in a supine 

position for an additional 10 minutes to allow further inhalation of the drugs. Mice were then 

allowed to recover from the anaesthesia on a heat pad, before being placed back in their original 

cage.  

 

3.2.5 Euthanasia and tissue collection 

3.2.5.1 Euthanasia 

Mice were humanely euthanised at various timepoints ranging from 30 minutes to 24 hours 

post the last droplet of intranasal drug. Firstly, they were injected by intraperitoneal (IP) 

injection using a 26-gauge needle, with a lethal dose of urethane (3.3mg/kg dose), e.g., ~300ml 

of 25% w/v urethane solution in dH2O. When mice were deeply anaesthetised, blood was 

collected from the inferior vena cava (more details in section 3.2.5.3) and followed by a 

transcardial perfusion. Mice were perfused with 30ml of phosphate buffered saline (PBS; 15M 

NaCl, 160mM Na2HPO4, 40mM NaH2PO4). 

 

3.2.5.2 Brain and organ dissection 

The brain was then carefully dissected and quickly placed in PBS to rinse off any blood and 

fur, then was either frozen whole or in sections or halves depending on the assays it would be 

used for. For samples that needed to be cut, they were placed into a brain block (Kopf #PA 

002) and cut at 2mm intervals using razors (Figure 3.3). These sections were termed olfactory 

bulb (OB) and B1-B5 with B1 pertaining to the front of the brain and B5 the cerebellum. OB 

and B1-B5 sections were then weighed. All brain samples (whole and sectioned) were frozen 

in isopentane (2-methylbutane) that had been chilled with dry ice. Samples were not fixed with 

paraformaldehyde as this would affect the enzyme activity that will be measured in different 

assays. Samples were then stored at -80̄ C until use in assays.  
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Figure 3.3. Brain sectioning. Brain was placed into brain block and sectioned into 2mm thick 

segments. These were then termed OB (olfactory bulb) and B1-B5 for subsequent sections from the 

front of the brain towards the back (cerebellum). 

 

Organs were dissected as well including whole lungs, the median lobe of the liver, spleen and 

the left kidney. These were all snap frozen in liquid nitrogen and then were stored in -80̄ C. 

 

3.2.5.3 Blood collection and processing 

A 23-gauge needle attached to a 1ml syringe containing 60ml of sodium citrate anticoagulant 

(129mM) was inserted into the vena cava and then ~600ml of blood was carefully drawn.  Blood 

was transferred to a 1.7ml Eppendorf tube then centrifuged using a benchtop centrifuge 

(Eppendorf 5415R) at 2000³g for 15 minutes at room temperature. Plasma (clear supernatant) 

was then collected off the top of the sample and then stored at -80̄ C in a clean Eppendorf tube. 

 

3.2.6 Tissue preparation 

3.2.6.1 Brain homogenisation 

Sectioned brain samples (OB, B1-B5) or hemi-brains were defrosted on ice and cold PBS 

containing 1% Triton X-100 was added to make a 150mg/ml wet weight of tissue solution. 

Samples were then homogenised with the Tissue Lyser LT (Qiagen) at 50Hz for 5 minutes with 

a metal bead in a 2ml round bottom tube. After homogenisation, samples were centrifuged at 

maximum speed in a benchtop centrifuge (13,000³g) for 10 minutes at 4°C. Supernatants were 

collected into a fresh tube and then a BCA assay was conducted to determine exact protein 

concentration. Homogenates were then either used for an assay or stored again at -80°C. 
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3.2.6.2 Organ homogenisation 

Lungs, liver, spleen and kidney samples were homogenised in the same method as the brain 

samples. 150mg/ml wet weight of tissue was added to PBS with 1% Triton X-100 and 

homogenised using the Tissue Lyser LT at 50Hz for 5 minutes. Bead was removed and sample 

was centrifuged for 10 minutes at maximum speed on the benchtop centrifuge at 4°C. 

Supernatants were then collected into a fresh 1.7ml Eppendorf tube and BCA assay was 

conducted to determine protein concentration before storing samples at -80°C. 

 

3.2.7 BCA protein concentration assay 

Total protein (mg/ml) was quantitated for each sample using a PierceÓ bicinchoninic acid 

(BCA) protein assay kit (Thermo Scientific Cat No. 23225). Samples were diluted 1:30 in PBS. 

25ml of diluted samples or standards were added into wells of a 96-well flat bottom Costar plate 

in duplicates. BSA standards ranged from 0.025mg/ml up to 1.5mg/ml. A 50:1 ratio of BCA 

reagent A to BCA reagent B was prepared in a 50ml Falcon tube to create the óworking 

reagentô. The 200ml of working reagent was added to each well and incubated at 37̄C for 30 

minutes. Plates were allowed to cool to room temperature for 5 minutes then the absorbance 

was read using the BMG FLUOstar Optima microplate reader at 595nm wavelength to 

determine the optical density (OD). The average OD of each sample and standard was 

calculated (from duplicates) and then the average OD of the blank control was deducted from 

all samples and standards. The protein concentration was calculated per sample from the 

standard curve and multiplied by the dilution factor.  

 

3.2.8 S-2251 amidolytic assay 

This method was adapted from a previously published paper from our lab; Sashindranath et al. 

2011299, originally described in302,303. The S-2251 amidolytic assay was used to assess 

plasminogen activator (PA) mediated plasmin generation from plasminogen in mouse organ 

homogenates that were treated with intranasal tPA and TNK. S-2251ã is a plasmin specific 

colorimetric substrate (Chromogenix #S820332).  

 

In brief, the reaction was prepared by adding S-2251 substrate (final concentration of 2mM) 

and cyanogen bromide-digested human fibrinogen (CNBr-fibrinogen; final concentration of 

0.1mg/ml; Innovative research #IHUFBGLY1MG) to an ice-cooled Costar 96-well flat-bottom 

plate. Organ extracts were added at 2.5mg/ml protein final concentration (calculated from the 
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BCA assay). tPA or TNK drugs alone were added for some experiments in different ng/ml 

concentrations. Plasminogen was added last to a final concentration of 0.5mM and the reactions 

were made up to a final volume of 140ml in PBS. In some instances where there was not enough 

sample, then a final volume of 70ml was used in the well, and all reagent volumes were halved. 

Final concentrations listed in Table 3.1 below. Mineral oil was then placed on the top of every 

well to stop any evaporation. Absorbance at l=405nm was measured at 2-minute intervals for 

4-8 hours at 37̄C using a plate reader (BMG FLUOstar Optima). Each sample was measured 

in duplicate. 

 

Table 3.1. Reagents and concentrations of S-2251 amidolytic assay components. 

Reagent Stock concentration Volume (mL) to 

make 140ml in well 

Final concentration 

PA alone  

 

OR  

Sample (mouse 

organ extract) 

10, 5 or 1mg/ml tPA or 

TNK alone 

 

Dependent on sample 

concentration ~15mg/ml 

7 

 

 

~17.5 

500, 250 or 50ng/ml tPA 

or TNK respectively 

 

2.5mg/ml sample 

S-2251 20mM 4.66 2mM 

CNBr-fibrinogen 5mg/ml 2.8 0.1mg/ml 

Plasminogen 11.1mM (1mg/ml) 6.3 0.5mM 

PBS 1x 119.24 

 

~108.74 

- 

 

The S-2251 amidolytic assay was assessed in many experiments qualitatively, as steeper curves 

simply indicated faster generation of plasmin. For a quantitative data analysis of a reaction, the 

initial part of the reaction (lag phase) where there were any fluctuations in readings were first 

excluded and all values beyond substrate depletion (plateau phase) were also excluded. Rates 

of plasmin generation were calculated from curves of absorbance at 405nm versus time by non-

linear regression analysis of the second-order polynomial plots (using GraphPad Prism version 

9.5.1 analysis software). The value obtained was the C constant in the equation y=A+Bx+Cx2, 

which represents the plasmin(ogen) activation reaction velocity V (V=2C; the second 

derivative of the polynomial equation in DAbs405nmÖsec-2 units). An illustration of this process 

is demonstrated in Figure 3.4.  
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Figure 3.4. Quantitation of the S-2251 amidolytic assay. A) The absorbance values at 405nm plotted 

versus time. B) Any values beyond the S-2251 depletion (dotted lines) and at the very start of the 

reaction during the lag phase are excluded. A 2nd order non-linear polynomial regression is performed. 

C) The C constant of the best fit equation in B, representing the plasmin(ogen) activation reaction 

velocity, is presented for comparison purposes. Samples were whole brain homogenates from Thy-tPA 

Tg/+ (T4), wild-type (WT) or tPA-/- mice. Baseline control contained only PBS, CNBr fibrinogen, 

plasminogen and S-2251. 

 

3.2.9 Fibrin zymography 

Fibrin zymography was based on methods previously used in our laboratory299 and originally 

by Granelli-Piperno in 1978304. For protein separation, samples from mouse brain or lung 

homogenates were subjected to non-reduced sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). 10% SDS-PAGE gels were poured manually (10% w/v 

acrylamide, 0.39M Tris-HCl pH 8.8, 0.1% w/v SDS, 0.08% w/v APS, 0.08% v/v TEMED) 

with 5% stacking gel (5% w/v acrylamide, 0.125M Tris-HCl pH 6.8, 0.1% w/v SDS, 0.08% 
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w/v APS, 0.125% v/v TEMED) or pre-cast gradient (4-15%) gels were used in some cases. 

Samples containing 50mg total protein (calculated from BCA assay) were mixed with 5ml of 

6X loading buffer (0.375M Tris-HCl pH 6.8, 30% w/v glycerol, 12% w/v SDS, ~0.02% w/v 

bromophenol blue) for a total of 20ml to be loaded per well. A protein ladder was also loaded 

into one of the wells (PageRuler, 5ml). Gels then underwent electrophoresis to separate proteins 

in SDS-PAGE running buffer (25mM, 0.19M glycine, 0.1% w/v SDS) at 120V and 300Amp 

until sufficient level of separation was achieved, usually around 1.5-2 hours. 

 

During electrophoresis a fibrin/agarose/plasminogen matrix gel was made. This matrix was 

created by polymerisation of human plasminogen-depleted fibrinogen (ERL #FIB 1) into fibrin 

by addition of bovine thrombin (Sigma-Aldrich #T6634). The fibrinogen solution (prepared in 

0.6% w/v in 0.05M Imidazole, 140mM NaCl pH 7.4) was supplemented with 0.1% (v/v) human 

plasminogen (25ul of 1mg/ml) and 0.1% (v/v) Triton X-100, and kept at 37̄C in a 50ml falcon 

tube (note the concentrations are displayed here as final concentrations in the gel not in the 

fibrinogen solution). In a separate 50ml Falcon tube a 2% (w/v) solution of low-melt agarose 

solution in dH2O was prepared. The solution was subjected to ~30 seconds of heating in a 

microwave over (or until boiling occurred) to dissolve the agarose. Once fully dissolved, the 

agarose solution was allowed to cool to ~40C̄. Once this temperature was reached, the 

fibrinogen solution was treated with 4 units of thrombin (100U/ml: 40ml, Sigma Aldrich 

#T6634) and mixed. Immediately after this the fibrinogen/thrombin solution was mixed with 

the warm low-melt agarose solution. The solution was then poured between two glass plates 

and allowed to set in a vertical position for at least 1 hour. 

 

After electrophoresis, SDS-PAGE gels were washed 3x 30 minutes in 2.5% Triton X-100 to 

remove SDS. The glass plates housing the agarose-fibrin gel matrix were separated to expose 

the agarose matrix (that was left on one glass plate). The washed SDS-PAGE gel was then 

placed on top of the opaque fibrin/agarose/plasminogen matrix and incubated in a humidified 

chamber in a 37̄C oven/incubator. The plasminogen activators from the polyacrylamide gel 

react the fibrin matrix resulting in local plasminogen activation into plasmin. Plasmin then 

degrades the fibrin matrix so clear proteolyzed zones (bands) develop in the opaque fibrin gel. 

The SDS-PAGE:fibrin overlay was documented on a flatbed document scanner when lytic 

zones were evident at different time-points during incubation, from 1 day to 7 days. The colour 
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of the images were inverted to display lytic zones more clearly and will appear as black bands 

on the gels. 

 

3.2.10 In situ zymography 

The in situ zymography method has been previously described149,299. Frozen mouse brains were 

sectioned at 40mm using a cryostat in either coronal or sagittal orientations. As the brains were 

not embedded in optimal cutting temperature (OCT) compound (to avoid the OCT interfering 

with the activity assay), a small amount of OCT was placed at the base of the brain to stick it 

to the chuck. Serial sections were placed on separate cold SuperFrost Plus slides and different 

samples were also placed on the same slides to compare different treatments within the same 

slide. Slides were kept at -80̄ C until used for in situ zymography assay. 

 

The overlay mixture including 10mM Tris-HCl pH 7.4, 1% (w/v) low-melt agarose, 4% boiled 

skim milk, 0.1% Triton X-100 and 12.5mg/ml plasminogen was prepared and kept in a 45C̄ 

water bath (plasminogen was added immediately prior to overlay to avoid denaturation), see 

Table 3.2 for summary of reagents used. The slides with brain sections were defrosted and then 

warmed on an inverted heat block at 37̄C. 400ml of overlay mixture was applied evenly onto 

the pre-warmed brain sections on glass SuperFrost Plus slides and glass coverslip was 

immediately added before the gel set. The slides were incubated in a humidifying chamber in 

a 37̄ C oven for 4-24 hours. The plasminogen activators in the brain sample react with the 

plasminogen in the gel matrix creating plasmin generation. The plasmin then degrades the 

casein that is present in the milk resulting in clear proteolyzed zones in the opaque gel. When 

lytic zones were visible, images of the slides were captured using a flatbed document scanner. 

The colour of the images were inverted to display lytic zones more clearly and will appear as 

black bands on the gels. 
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Table 3.2. Concentrations and volumes of reagents used in the in situ zymography gel overlay. 

Reagent Stock 

concentration 

Volume (ml) to 

make 1ml 

Final 

concentration 

Pre-boiled skim milk (in 

10mM Tris-HCl pH 7.4) 

8% 500 4% 

Low melting agarose (in 

10mM Tris-HCl pH 7.4) 

2.5% 400 1% 

Tris HCl pH 7.4 10mM 83.5 ~10mM 

Triton X -100 25% 4 0.1% 

Plasminogen 1mg/ml 12.5 12.5mg/ml 

 

3.2.11 Statistical analysis 

This chapter was conducted as a qualitative study. No statistical analysis was used due to low 

samples sizes and inadequate controls used between assay runs. All absorbance curves are 

displayed as mean only and all bar graphs are displayed as mean +/- standard error of the mean 

(SEM). All graphs were generated using GraphPad Prism version 9.5.1. 

 

These assays taken together give a descriptive overview of distribution patterns of intranasal 

delivered tPA and TNK at different timepoints post administration. Figure 3.5 below displays 

a flow chart of all types of mice used, treatments, tissues collected, and experimental assays 

performed. 
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Figure 3.5. Flow chart of the experiments and methods used in Chapter 3. Tissue type-plasminogen 

activator (tPA) deficient (tPA-/-) and wild-type (WT) mice underwent intranasal drug delivery of either 

vehicle (HEPES buffer), tPA or Tenecteplase (TNK). Mice were culled 30 minutes to 24 hours after 

drug administration to assess accumulation in different organs. Samples were assessed by different 

methods to detect the intranasal tPA/TNK activity. Thy-tPA Tg/+ (T4) mice were used as positive 

controls for these methods as they overexpress tPA in the brain. 
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3.3 Results 

3.3.1 S-2251 amidolytic assay results 

To assess the activity/relative amount of tPA and TNK in various samples, the S-2251 

amidolytic assay was used. This assay contains a chromogenic substrate (S-2251) which is 

specifically cleaved by plasmin303. When plasmin cleaves the substrate, the absorbance reading 

is increased and can be measured by a microplate reader. The other factors added to the assay 

are cyanogen-bromide cleaved human fibrinogen (CNBr-fibrinogen) which acts as a co-factor, 

and tPA which cleaves the plasminogen in the well into its active form plasmin. The 

concentrations of plasminogen, fibrinogen and S-2251 remain constant and therefore the only 

differing concentration is that of tPA in the different types of samples i.e., drug alone, or in 

brain and lung homogenates from mice treated with intranasal tPA and TNK. The velocity of 

the curve will give an indication of the rate of plasmin generation which correlates with the 

levels of tPA/TNK present in the sample.  

 

The first experiment shown below in Figure 3.6 examines the activity levels of tPA and TNK 

drugs alone (not within mouse samples) at different concentrations ranging from 50ng/ml to 

500ng/ml. Figure 3.6A shows the raw absorbance curve of the S-2251 cleavage over a 2-hour 

period, and it can be observed that the fastest rate of S-2251 cleavage is by the highest 

concentration of tPA. TNK is not generating as much S-2251 cleavage as tPA. In Figure 3.6B 

the plasmin activation velocity has been plotted to demonstrate the rate of plasmin generation 

from the absorbance curve.  
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Figure 3.6. Amidolytic assay results of tPA and TNK at different concentrations. A) Shows the raw 

absorbance curves (mean values displayed only), and B) shows the quantitated levels of the plasmin 

activation from the velocity of the absorbance curve. Error bars are displayed as mean +/- SEM (n=2-3). 

 

3.3.1.1 Using S-2251 amidolytic assay to detect intranasal drugs in mouse brain samples 

To detect IN-tPA and IN-TNK in the brains, tPA-/- mice were treated with the same dose 

(3.33mg/ml or 100ug total protein) and then humanely euthanised at different endpoints 

starting at 30 minutes post administration and up until 24 hours later. Using a whole hemisphere 

of the mouse brain it can be observed that there is a slight increase in both IN-tPA and IN-TNK 

activity at the early timepoints (Figure 3.7).  
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Figure 3.7. Detection of IN-tPA and IN-TNK in whole hemisphere of tPA-/- mouse brains. A-F) 

Displays the raw absorbance data (mean only) of samples treated with IN-tPA or IN-TNK at different 

timepoints; 30 minutes, 1 hour, 2 hours, 3 hours, 6 hours, and 24 hours respectively. G) Plasmin 

activation velocity of all samples at all timepoints. (n=1-2). 

 

Since there appeared to be some increase in hemi-brain samples, the next test was to assess 

more specific regions of the brain. Before processing, the brain samples were sectioned into 

six segments, consisting of the olfactory bulb (OB) and then 2mm thick sections toward the 

back of the brain, termed B1-B5, where B1 is closest to the OB (refer to Figure 3.3 in the 

methods above). Mice that were treated with either IN-vehicle, IN-tPA or IN-TNK were 

euthanised at 1-hour post-treatment and underwent this method of segmenting the brain and 

then samples were processed and used in the S-2251 assay. The 1-hour timepoint was chosen 

due to the results shown in Figure 3.7, where 1 hour post IN-delivery yielded the highest 

overall activity in the whole hemisphere. Figure 3.8 demonstrates in panels 3.8A and 3.8B that 

there is increased activity in the IN-tPA and IN-TNK samples in the OB and B1 sections. There 

was little to no change in activity in B2-B5 sections as shown in panels 3.8C-F. Figure 3.8G 

shows the velocity of the plasmin activation and again indicates high IN-tPA activity in the 

OB, and slight increase of IN-TNK in the OB as well as slight increase of IN-tPA and IN-TNK 

in the B1. 
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Figure 3.8. OB-B5 sections of tPA-/- mouse brains treated with either IN-vehicle, IN-tPA or IN -

TNK at 1 hour post administration. A) Absorbance curve of the olfactory bulb (OB) samples, B) B1 

samples, C) B2 samples, D) B3 samples, E) B4 samples and F) B5 samples. G) Plasmin activation 

velocity of all samples in all brain sections. (n=1-4). 

 

To gain a clearer understanding of the temporal distribution of these intranasal drugs, the OB 

and B1 sections were used to create a time course of activity from 30 minutes to 9 hours post 

drug delivery to the tPA-/- mice. In Figure 3.9 the OB sections have been used and display the 

IN-tPA/IN-TNK activity at the different timepoints. There is a clear increase in plasmin 

activation in IN-tPA treated samples up to 3 hours after administration of the drug (Figure 

3.9F). IN-TNK potentially has a slight increase in activity up to 1 hour after administration.  
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Figure 3.9. Plasmin activity of OB sections of IN-tPA and IN-TNK treated mice from 30 minutes 

to 9 hours post administration. A) OB sections at 30 minutes, B) 1 hour samples, C) 3 hour samples, 

D) 6 hour samples and E) 9 hour samples. F) Plasmin activation velocity summary of all OB samples 

at the different timepoints. (n=1-8). 

 

Figure 3.10 shows the B1 sections from the same animals/timepoints as above. The plasmin 

activation velocity bar graph (Figure 3.10F) is set at the same scale as Figure 3.9F to clearly 

highlight the difference between the activity in the OB and B1 segments. There is no clear 

elevation in IN-tPA and IN-TNK activity in the B1 region compared to IN-vehicle treated 

samples. 
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Figure 3.10. Plasmin activity of B1 sections of IN-tPA and IN-TNK treated mice from 30 minutes 

to 9 hours post administration. A) B1 sections at 30 minutes, B) 1 hour samples, C) 3 hour samples, 

D) 6 hour samples and E) 9 hour samples. F) Plasmin activation velocity summary of all B1 samples at 

the different timepoints. (n=1-8). 

 

To determine if the levels of intranasally delivered tPA could increase tPA activity above that 

of which is endogenously expressed in the brain, wild-type (WT) mice were treated with IN-

tPA or IN-vehicle and OB samples were collected from 1-6 hours after treatment. In Figure 

3.11 the background endogenous tPA activity can be observed in the IN-vehicle sample. There 

appears to be an increase in plasmin generation in samples treated with IN-tPA at 1 hour and 3 

hours after treatment when compared to the IN-vehicle treated samples.  
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Figure 3.11. Wild-type mouse OB sections showing levels of IN-tPA at timepoints 1-6 hours post 

administration.  A) Raw absorbance curves of samples at 1hr, 3hr and 6hrs post IN-delivery. B) shows 

the plasmin activation velocity. (n=1-2). 

 

3.3.1.2 Using S-2251 amidolytic assay to detect intranasal drugs in mouse lung samples 

Since the intranasal drug delivery method likely has some spill over into the airways, lung 

samples were also collected from all mice to assess the amount of IN-tPA and IN-TNK 

depositing there. Whole lung samples were homogenised and assessed in the same manner as 

the brain samples shown in the above section (3.3.1.1). Figure 3.12 shows the plasmin 

activation capability of IN-vehicle, IN-tPA or IN-TNK treated tPA-/- mice samples collected 

at 30 minutes to 24 hours after drug delivery. There is a very large increase in activity in IN-

tPA treated samples at 30 minutes and 1-hour timepoints and a slight increase in activity in all 

IN-tPA and IN-TNK samples up to 6 hours. 
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Figure 3.12. IN-tPA and IN-TNK activity levels in lung samples of tPA-/- mice from 30 minutes 

to 24 hours post intranasal drug delivery. A) Representative absorbance curves for samples collected 

at 30 minutes, B) 1 hour, C) 2 hours, D) 3 hours, E) 6 hours and F) 9 hours after treatment. G) 

Quantitation of plasmin activation from absorbance curves. (n=1-3). 

 

3.3.2 Fibrin zymography results 

Fibrin zymography experiments were conducted to determine the tPA/TNK activity within 

samples in a well based assay. This allowed proteins to be separated and determine if any 

activity was occurring due to other endogenous PA molecules such as urokinase plasminogen 

activator (uPA), and also to observe whether there was any inhibition of tPA/TNK by 

endogenously expressed inhibitors mainly by way of plasminogen activator inhibitor 1 (PAI-

1) or neuroserpin. These molecules form inhibitor complexes with tPA and TNK (to a lesser 

extent) that can be measured as a higher molecular weight band on the gels. The fibrin 

zymography works in a similar manner to the amidolytic assay in that the fibrin gel provides 

the components required to generate plasmin and cause cleavage of a substrate, in this case, 

the cloudy fibrin matrix. When the PA is added by placing the SDS-PAGE gel on the fibrin 

matrix gel the reaction is triggered. 

 

Figure 3.13 displays a fibrin zymography of OB sections from tPA-/- mouse brain sections 

treated with either IN-vehicle, IN-tPA or IN-TNK and collected from 30 minutes up to 9 hours. 

2 samples collected from different mice were used, for all treatments and timepoints in this 

experiment. The first lane of the gel contains tPA alone as a positive control. ñFreeò tPA/TNK, 

that is unbound to any inhibitors, can be observed at around 70kDa, as both tPA and TNK have 

the same molecular weight. ñComplexedò tPA/TNK bands are about 110-130kDa. It can be 

observed that there is free IN-tPA and IN-TNK activity at 30 minutes after administration, IN-

TNK at 1 hour and a small amount of both IN-tPA and IN-TNK at 3 hours (Figure 3.13). There 

did not appear to be any uPA activity in the brain samples when using this assay, however the 

uPA molecular weight is 52kDa which could have potentially been cut off this gel and was not 

included due to the bottom half of the gel being damaged. Complexed IN-tPA and IN-TNK 

can be seen at all timepoints up to 6 hours. These complexes are most likely tPA/TNK:PAI-1 

and tPA/TNK:neuroserpin, though differences seen in complex formation between tPA and 

TNK samples would be due to the structural differences in these variants.  
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Figure 3.13. Fibrin zymography of olfactory bulb sections treated with intranasal vehicle, tPA or 

TNK in tPA -/- mice. Olfactory brain extracts prepared from two separate mice at different time points 

after IN delivery (30min-9hrs). tPA activity is shown by areas of lysis of the gel shown here as black 

bands. 72-hour incubation of the gel. Lane 1 contains 10ml of 10nM tPA alone (lane is overexposed due 

to high protease activity). Lane 2 is the molecular weight (MW) ladder with protein sizes (kDa) written 

next to the bands of the ladder. (n=2). 

 

Lung extracts from tPA-/- mice treated with intranasal drugs were also subjected to fibrin 

zymography. It can be observed that there is a large amount of free and complexed IN-tPA and 

IN-TNK entered and remaining in the lungs for up to 6 hours (Figure 3.14). 
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Figure 3.14. Fibrin zymography assay of lung samples from tPA-/- mice treated with intranasal 

tPA, TNK or vehicle collected 30 minutes to 24 hours after delivery. tPA activity is shown by areas 

of lysis of the gel shown here as black bands. Lane 1 contains 10ml of 10nM tPA alone (lane is 

overexposed due to high protease activity). Lane 2 and lane 9 is the molecular weight (MW) ladder with 

protein sizes (kDa) written next to the bands of the ladder. Control sample of WT mouse treated with 

intranasal vehicle in last lane. Gel incubated for 20 hours. (n=2 for tPA-/- mice, n=1 for WT control 

mouse). 

 

3.3.3 In situ zymography results 

In situ zymography was performed to assess in more depth where these intranasally delivered 

PA molecules were being distributed to within the brain. Sagittal brain sections underwent this 

procedure and where there are areas of lysis of the plasmin substrate (casein, shown as black 

spots), this indicates where tPA/TNK is present within the sample. It can be observed in control 

animals that there is very little activity in tPA-/- mice, some activity in WT mice and a large 

amount of activity in Thy-tPA Tg/+ (T4) mice (Figure 3.15). These results are consistent with 

previously published work conducted by the Medcalf laboratory299.  
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Figure 3.15. In situ zymography showing differing levels of tPA activity (black spots) in mice with 

differing levels of endogenous tPA. Top panel shows a tPA deficient (tPA-/-) mouse, middle panel is 

a wild-type (WT) mouse and bottom panel is a Thy-tPA Tg/+ (T4) mouse brain. All brains in sagittal 

orientation. tPA activity is shown as black spots on the in situ zymography gel (indicated by yellow 

arrows). Samples incubated for 10 hours. Abbreviations: cerebellum (CB), hippocampus (HC), 

amygdala (AM), cortex (CT) and olfactory bulb (OB). (n=1). 

 

To observe the intranasally delivered tPA and TNK in the brains of tPA-/- mice, samples were 

collected at the 1-hour and 6-hour timepoints post administration. In situ zymography was then 

performed on these brain sections (n=2, only one representative image shown per 
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treatment/timepoint). Figure 3.16 shows the representative images of these brains at these 

timepoints. In the IN-vehicle treated samples at 1 and 6 hours there is little activity. In IN-tPA 

treated samples there is quite a lot of activity at the 1-hour timepoint and less at 6 hours. For 

IN-TNK treated samples there is only a small amount of activity at 1 hour and no activity at 6 

hours post treatment. IN-tPA and IN-TNK activity looks to be mainly occurring at the 

membranes surrounding the brain. In the IN-tPA sample at 1 hour after administration there is 

activity at the front of the brain, surrounding the cortex (CT) and at the amygdala (AM). There 

is much less activity in the IN-TNK mouse brain with small amounts of activity being observed 

at the front and back of the brain and potentially some in the middle region of the brain. 

 

 

Figure 3.16. Representative images of tPA-/- mouse brains treated with intranasally delivered 

tPA, TNK or vehicle control and tissue collected at either 1- or 6-hours post administration. IN-

tPA/IN-TNK activity is shown as black spots on the in situ zymography gel (indicated by yellow 

arrows). Top panels show IN-vehicle treated mice, middle panels show IN-tPA treated and bottom 

panels are IN-TNK treated. Panels on the left are 1 hour after treatment, and panels on the right are 6 

hours after treatment. Gels were incubated for 10 hours. Abbreviations: cerebellum (CB), hippocampus 

(HC), amygdala (AM), cortex (CT) and olfactory bulb (OB). (n=2) 
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3.4 Discussion 

The aim of this thesis chapter was to characterise the temporal and local distribution pattern of 

intranasally delivered tPA and TNK in mice. This involved comparing the two drugs, observing 

where in the brain and organs the drugs were being distributed to, as well as determining how 

long each of the drugs were remaining active for. The results displayed here are descriptive 

only and no statistical analysis was performed. 

 

3.4.1 tPA has a higher plasmin activation capacity than TNK 

The first results shown in this chapter, displayed that TNK did not have the same capacity to 

generate plasmin as tPA (Figure 3.6). Three concentrations of each drug were tested using the 

S-2251 amidolytic assay; 500ng/ml, 250ng/ml and 50ng/ml. TNK at 500ng/ml had a similar 

rate of plasmin generation to tPA at 50ng/ml, as can be seen as a similar absorbance curve in 

Figure 3.6A, and also as the velocity of the reactions being around 2.0-2.5x10-3 DAbs405nmÖsec-

2 (Figure 3.6B). Therefore, it appears that tPA is up to 10 times more effective at cleaving 

plasminogen in this amidolytic assay when compared to TNK. Whilst this would indicate that 

possibly a higher dose of TNK would be required to affect the same fibrinolytic results as tPA, 

it is interesting to note that clinically, lower doses of TNK are given than tPA. tPA is the current 

standard treatment for ischemic stroke and a dose of 0.9mg/kg is provided as a bolus injection 

followed by infusion over a one-hour time period (due to the short half-life of tPA)305. TNK 

has a plasma half-life of ~20 minutes and is under evaluation for treatment in ischemic stroke 

but in clinical trials administered as 0.25mg/kg bolus injection284,306. Generally speaking, the 

efficaciousness of these drugs is referred to in reference to their ability to remove blood clots 

in vivo. It appears to be considered that TNK is more effective due to its increased resistance 

to PAI-1 inhibition and therefore higher plasma half-life, and this is why a lower dose is given 

to patients. 

 

This trend of tPA being more active than TNK was consistent across other assays performed 

here as well. Mice treated with intranasal tPA and TNK at the same concentration always had 

more tPA activity at the same timepoints post-delivery. Despite these differences in the activity 

levels of tPA and TNK in the assays used in this chapter, the same concentration of IN-tPA 

and IN-TNK was used for all experiments and not adjusted for activity levels. As these proteins 

have the almost the identical molecular weight of ~70kDa, and therefore the mg/ml 

concentration would have the same molarity for both tPA and TNK. 
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3.4.2 Local distribution pattern of IN-tPA and IN-TNK  

To examine the biodistribution of tPA and TNK when delivered by the intranasal drug delivery 

method, various assays were used to detect the activity of these drugs in the brain and lungs. 

tPA-/- and WT animals treated with 100mg of IN-tPA, IN-TNK or IN-vehicle control (HEPES 

buffer) were euthanised at different timepoints post administration. Different regions of the 

brain were assessed for plasmin activation activity. When examining a whole hemisphere of 

the tPA-/- brain an increase is seen in plasmin generation in samples treated with both IN-tPA 

and IN-TNK at the early timepoints, 30 minutes and 1 hour (Figure 3.7).  

 

To look closer at different areas of the brain, samples were sectioned into 2mm regions and 

named olfactory bulb (OB) and B1-B5 (see Figure 3.3 in methods for schematic of how the 

brain was sectioned). Figure 3.8 displays amidolytic assay results of samples from tPA-/- mice 

treated with intranasal drugs and tissue collected at 1 hour post treatment. From the raw curves 

(Figure 3.8A and 3.8B) and the combined quantitated results (Figure 3.8G), it can be seen 

that most of the IN-tPA that is reaching the brain is mainly being distributed to the OB at this 

timepoint. There is potentially a slight increase in levels of IN-tPA and IN-TNK in the B1 

segments as well but the most noticeable result was IN-tPA in the OB. From these results it 

was determined that the following experiments would only examine tPA/TNK activity in the 

OB and B1 sections. Whilst it is possible that more drug could have dissipated to these more 

posterior parts of the brains after more time, this seemed unlikely due to the plasma half-lives 

of these drugs. Indeed, this was tested in the IN-TNK treated mice and it was found that there 

was no difference in activity in B2-B5 segments between 30 minutes and 6 hours after 

treatment (data not shown). This was not tested in IN-tPA treated samples. 

 

It should also be made clear that any óbackgroundô activity observed in tPA-/- samples would 

be due to urokinase plasminogen activator (uPA) which is still present, albeit weakly in these 

mice, though it is not as potent at activating plasmin in these assays as tPA. Regardless, samples 

should contain very similar levels of background activity, though interestingly there could 

appear to be different amounts of uPA present in the different OB-B5 segments of the brain as 

could be seen by the IN-vehicle treated samples in Figure 3.8, where there is potentially less 

background activity in the OB and B5 regions. uPA activity can be blocked with amiloride, a 

specific uPA inhibitor, and this would likely reduce background activity in samples to near 
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zero. However, there was not enough sample volume for brain homogenates from these 

experiments to conduct this. 

 

In the in situ zymography with IN-treated samples (Figure 3.16) there is an increase in 

fibrinolytic activity as indicated by black spots of lysis (yellow arrows to highlight this) at 1 

hour post-delivery of IN-tPA and to a lesser extent IN-TNK. At 6 hours there does not appear 

to be much activity remaining in the brain and is comparable to the IN-vehicle. Most of this 

activity appears to be outside of the brain, i.e., surrounding the meninges.  It is likely that the 

tPA/TNK is being taken up into the CSF by the intranasal pathway but not penetrating into the 

brain. This assay was used to try and get a clearer pattern of the distribution within the brain. 

However, we were not able to get high enough resolution images of this assay to really assess 

exactly where the IN-tPA/IN-TNK was reacting.  

 

It was also important to measure the biodistribution and accumulation in other organs since the 

nasal tract is directly linked to the lungs. Although it was not a surprise that some drug would 

accumulate in the lungs, the extent of the activity as well as the duration was unexpected, as 

seen in Figures 3.12 and 3.14. It would be estimated from these results that at least 3x more 

IN-tPA is going to the lungs than the brain at the 30-minute timepoint. This is based on the 

plasmin generation velocity, the mean of which is 6x10-4 in lungs (Figure 3.12) and 1.8x10-4 

in the OB (Figure 3.9). This is similar to levels observed in the fibrin zymography gels where 

the IN-tPA 30-minute bands are of similar size between the OB and lung samples (Figures 

3.13 and 3.14), but the OB gel was incubated for over 3x as long. A direct comparison between 

samples on the same amidolytic assay or fibrin zymography would need to be conducted to 

confirm this. 

 

In the other organs (liver, spleen and kidney) it was found that there was no change in activity 

when measured by the amidolytic assay between IN-vehicle treated and IN-tPA treated samples 

at the 1-hour timepoint. This implies that no intranasal drug was accumulating anywhere else 

in the mouse, that could be detecting using this assay. Amiloride was added to these samples 

to inhibit uPA activity. This data was not shown. 
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3.4.3 Temporal distribution of IN-tPA and IN-TNK  

Another aim of this chapter was to observe the temporal distribution pattern of intranasally 

delivered tPA and TNK. Intranasally treated mice were euthanised at different timepoints post 

administration ranging from 30 minutes to 24 hours. Samples underwent different plasmin 

generation activity assays to give an indication of how long each of these drugs are lasting for 

in the different regions of the brain and lungs.  

 

In the brain, IN-tPA appears to retain its proteolytic activity for as long as 3 hours. IN-TNK is 

also active in the brain, though not to the same extent of tPA, and is staying active for up to 3 

hours after administration. In the whole hemisphere of the brain, IN-tPA could be detected up 

to 2 hours after delivery, and IN-TNK only at 30 minutes (Figure 3.7). In the OB and B1 

segments higher levels of IN-tPA were observed up to 3 hours after delivery in the OB (Figure 

3.9) and a small amount at 30 minutes in B1 (Figure 3.10). IN-TNK was also detected for up 

to 3 hours in the OB and 1 hour in the B1 segment. When detecting the IN-tPA activity by the 

fibrin zymography, it can also be seen that it is active in the OB in samples collected 3 hours 

after administration (Figure 3.13), and the same could be seen for IN-TNK. Though some of 

this IN-tPA and IN-TNK appears to be forming complexes with endogenous inhibitors. It 

should be noted here that it is an unusual property of the SDS in the gel that the tPA protease 

within the tPA:PAI-1 complex can be activated and cause plasmin generation in this assay. 

Nonetheless, these results are consistent with the amidolytic results. Figure 3.16 shows the in 

situ zymography results and there is a large amount of activity present in the 1 hour IN-tPA 

treated sample, with very little activity remaining in the 6-hour sample. The 1 hour IN-TNK 

sample only had a small amount of activity and there was zero activity at 6 hours after 

treatment. Other timepoints were not examined using this assay. 

 

Interestingly, in the lung samples, both IN-tPA and IN-TNK were found to be present for up 

to 6 hours after treatment. This can be observed in both the amidolytic results (Figure 3.12) 

and the fibrin zymography (Figure 3.14). The most likely reason for this would be because the 

majority of the IN-delivered tPA and TNK are in fact bypassing the brain and instead being 

directed to the lung. Furthermore, it is also evident on the fibrin zymography gel that no 

inhibitor complex is forming with IN-TNK in the lung samples, and that there is less inhibitor 

complex to free IN-tPA ratio in these samples than the brain samples.  
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Whilst there was no half-life analysis of these drugs conducted here, it appears that intranasally 

delivered tPA and TNK would remain active in the brain for a longer period than when they 

are injected intravenously into the bloodstream. 

 

3.4.4 Comparison to other studies that have used IN-tPA 

As mentioned in the introduction section to this chapter, other studies have also used 

intranasally delivered tPA to treat conditions such as stroke and traumatic brain injury (TBI) 

in rodents. It was determined that when delivered by this method there was a therapeutic benefit 

to the recovery, function outcomes and neuronal plasticity in these animal models. These 

papers had a brief look at where the IN-tPA was being distributed into the brain and found to 

have some similar results to shown here and some results that are very different. In Liu et al. 

2012 studying IN-tPA for stroke in rats, they showed in their supplementary figure using a tPA 

enzyme linked immunosorbent assay (ELISA), that tPA-/- mice given 300mg IN-tPA had 

307ng/ml tPA protein present at 30 minutes and 228ng/ml at 2 hours after the start of 

treatment277. This was using a homogenised whole brain sample and the dosage used in the Liu 

et al. paper was 3 times higher than was used our current work. The levels detected cannot be 

directly compared to levels detected and shown in this chapter due to the different methods 

used. Another study conducted by the same researchers, looked into IN-tPA for TBI in rats. 

They measured an increase in tPA levels by western blot in rats treated with IN-tPA at 24 hours 

post treatment278. These were not tPA-/- rats and therefore showed an increase above the 

endogenous tPA levels. Here it was also shown that an increase in tPA activity could be 

detected in WT mice given IN-tPA but only up to 3 hours after drug delivery, though again, 

this was by a different detection method.  

 

A further study by this group, examined IN-tPA in a mouse stroke model, and they showed in 

a supplementary figure the distribution in the brain of fluorescently tagged (FITC) tPA that 

was delivered intranasally, and brain collected at 30 minutes. The FITC-labelled tPA was 

shown to be quite evenly distributed throughout the whole brain at this early timepoint, and 

there was no FITC signal in the intranasal saline control sample276. These results are not 

consistent with what has been displayed in this extensive IN-tPA distribution study. During 

this PhD project, it was also attempted to create fluorescently tagged tPA and TNK compounds, 

by click chemistry, to be able to trace IN-tPA and IN-TNK similar to the paper just mentioned. 

However, when it came to testing the Cy5-labelled tPA in vitro and in vivo it was found that 
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the distribution pattern of the free label alone was going all throughout the brain and tissue 

culture samples (data not shown). This looked the same as the FITC-labelled tPA distribution 

displayed in the Chen et al. paper. It is very unclear whether the FITC-tPA is actually being 

distributed into the brain as depicted in that paper or if there was free label present in the IN-

drug treatment as well. We did not pursue the Cy5-tPA/TNK experiment further due to this 

problem of free Cy5 being present. 

 

Despite the discrepancies between the findings discussed above and the work presented here, 

these papers played a key role in the foundation of this chapter and the following. Whilst these 

studies could have done more to examine the biodistribution and efficacy of intranasal tPA 

delivery such as by looking at other organs or different timepoints other than the ones discussed 

above, the most important take home message from these IN-tPA models is that there was a 

functional benefit to the outcomes in the rodents. An important consideration would be that it 

remains unclear how the distribution of IN-tPA would change in a model of brain injury such 

as stroke and TBI as these rodent models were using. In this chapter it has become clear that 

the IN-tPA is only being distributed to the OB and possibly B1 regions of the brain, but if there 

was a disrupted BBB then this distribution could be different and could more easily target the 

drug to the site of injury where it is required. This could possibly help explain the functional 

benefit that was observed in these models. The distribution analysis that these papers conducted 

and was discussed in this section, was in healthy animals. More work needs to be conducted 

into this. 

 

3.4.5 Limitations 

The main limitation to this study was the low sample sizes. Most of the assays conducted only 

had a 2-3 brain samples per treatment group, with some groups having only 1 sample and others 

having up to 4. These inconsistencies in the number of samples per treatment group was mainly 

due to there being a very small amount of usable sample for the OB sections and with multiple 

assays requiring the same samples, we had to be selective with how the samples were processed 

and used. We also were trying to limit the numbers of animals sacrificed for this study in 

accordance with the AEC guidelines. It should also be mentioned that in Figure 3.7 there was 

no vehicle control used in that particular experiment, due to limited sample being available as 

most brain samples had already been processed in a different manner and the experiment was 
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unable to be repeated. For these reasons most of the results presented in this chapter are used 

qualitatively to give us an indication of the intranasal distribution of IN-tPA and IN-TNK. 

 

If there had been larger group sizes, then it would have been more possible to run statistical 

analyses and therefore determine if any of the changes in IN-tPA/IN-TNK activity was 

statistically significant. Despite this limitation, our findings were consistent, identifying clear 

evidence of tPA in the olfactory bulb up to 3 hours after administration, but little evidence of 

activity in other brain regions. Further confirmation of this could be garnered from protein 

assays such as western blots or ELISAs to study protein concentrations in conjunction with 

enzyme activity assays. 

 

3.4.6 Future directions 

As just mentioned, it would be good to perform western blots or other protein assays to measure 

the protein load of IN-tPA and IN-TNK in the different OB-B5 segments of the brain. Would 

also be good to blot for the different inhibitors of tPA such as PAI-1 and neuroserpin, to 

determine exactly which complexes had been forming in the fibrin zymography experiments. 

In future it could also be beneficial to create known standard curves within the amidolytic and 

fibrin zymography assays to help quantitate the protein accumulating in the different regions 

of interest. 

 

As alluded to earlier in this chapter discussion (section 3.4.1), TNK appeared to have much 

lower enzymatic activity than tPA. While it would be interesting to compare the activity levels 

of non-dialysed and dialysed Actilyse and Tenecteplase to ensure that the dialysis process did 

not affect the activity of these enzymes, other data from the laboratory has also shown that non-

dialysed Tenecteplase also had less activity than non-dialysed Actilyse (tPA). Furthermore, 

dialysis of drugs is a standard lab practice, and especially since these drugs have been optimised 

for treatment in humans and not mice, it seemed appropriate to isolate the active components 

for these experiments and exclude the other components as mentioned in the methods section 

3.2.3 and due to potential toxicity issues. It would also be very beneficial to test different doses 

of both drugs to find optimal treatment conditions in the mice and so that IN-TNK could have 

been administered at a concentration with at least an equal activity level of that to IN-tPA. 
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It appears that this method of drug delivery is not allowing the large tPA and TNK molecules 

to really penetrate into the brain. This drug delivery system has often been characterised using 

smaller molecules259,296. If we were to move forward with using IN-tPA/IN-TNK then it could 

be beneficial to investigate different formulations of encapsulation to better target these drugs 

to the brain and ensure they are crossing the BBB. It has been proposed that liposomes and 

nanocapsules would be a way to do this248,250,254,274. 

 

One very interesting future direction for this intranasal delivery method of tPA would not be 

to focus on the effects of IN-tPA in the brain, but in the lungs. Since a lot of IN-tPA is being 

delivered to the lungs and remaining active for 6 hours, this could be a useful therapeutic tool 

for treating patients with acute respiratory distress syndrome and even COVID-19 as it has 

been shown that there is large amounts of fibrin deposits occurring in the lungs in these 

disorders 307,308.  

 

3.5 Conclusion 

Through the various assays conducted in this chapter, it was concluded that IN-tPA and IN-

TNK were entering the brain and remaining active for up to 3 hours. These drugs were only 

active in the olfactory bulb and B1 sections of the brain and were not penetrating further into 

the brain with this delivery method. As for the cellular distribution of IN-tPA/IN-TNK this 

needs further high-resolution work to confirm if the drug is passing the BBB or remaining in 

the endothelial and meningeal layers. It was also shown that a very large amount of the 

intranasal drug was being distributed to the lungs and remaining active there for up to 6 hours. 

Regardless of the distribution, since it has been shown that IN-tPA can have a functional benefit 

the next question of interest is whether IN-tPA/IN-TNK could improve outcome in mice 

developing AD, by using behavioural testing and measuring plaque load in the brain. 
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4.1 Introduction 

Since it has been shown that intranasal drug delivery is a viable treatment option in Alzheimerôs 

disease (AD), as indicated by previously published works8,249,261, this thesis chapter aims to 

apply long-term intranasal (IN) drug delivery of tissue-type plasminogen activator (tPA) and 

Tenecteplase (TNK) in a mouse model of AD. This method of drug administration has been an 

emerging topic in recent years and has been proposed in the treatment of many CNS disorders 

such as Parkinsonôs disease248, Alzheimerôs disease (AD)249, Huntingtonôs disease250, autism 

spectrum disorder (ASD)251, epilepsy252, glioblastoma253 and multiple sclerosis254. This is still 

an relatively new treatment strategy and so far there have been two notable instances of clinical 

trials conducted involving intranasal drugs targeting the CNS265; insulin in AD249 and oxytocin 

in ASD251. Specifically in AD, clinical trials conducted using IN-insulin were shown to 

improve memory and preserve brain volume9,249,266,267,269,270. There are several rodent studies 

that have looked into IN administration of various drugs in AD models272-275. This is clearly an 

exciting area of research currently.  

 

In the previous chapter it was concluded that some of the IN-tPA and IN-TNK was being 

distributed to the CNS, though this distribution on a cellular level remains unclear. IN-tPA has 

been shown to have a therapeutic benefit in other neurological conditions including models of 

brain injury such as stroke and traumatic brain injury (TBI), indicating that this method can 

improve functional outcomes193,276-278. IN-tPA was shown to have neuroprotective roles in 

these models by increasing synaptic plasticity and white matter integrity193,276-278. 

 

Whilst a single intranasal dose of IN-tPA and IN-TNK was characterised in Chapter 3, here a 

long-term treatment study was performed, with doses being administered three times a week 

for eight weeks. This commenced in a pilot study using wild-type animals to assess the safety 

and feasibility of this treatment regime. This treatment strategy was chosen due to previously 

published work that has also given IN-tPA every second day and showed neurological 

improvements after TBI193. We determined that it would be necessary to conduct this eight-

week pilot treatment in wild-type to observe the functional outcomes overall wellbeing in these 

mice was preserved, as a long-term treatment would be required to treat neurological conditions 

such as AD, and long-term IN-tPA treatment has not previously been studied. The other papers 

that reported IN-tPA use, did not treat for longer than two weeks193,276-278. This treatment was 

then applied to a mouse model of AD, the APP/PS1 mice. 
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The main hypothesis supporting this study was that tPA and its substrate plasmin could reduce 

amyloid plaque burden as these proteases have been shown to be involved in the breakdown of 

amyloid beta (Ab)6. It is also been demonstrated that intravenous injections of tPA as a 

treatment in a mouse model of AD, had a reduction in Ab plaques237. Therefore, we aimed to 

study whether increasing tPA pharmacologically by intranasal drug delivery would decrease 

the amount of Ab plaques in these AD mice. Microglia were also assessed in this model due to 

one group hypothesising that the decrease in plaques from tPA treatment was a result of 

increased microglia activation directly by tPA237. The outcomes observed in this chapter in 

wild-type and AD mice treated with long-term IN-tPA or IN-TNK were behavioural 

assessments, amyloid pathology, and microglia in the brain. 

 

4.2 Methods 

4.2.1 Animal welfare 

Experiments were performed under the approval and regulation of Alfred Research Alliance 

(ARA) Animal Ethics Committee (AEC) according to the Australian Code of practice for the 

care and use of animals for scientific purposes (2013). All experiments in this chapter were 

performed under AEC approved project number E/1958/2019/M. 

 

All animals were housed in specific pathogen-free facilities in groups of 4-6 mice per cage, in 

a temperature-controlled environment. This consisted of a 12-hour light/12-hour dark cycle. 

Mice had free access to food (chow) and water, and were provided with environmental 

enrichment (e.g., tissues, cardboard rolls, cut-up tissue boxes). All experiments used in this 

chapter involved mice (traditional and genetically modified) on a C57BL/6 background. All 

treatments and genotypes of the animals were blinded for the experimenter in this chapter.  

 

4.2.2 Strains 

4.2.2.1 C57BL/6 

C57BL/6 male mice were used as wild-type control mice in a pilot study to test the feasibility 

of long-term intranasal drug treatment. These mice were obtained from ARA Precinct of 

Animal Care (PAC). These mice were aged 8-12 weeks at the start time of experimentation, 

and on average weighed 28-30g.  
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4.2.2.2 APP/PS1 

The APP/PS1 mouse model of Alzheimerôs Disease was used for the experiments in this 

chapter. These mice were kindly provided to us from Professor Paul Adlard (the Florey Institute 

of Neuroscience and Mental Health), then were bred in PAC. This is a well characterised and 

commonly used model that was established in 2004118-120. These transgenic mice overexpress 

mutated forms of human amyloid precursor protein (APP) with the 695 Swedish mutation, and 

presenilin 1 (PS1) with the dE9 mutation. Both transgenes are directed to be overexpressed in 

the central nervous system (CNS) by the Thy-1 promoter. As these mice age they develop an 

abundance of amyloid plaques in their brains. Only female APP/PS1 mice were used in this 

study as it has previously been demonstrated that they develop more plaques and a worsened 

pathology than male mice309. The APP/PS1 transgenic mice have hemizygous expression and 

therefore when bred with C57BL/6 mice, the resulting offspring with have either 

APP/PS1(Tg/+) or APP/PS1(+/+) genes. The APP/PS1(+/+) littermates were used as wild type 

controls in all experiments. All APP/PS1(Tg/+) mice will be referred to as óADô mice and all 

APP/PS1(+/+) littermates will be referred to as óWTô for the remainder of this chapter. These 

mice were aged to either 4 or 10 months before experimentation commenced, then mice 

underwent behavioural testing and long-term intranasal drug treatment before their 

experimental endpoint of either 6 or 12 months respectively (see Figure 4.1 for timeline). 
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Figure 4.1. Flow chart of all experiments performed in this chapter. Three different experimental 

groups of mice underwent long-term intranasal (IN) drug treatment over an 8-week period. 2ï3-month-

old male C57BL/6 mice conducted as a pilot study received (IN-vehicle (n=4) or IN-tPA (n=4)) whilst 

anaesthetised and did not have an acclimation period. 4-month-old female AD or WT littermates were 

treated with IN-vehc, IN-tPA or IN-TNK (n=9-15). 10-month-old female were treated with either IN-

vehc or IN-tPA (n=7-13). The behavioural tests included the parallel rod floor (PRF), Y-maze and 

Morris water maze (MWM), these were completed at the indicated points, or only at the final timepoint. 

Brain samples were collected from all mice, and then underwent immunofluorescence (IF) staining for 

plaques and microglia.  

 

4.2.3 tPA and TNK dialysis 

The dialysed tPA and TNK was used as described in Chapter 3. Please see section 3.2.3 for 

specific details. 

 

4.2.4 Intranasal drug delivery 

4.2.4.1 Intranasal drug delivery in anaesthetised mice 

See method from Chapter 3 section 3.2.4. 

 

This method was only used in the pilot experiment using wild-type mice. Male C57BL/6 

underwent the intranasal drug delivery in anaesthetised mice three times a week for 8 weeks. 

Mice were given either intranasal vehicle (IN-vehc; 0.4M HEPES) or intranasal tPA (IN-tPA; 

100mg protein; 30ml of 3.33mg/ml tPA in 0.4M HEPES). See Table 4.1 for numbers of animals 

that underwent each treatment.  
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4.2.4.2 Intranasal drug delivery in awake mice 

We initially applied the intranasal delivery approach described above to the larger scale study 

where we aimed to compare the effect of treatment on long-term AD outcomes. However, it 

became apparent that the repeated anaesthesia protocol resulted in an unexpected increase in 

mortality of the APP/PS1 mice for reasons that still remain unclear. To address this, we needed 

to modify the intranasal delivery procedure on awake mice (discussed more fully in section 

4.4.2). Female APP/PS1 mice aged either 4 or 10 months underwent intranasal drug delivery 

in awake mice following a modification of the protocol described by Hanson and colleagues310. 

 

To prepare mice for this drug delivery method they were first acclimated to the researcher and 

the handling/scruffing method, to minimise stress due to the awake intranasal drug delivery 

approach. Mice were be acclimated to handling for a period of at least 2 weeks prior to the 

commencement of treatment. This ensured that the mice remained calm during the treatment 

period and that the maximum amount of drug could be absorbed into the CNS. If the mice are 

in a state of stress, they are more likely to swallow or inhale all the delivered drug or wipe it 

from their nose with their paws. All the handling and scruffing during these procedures was 

conducted with the mice placed on a towel, again this was to reduce the stress of the mice by 

handling them directly. The number of researchers handling the mice was kept to a minimum 

to allow the mice to get used to one-two specific people. A detailed schedule of the acclimation 

process is outlined below. 

 

Acclimation to the handling for intranasal delivery of drugs: 

Day 1 (i.e., Monday): Place the mouse in the palm of the hand for a period of two to three 

minutes, no more than 30cm above the cage top. If the mouse attempts to crawl out of the hand, 

simply life the mouse by the base of the tail and place it back in oneôs hand. 

Day 2: Place the mouse in the palm of the hand for three minutes and pet the animal gently. 

Pet the mouse directionally from the head to the tail, while allowing the animal to move about 

freely. 

Day 3: Place the mouse in the palm of the hand for three minutes while massaging behind the 

ears (lightly pinching together the skin on the back of the neck using the thumb and pointer 

finger). Hold/lift the mouse by the scruff of its neck with a towel for 30 seconds, letting the 

mouse rest on the towel for 30 seconds before repeating the hold again. 

Day 4: Scruff the mouse as per normal procedure but place additional support to the back of 

the head to minimise movement. Keep mouse in upright position and hold the animal like this 
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for a period of 30 seconds and release back to the towel. Repeat a second time after a one-

minute rest period. 

Day 5: Scruff the mouse as for Day 4 but invert the animal so its ventral side is facing up 

towards the ceiling. Make sure that the animalsô neck is parallel to the floor. Hold this position 

for 30 seconds. Repeat this a second time after a one-minute rest period. If the mouse frees 

itself from the grip, put the mouse back on the towel and re-grip. Repeat the re-grip if needed 

but monitor the stress level of the mouse and return it to the cage if necessary. 

Day 6 (i.e., Monday): Scruff the mouse using the intranasal grip, invert, briefly place an empty 

pipette tip over each nostril, and hold the animalsô position for 30 seconds. Repeat this after a 

one-minute rest period. 

Day 7: Scruff the mouse, invert it, and intranasally administer up to 6ml of saline into the left 

nostril of (use half of the loaded 6ml first (3ml), and wait a few seconds before administering 

the other 3ml), then repeat in the right nostril with another 6ml, with around a 15 second interval 

between delivery to each nostril. Hold the animal in an inverted position for an additional 15 

seconds. Return mouse to towel. 

Day 8: Scruff the mouse, invert it, and intranasally administer up to 6ml of saline into the left 

and right nostril (~15 second interval between delivery to each nostril). After 1 minute, repeat 

procedure. 

Day 9 and Day 10: Scruff the mouse using the intranasal grip, invert it, and intranasally 

administer up to 6ml of saline into the left and right nostril (~15 second interval between 

delivery to each nostril). After one minute repeat procedure. Repeat again (1 minute interval) 

(i.e., this will therefore provide 3 x intranasal delivery of saline to each nostril) until a total 

volume of 30ml has been administered. 

 

Drug delivery:  

Once mice had been acclimated to the awake intranasal delivery procedure, mice were 

administered the test drugs (vehicle, tPA or TNK). This followed the procedure as outlined for 

day 9/10 above for a total volume of 30ml and commenced the following Monday. The drug 

treatments took place 3 times a week for 8 weeks after the acclimation period. The dose given 

at each treatment timepoint was 100mg of tPA or TNK protein (i.e., 30ml of 3.33mg/ml 

solution). The vehicle control was 0.4M HEPES buffer which was what both the tPA and TNK 

solutions were dialysed in. 
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See Table 4.1 below for summary of the sample sizes of mice in each treatment group for all 

experiments conducted in this chapter. 

 

Table 4.1. Sample sizes of the different experiments completed in this chapter. 

Experiment Genotype Treatment Number of animals 

Pilot study WT (C57BL/6) IN-vehc 4 

IN-tPA 4 

6mo study WT IN-vehc 9 

IN-tPA 12 

IN-TNK 12 

AD IN-vehc 15 

IN-tPA 12 

IN-TNK 15 

12mo study WT IN-vehc 10 

IN-tPA 13 

AD IN-vehc 9 

IN-tPA 7 

 

4.2.5 Behavioural tests 

4.2.5.1 Parallel Rod Floor (PRF) 

The neurological function of mice was evaluated via an in-house neurological behavioural 

testing platform. WT and APP/PS1 mice were tested at three timepoints over the course of the 

intranasal treatment regime. Mice were tested before treatment began, to be used as a baseline 

result, they were tested at the mid-point of the treatment (i.e., after 4 weeks of intranasal drug 

delivery) and after the last treatment (i.e., right before the endpoint of the mouse). WT mice 

used in the pilot experiment were around 3 months old when this regime began. APP/PS1 mice 

were either 4 or 10 months old at the beginning of experimentation, and therefore were 6 or 12 

months old, respectively, at the endpoint. 

 

The PRF test was recorded by the ANYmaze software system (Stoelting Co, IL, USA). This 

test was used to measure the activity and locomotor function of mice with different genetic 

backgrounds and treatments. Mice are placed inside the PRF apparatus (Figure 4.2) which has 

metal rods across the bottom and can detect when the foot of the mouse slips from the bar to 
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the bottom of the apparatus. They are kept in the PRF box for a 5-minute period, where they 

are filmed by a camera from above. The apparatus is cleaned with 80% ethanol in between 

animals to remove any odours, urine or faeces left by the mouse. There are four PRF boxes so 

four mice can be tested at one time. The automated software measures the total foot slips, foot 

slips/m travelled, total distance travelled, maximum and mean speeds travelled, time 

mobile/immobile and rotations311. The results are analysed by dividing the mid-point and end-

point results by the baseline results for each animal to give a fold-change. 

 

 

Figure 4.2. Parallel rod floor apparatus. The bottom of the apparatus is covered with metal rods, 1cm 

apart and 1cm above the floor. When a mouse has a foot slip off the rods this is detected by the computer. 

Mice are filmed from above. 

 

4.2.5.2 Y-maze 

The Y-maze test assesses a measure of short-term spatial memory312. Mice were habituated to 

the behaviour/testing room under red light 30 minutes prior to commencing experiments. The 

Y-maze apparatus consists of three equilaterally intersecting opaque Perspex arms (38.5cm 

long x 7.5cm wide x 12cm high) which is placed on an elevated table in the middle of the 

testing room underneath the mounted camera on the ceiling. The three arms of the maze are 

termed óhomeô, ófamiliarô and ónovelô, with different patterned spatial cues (i.e., laminated card 

with stripes or triangle or star pattern) attached at the end of each arm (see Figure 4.3).  

 

Mice are placed inside the Y-maze at the end of the designated óhomeô arm, with another of 

the arms blocked off (ónovelô arm). The animal is then allowed to explore the óhomeô arm and 

the ófamiliarô arm for 15 minutes. The mouse is removed from the maze and placed back in its 
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original cage to rest for 30 minutes. The maze is then cleaned thoroughly with 80% ethanol to 

remove any odours, urine or faeces left by the animal. The novel arm is then unblocked by 

removing the divider that was in place. After the 30-minute rest period, the same mouse is then 

placed back in the óhomeô arm and allowed to explore all arms of the maze freely for 5 minutes. 

This procedure is recorded by video from above and is run through video-tracking software 

(TopScan) to analyse the different outcomes of the test. Healthy animals will tend to explore 

the novel arm more than the other two. However, poor memory will result in relatively equal 

entries into the novel and familiar arms, indicating that the animals had forgotten the experience 

in the familiar arm and would view it as an unexplored arm. The main parameters that are 

measured include the time spent in each of the three arms, number of entries into each arm, 

distance travelled in each arm and the novel arm preference. Analysis shown used the formula 

novel/(novel+familiar) to give the ratio of entries and duration spent in the novel arm relative 

to the familiar arm. 

 

 

Figure 4.3. Depiction of the Y-maze behavioural test. A) The Y-maze consists of three arms: home, 

familiar and novel. Mice are placed in the home arm initially with access to the novel arm blocked off 

and allowed to explore for 15 minutes. After a 30-minute rest period, mice are returned to the home arm 

of the maze with access to all arms. If spatial memory is intact, then mice should have a preference for 

the novel arm (B) or if memory is impaired then they will spend equal amounts of time in all arms (C). 

Mice are filmed and tracked in the Y-maze from above and assessed using TopScan software. 
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4.2.5.3 Morris Water Maze (MWM)  

As a readout for cognitive functioning in an AD setting, the Morris water maze (MWM) test 

was performed. This procedure has been used extensively in the study of the neurobiology of 

spatial learning and memory. 

 

The 1.2m diameter water maze pool was filled to a depth of 30cm with 22-23̄ C water, 

measured using a hand-held thermometer before starting the day. If necessary, the temperature 

of the water was altered to fit within the range at the start of the day. The 15cm diameter was 

placed 1cm below the water level to be submerged. Approximately 100ml of non-toxic white 

paint is added to the water to increase the opacity and hide the platform from the animal. It also 

serves as a contrast agent for tracking a dark coloured mouse. Spatial cues are placed within 

the walls of the pool (e.g., patterned posters) and visual cues on the walls of room (e.g., the 

door, symbols on the walls, sink, etc) (Figure 4.4).  

 

The MWM test is conducted over a 7-day period. Day 1 consists of the platform being raised 

out of the water by 0.5cm with a óflagô placed on it, no spatial cues are in place at this point. 

This day is to ensure the mice can swim and to teach them that there is a platform and that they 

will be removed from the pool if they remain on the platform for more than 5 seconds. The 

mice are placed in the pool at different drop points and allowed to swim for up to 60 seconds 

(unless they find the platform sooner). After 60 seconds they are guided to the platform, then 

removed from the water. This is repeated 6 times in one day for each mouse. On days 2-5 of 

the training period the platform is submerged, and visual and spatial cues put in place. Mice 

again are put in the pool at different drop points and allowed to swim for up to 60 seconds, then 

they are guided to the platform and removed. If they find the platform sooner, then the trial 

ends. This is repeated 6 times a day for each of the mice over days 2-5 of the training period. 

As this task is repeated, the animal learns to associate the location of the goal (platform) with 

the spatial cues. There are no trials on day 6, mice are allowed to rest and óforgetô the test in 

preparation for the test day. Day 7 is the test day, and the platform is removed from the pool 

and mice are allowed to swim for 60 seconds. 

 

Mice are filmed from above during these procedures and tracked with the analysis software 

TopScan. In TopScan the quadrants and platform are created as distinct areas of the maze 

(Figure 4.4). The two primary outcomes that were recorded were the time to find the platform 
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on the training days (days 2-5) averaged across the 6 trials per day; and the time spent in the 

target quadrant on day 7 when the platform is removed. 

 

 

Figure 4.4. Schematic of the Morris Water Maze (MWM) test. Mice are placed into the maze at 

different locations and learn to locate the submerged platform by recognising the visual and spatial cues. 

Visual cues are patterned images placed at the top of the inner walls of the water maze pool. Spatial 

cues are random objects around the room such as posters on the walls or bins. The submerged platform 

is placed in different quadrants for different mice to ensure no bias based on the room orientation. Mice 

are filmed from above and time to the submerged platform or time spent in target quadrant are assessed, 

using TopScan software, for the different treatment groups of mice. 

 

4.2.6 Euthanasia and tissue collection 

4.2.6.1 Euthanasia 

Mice were humanely euthanised at the experimental endpoints, around 4 months of age for the 

wild-type pilot study, and around 6-6.5 or 12-12.5 months of age for all other experiments, 

after all behavioural tests had been performed. Before they were euthanised weights were 

recorded. Then they were injected by intraperitoneal injection using a 26-gauge needle, with a 

lethal dose of urethane (3.3mg/kg dose, e.g., ~300ml of 25% w/v urethane solution in H2O). 

When mice were deeply anaesthetised, 600ml blood was collected from the inferior vena cava 

(using a 23-gauge needle pre-filled with 60ml sodium citrate (129mM)). Blood was later 
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centrifuged at 2000³g for 15 minutes at room temperature, plasma supernatant collected and 

stored at -80̄ C. Following the blood draw mice were transcardially perfused with 30ml of 

phosphate buffered saline (PBS; 15M NaCl, 160mM Na2HPO4, 40mM NaH2PO4). 

 

4.2.6.2 Brain dissection 

After the perfusion, the brain was then carefully dissected and gently rinsed in PBS, then the 

brain was dissected into two hemispheres with a scalpel, and the left hemisphere was snap 

frozen in liquid nitrogen and stored in a -80̄ C freezer. The right hemisphere was then post-

fixed by placing in chilled 4% paraformaldehyde (PFA; in PBS), and then kept in PFA in the 

4 C̄ fridge for 1-7 days until tissue processing and embedding in paraffin wax. 

 

4.2.7 Histological staining and imaging 

4.2.7.1 Tissue processing, embedding and sectioning 

Hemi-brain samples were removed from mice as described in the above section 4.2.6.2 to 

prepare for histological staining. The brains were then post-fixed in 4% PFA overnight or up 

to one week. These samples were then processed using a Leica Biosystems Peloris Tissue 

Processor with a 6-hour ethanol cycle (Table 4.2), at Monash Histology Platform (MHP). After 

processing was complete samples were embedded in paraffin wax performed using a Leica 

Biosystems Histocore Arcadia H+C unit. The hemi-brains were positioned in a sagittal 

orientation to allow for cutting along the midline of the brain.  
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Table 4.2. Ethanol tissue processing cycles. Provided by Monash Histology Platform (MHP). 

Reagent Time 

80% Ethanol 15 minutes 

80% Ethanol 15 minutes 

80% Ethanol 15 minutes 

80% Ethanol 15 minutes 

80% Ethanol 30 minutes 

80% Ethanol 45 minutes 

Xylene 20 minutes 

Xylene 20 minutes 

Xylene 45 minutes 

Paraffin wax 30 minutes 

Paraffin wax 30 minutes 

Paraffin wax  45 minutes 

Total 5 hours and 40 minutes 

 

The PFA fixed paraffin embedded brain tissue samples were sectioned using a Leica microtome 

(4mm thick sections) and placed onto Menzel-Glaser SuperFrost Plus glass slides (Thermo 

Scientific, USA). Brains were sectioned at two different areas. The first area was right along 

the midline of the brain and 3-4 serial sections were placed onto the same slide. The second 

area was then 1mm into the hemisphere and again 3-4 serial sections were placed on slides. 6 

slides were collected at each area and the approximate location have been displayed in Figure 

4.5. Slides were then allowed to dry at room temperature for approximately an hour and then 

stored in slide boxes at room temperature until required for histological staining. 
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Figure 4.5. Sectioning locations of paraffin embedded hemi-brains. A) Brains were sectioned along 

the midline (area 1) and 1mm into the sagittal-orientated brain (area 2). B) An approximate example of 

how sagittal brain sections appeared on the slides. Created using BioRender. 

 

4.2.7.2 Immunofluorescence (IF) staining 

At least 5 mice from each of the treatment groups were assessed, with 2 slides per brain 

undergoing immunofluroescence (IF) staining, imaging and analysis (1 slide with sections from 

óarea 1ô and 1 slide from óarea 2ô, see Figure 4.5). Slides were first incubated at 60̄C in an 

oven for 20 minutes before being dewaxed with xylene (3x 2 minutes), rehydrated with 100% 

ethanol (3x 2 minutes), and washed with distilled water (dH2O). Antigen retrieval was 

performed with a DAKO PT Link in 1x DAKO Target Retrieval (low pH) Solution (DAKO 

#S1699) at 98̄C for 30 minutes. Slides were then washed in 1x DAKO EnVision Flex Wash 

Buffer (DAKO #K8000) for 5 minutes at room temperature. 

 

The IF stains were performed using a DAKO Autostainer Link48. All following steps were 

performed at room temperature. Real Peroxidase Blocking Solution (DAKO #S2023) was 

applied to all slides for 10 minutes, then slides were washed with the above-mentioned wash 

buffer for 5 minutes. Next a mouse-on-mouse block was applied to block any endogenous 

mouse immunoglobulins binding to the mouse tissue section (AffiniPure Fab Fragment Goat 

Anti-Mouse IgG (H+L), Jackson ImmunoResearch Labs #115-007-003). This was used at a 

concentration of 200mg/ml diluted in DAKO Serum Free Protein Block (DAKO #X0909), for 

1 hour, to block non-specific binding. Then slides were washed in wash buffer (2x 5 minutes). 

Diluted primary antibodies were added to slides and incubated for 1 hour (see Table 4.3 for 

antibody details and dilutions), antibodies were diluted in Antibody Diluent (DAKO #S0809). 

Next slides were washed in wash buffer (2x 5 minutes). Diluted secondary antibodies were 
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then added (see Table 4.3) for 1 hour and slides were again washed (2x 5 minutes). A DAPI 

counterstain was added to stain for nuclei (Sigma #10236276001) and incubated for 15 

minutes, then slides were washed (1x 5 minutes). Slides were next washed in dH2O for 5 

minutes. 0.3% Sudan black B in 70% ethanol was applied for 30 seconds to quench 

autofluorescence and then slides were washed in dH2O for 5 minutes. Lastly, slides were 

mounted with Prolong Gold Anti-Fade Mountant (ThermoFisher Scientific #36934) and cover 

slipped. Control slides were also prepared that included each single primary antibody stain and 

a slide that had no primary antibodies added, only secondary antibodies. 

 

Table 4.3. Details of primary and secondary antibodies used in immunofluorescence staining. 

Antibody details Target Dilution  Supplier and 

catalogue number 

Primaries 

Purified mouse anti-beta-

amyloid (1-16) clone 6E10, 

monoclonal antibody 

Amyloid beta (Ab) 1:1000 BioLegend  

#803001 

Goat polyclonal anti-Iba1 

antibody 

Microglia cells 1:500 Abcam 

#ab5076 

Secondaries 

Donkey anti-mouse IgG 

(H+L) highly cross-adsorbed 

secondary antibody, Alexa 

FluorÓ 488 

Mouse IgG (amyloid 

beta antibody) 

1:500 Invitrogen  

#A-21202 

Donkey anti-goat IgG (H+L) 

cross-adsorbed secondary 

antibody, Alexa FluorÓ 647 

Goat IgG 

(Microglial 

antibody) 

1:500 Invitrogen  

#A-21447 

 

4.2.7.3 Imaging and analysis 

IF stained sections were imaged using the Olympus VS200 Slide Scanner at MHP. All images 

were captured at 20x magnification with the same exposure time settings for each of the 

fluorescent channels. Sections from all littermate cohorts were stained and imaged 

simultaneously to minimise variations in staining intensity and camera setting were consistent 

between the different images.  
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Images were analysed using ImageJ software (FIJI version 1.54t). Two slides per mouse brain 

were stained and imaged (one from area 1 and one from area 2 (Figure 4.5), and from each 

slide one section was selected to be analysed based on section quality. Firstly, the images were 

split into the different fluorescent channels and the resolution of the Ab (green) channel was 

changed to be 256x less pixelated, this allowed for plaques to be less defined and therefore 

measured as one spot rather than many small spots. The microglia (pink) and tPA (red) channels 

were also changed to be 16x less pixelated. The brightness for all images and channels was 

manually set to 0-10,000, this ensured no automatic brightness adjustments would affect the 

intensity of the signals. Next, regions of interest (ROIs) were created by manually outlining the 

following areas: whole brain, olfactory bulb, cortex, front cortex, back cortex and hippocampus 

(Figure 4.6). ROIs were made using the DAPI (blue) channel so as to avoid any biasing of 

ROI placement due to plaque locations. Once ROIs were created then the area of each ROI was 

recorded and then the images was converted into binary by setting a threshold (5000-max for 

Ab, 4000-max for microglia and 3500-max for tPA), this was so that only ópositiveô signal was 

displayed). Then the positive spots were measured using the óanalyse particlesô function to 

count all the positively stained areas. Particle size was also taken into account and any particles 

that were considered too small to be a positive plaque or microglial cell were excluded, 

similarly any particles considered too large were excluded (i.e., for Ab plaque particle sizes 

included were 4-600, for microglia 3-500 and for tPA 0-10000). The ófill holesô function was 

also applied as it was assumed any holes in the plaques or cells were still considered positive.  
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Figure 4.6. Example of regions of interest (ROIs) for sagittal brain sections. ROIs are: whole brain 

(red outline), olfactory bulb (yellow), whole cortex (green), front half of the cortex (white), back half 

of the cortex (blue) and hippocampus (pink). Picture is a sagittal brain section from a 12-month-old AD 

mouse. Scale bar displays 2mm.  

 

From the two brain sections per mouse all parameters were compared to ensure there were no 

differences in staining between areas 1 and 2 (data not shown). From there all parameters were 

averaged between the two sections and therefore one data point per mouse per parameter was 

used. The parameters of interest for amyloid plaques and microglia were counts (standardised 

by dividing the total area in pixels of the ROI), the average size of the particles (in pixels) and 

the percentage area of the positive stain within the ROI. For tPA, it was considered as an overall 

expression and not a count of positively expressing cells, the mean intensity of the signal and 

the percentage area were examined. 

 

4.2.8 Statistical analysis 

All graphs and statistical analysis were generated using GraphPad Prism version 9.5.1. Bar 

graphs are represented as mean+/- standard error or the mean (SEM). For comparisons between 

two independent groups (e.g., AD+IN-vehc and AD+IN-tPA groups in 12-month-old mice Ab 

plaque analysis), an unpaired t-test was performed to determine statistical significance. For 

comparisons between more than two independent groups with one independent variable, a one-

way analysis of variance (ANOVA) was used, with Tukeyôs multiple comparisons to determine 

post-hoc significance (e.g., Ab plaque analysis between AD mice treated with IN-vehc, IN-
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tPA and IN-TNK). For comparisons between more than two independent groups with two 

independent variables, a two-way ANOVA with Tukeyôs multiple comparisons post-hoc tests 

were used. For comparisons between more than two independent groups with three independent 

variables (e.g., animal weights over time in WT and AD mice with different treatments), a 

three-way ANOVA was performed. Significance is shown by *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 

 

Since there are two main variables were being compared in this study (genotype and treatment), 

the two-way ANOVA results give indications for whether there were effects cause by either of 

the variables. The way this  is displayed on all graphs is demonstrated with some example data 

in Figure 4.7.When there is a significant result due to the AD genotype (ANOVA column 

effect, comparing all the WT groups against the AD groups), this will be termed an óAD 

genotype effectô and displayed as the pink bars of significance from Figure 4.7, grouping the 

óWT genotypesô and óAD genotypesô separately. When there was an overall significance due 

to the intranasal treatment (ANOVA row effect), this will be termed a ótreatment effectô and 

displayed like the orange bars of significance using # instead of *. When there was any post-

hoc significance between any groups it will be displayed like the green bar of significance 

shown below. P values of the post-hoc tests were not included. 
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Figure 4.7. Example data used to display how the results of a two-way ANOVA will be shown on 

most graphs in the results section. Pink significance bars indicate an óAD genotype effectô, orange 

bars with # symbols indicate a ótreatment effectô and green bars indicate post-hoc significance between 

two individual groups. These results will be based on the two-way ANOVA column and row effect p 

values. 

 

4.3 Results 

4.3.1 Long-term intranasal drug delivery treatment in wild -type mice pilot 

The first experiment conducted in this chapter was to apply the intranasal drug treatment from 

the previous chapter (Chapter 3) as a long-term treatment. A pilot was conducted in wild-type 

mice, where they were treated with either IN-vehicle or IN-tPA (100mg protein) three times a 

week for eight weeks as a means of assessing safety and feasibility. Mice were weighed weekly 

and at the beginning, middle and end of the treatment period mice were tested on the parallel 

rod floor (PRF) apparatus to assess their activity and motor function. Figure 4.8 below displays 

the weights of the mice over time. There was no significant difference in weights between the 

two treatment groups over time (two-way ANOVA, p=0.2475). There did appear to be more 

variability in mouse weights in IN-tPA wild-type animals. 
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Figure 4.8. Wild -type mouse weights over the long-term intranasal treatment period for pilot 

study. 2-3-month-old male C57BL/6 mice received a course of intranasal vehicle (0.4M HEPES; IN-

vehc) or intranasal tissue-type plasminogen activator (IN-tPA) and weights were recorded weekly. 

Two-way ANOVA (n=4). 

 

The results of the PRF test demonstrated that there was no change in the activity or motor 

function of the mice due to the IN-tPA when compared to IN-vehicle treated mice (Figure 4.9) 

(t-test showed p>0.05 for all parameters and timepoints measured here). However there did 

appear to be an overall decrease in activity when observing the fold change compared to 

baseline activity in the distance travelled, maximum speed and time mobile parameters (Figure 

4.9A, B, C, D, E, F). Also, the motor function measured by the foot slips per metre travelled 

was slightly increased relative to baseline (Figure 4.9G, H). This did not appear to be due to 

the specific treatment.  
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Figure 4.9. Parallel rod floor results of the intranasal pilot study in WT mice. WT mice received 

either intranasal vehicle (IN-vehc) or IN-tPA. The results are displayed as a fold change, relative to the 

initial baseline reading acquired prior to the beginning of the intranasal treatment. All left -hand panels 

display the fold change results at the midpoint of the treatment period and all right-hand panels are 

results from the endpoint of the treatment. A) and B) show the distance travelled, C) and D) the time 

spent moving or time mobile, E) and F) the maximum speed of the mice, G) and H) the foot slips per 

metre travelled in the test. Analysed by t-tests (n=4). 

 

4.3.2 Animal weights of 6- and 12-month-old APP/PS1 treated mice 

When the intranasal drug delivery to anaesthetised mice was applied to the APP/PS1 mice, 

there was an increased mortality of the animals. This mortality and reduction in animals 

weights, in combination with the trend of decreased activity and increased motor deficits of the 

pilot WT mice lead us to re-assess this method. A new method was developed to administer 

intranasal drugs in awake mice (see section 4.2.4.2 of the methods). The same dosing and 

frequency of the drug administration was applied; however, no anaesthetics were used which 

improved the outcome of the mice. This new method was applied to all the 6- and 12-month 

intranasal experiments in AD mice that are shown in all the preceding results.  

 

When examining the weights of the mice over the treatment period, there was no significant 

difference between the treatment groups over time in either the 6-month mice (mixed effects 

ANOVA p=0.7383), or the 12-month mice (p=0.9458) (Figure 4.10). This indicates that the 

specific treatment or genotype did not influence body weight over the course of the treatment.  

There was a dramatic decrease in weight in the first 2-3 weeks of handling in all groups, most 

likely due to stress as these mice had had minimal handling before the beginning of the 

experiments.  
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Figure 4.10. WT and AD mouse weights recorded over the intranasal (IN)  treatment period. 

Treatment period is from Week 3 ï Week 10 represented by yellow section. A) WT and AD mice were 

treated with either IN-vehicle (vehc) control, IN-tissue-type plasminogen activator (tPA) or IN-

Tenecteplase (TNK) before the experimental endpoint of 6 months (n=9-15). B) WT and AD mice 

treated with either IN-vehc or IN-tPA at 12 months of age (n=7-13). Weeks 1-2 are where the mice 

underwent acclimation to handling, weeks 11-12 mice underwent behavioural testing. No significant 

differences in weight between the treatment groups by mixed effects ANOVA.  
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4.3.3 Behavioural results 

4.3.3.1 Parallel Rod floor (PRF) 

The parallel rod floor (PRF) test was performed to measure the activity and motor function of 

WT and AD mice treated with intranasal vehicle, tPA or TNK. All mice were tested at baseline 

before the intranasal treatment began, halfway through the treatments and after the final drug 

treatment. Results are displayed as a fold change comparison to the baseline reading for all 

parameters. The 6-month-old experimental mice are shown first in Figure 4.11. There was 

found to be a genotype effect from the two-way ANOVA results at the midpoint of treatment 

in the following parameters: distance travelled (p=0.0046) (Figure 4.11A), time mobile 

(p=0.009) (Figure 4.11C) and maximum speed (p=0.0082) (Figure 4.11E). Between groups 

these results did not reach post-hoc significance. This AD genotype effect was not observed at 

the endpoint of the treatment (Figures 4.11B, D, F). There was no change in motor function 

as assessed by foot slips per metre travelled in the PRF test between groups (Figure 4.11G, H) 

as well. Importantly, there was no effect of treatments on any groups or parameters shown here 

(two-way ANOVA, p>0.05 for all tests). 
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Figure 4.11. Parallel rod floor results of the 6mo WT and AD mice treated with intranasal vehicle, 

tPA or TNK. All left -hand panels display the results at the midpoint of the treatment period and all 

right-hand panels are results from the endpoint of the treatment. A) and B) show the distance travelled, 

C) and D) the time spent moving or time mobile, E) and F) the maximum speed of the mice, G) and H) 

the foot slips per metre travelled in the test. The results are displayed as a fold change, relative to the 

initial baseline reading acquired prior to the beginning of the intranasal treatment. WT and AD mice 

received either intranasal vehicle (IN-vehc; blue bars), IN-tPA (red bars) or IN-TNK (green bars). Two-

way ANOVA, **p<0.01 indicates a significant different due to the AD genotype (n=9-15). 

 

Figure 4.12 shows the PRF results for the 12-month-old experimental mice treated with either 

IN-vehc or IN-tPA for 8 weeks. These mice did not have any significant changes due to 

genotype or treatment when looking at the different parameters of the PRF test at the midpoint 

or endpoint of the treatment (two-way ANOVA, p>0.05 for all tests).  
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Figure 4.12. Parallel rod floor results of the 12mo WT and AD mice treated with intranasal vehicle 

or tPA. All left -hand panels display the results at the midpoint of the treatment period and all right-

hand panels are results from the endpoint of the treatment. A) and B) show the distance travelled, C) 

and D) the time spent moving or time mobile, E) and F) the maximum speed of the mice, G) and H) 

the foot slips per metre travelled in the test. The results are displayed as a fold change, relative to the 

initial baseline reading acquired prior to the beginning of the intranasal treatment. WT and AD mice 

received either intranasal vehicle (IN-vehc; blue bars) or IN-tPA (red bars). Assessed by two-way 

ANOVA (n=7-13). 

 

4.3.3.2 Y-maze 

The Y-maze was used as a test of spatial memory. The results are displayed as the number of 

entries or duration spent in the novel arm of the maze relative to the familiar arm. In the 6-

month-old mice (Figure 4.13) there was an increase in the time spent in the novel arm in the 

AD mice compared to WT mice (two-way ANOVA p=0.0315, no post-hoc significance) 

(Figure 4.13B), suggesting that the AD mice prefer the novel arm. There was no treatment 

effect in either outcome (two-way ANOVA, p>0.05).  

 

 

Figure 4.13. Y-maze results of the 6mo cohort of WT and AD mice treated with intranasal drugs. 

A) shows the number of entries into the novel arm relative to the entries into the familiar arm of the 

maze. B) is the duration of time spent in the novel relative to familiar. Mice were treated with either 

IN-vehc (blue), IN-tPA (red) or IN-TNK (green). Two-way ANOVA *p<0.05; (n=9-15). 

 

There were no significant changes in the spatial memory of the 12-month-old intranasal cohort 

(two-way ANOVA p>0.05) (Figure 4.14). 
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Figure 4.14. Y-maze results of the 12mo cohort of APP/PS1 mice. Panel A) shows the number of 

entries into the novel arm relative to the entries into the familiar arm of the maze. B) is the duration of 

time spent in the novel relative to familiar. Mice were treated with either IN-vehc (blue) or IN-tPA 

(red). Two-way ANOVA (n=7-13). 

 

4.3.3.3 Morris Water Maze 

Morris water maze (MWM) was another test of learning and spatial memory. This test was 

only performed in the 12-month-old intranasal experiment. Figure 4.15 shows the results of 

the MWM test. During the days of training (Figure 4.15A) the AD groups of mice were 

significantly slower to find the target platform than WT groups (two-way ANOVA p=0.0127), 

this did not show post-hoc significance between individual groups. There were no changes in 

the time spent in target quadrant on the final day of the test where the platform is removed from 

the water maze (two-way ANOVA p>0.05) (Figure 4.15B). There was no effect due to 

intranasal tPA treatment in either parameter of the MWM test. 
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Figure 4.15. Morris Water Maze results of the 12-month-old WT and AD mice treated with 

different intranasal drugs. A) shows the time it took the mice to find the target platform in the maze 

over the 5 days of training (excluding day 1). B) shows the time spent in the target quadrant on day 7 

of the test when the platform is removed. Two-way ANOVA, *p<0.05 (n=7-13). 
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4.3.4 Histological results 

Immunofluorescence (IF) was used to analyse the brain pathologies of all the intranasally 

treated mice. Sagittal brain sections were stained using antibodies specific for amyloid beta 

(Ab) and microglia. Figure 4.16 shows representative images of mice from the 6-month-old 

intranasal experiment. It can be observed that there are no Ab plaques in WT brains (Figure 

4.16A, B, C) and distinct plaques in the AD mice (Figure 4.16D, E, F), mainly focused in the 

cortex and hippocampal regions of the brain. There is positive staining for microglial cells in 

all the WT and AD groups, with clear clustering of microglia with Ab plaques in the AD mice. 
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Figure 4.16. Representative images of the 6-month-old WT and AD mouse brains stained for 

amyloid beta and microglia. Each panel is a representative brain sample from each of the six different 

genotype/treatment groups in the 6mo experiment. A) displays a WT mouse brain treated with intranasal 

vehicle (IN-vehc), B) WT treated with IN tissue-type plasminogen activator (IN-tPA), C) WT treated 

with IN Tenecteplase (IN-TNK) D) APP/PS1 (AD) treated with IN-vehc, E) AD treated with IN-tPA 

and F) AD treated with IN-TNK. Each brain image is split into the 3 different fluorescent channels and 

a composite image (shown on the left-hand sides) with the top image being the DAPI (blue) nuclei stain, 

second being Alexa488 (green) amyloid beta stain, third being Alexa647 (pink) microglial stain and 

fourth the composite overlay of all fluorescent channels. The right-hand images of each panel show a 

20x zoom of a site where plaques are located in the cortex. Scale bars show 2mm for the left-hand whole 

brain images and 0.1mm for the 20x zoom on the right-hand sides of each panel. The yellow box on the 

whole brain displays the 20x zoom location. 

 

Figure 4.17 shows the IF staining results for the 12-month-old experimental mice treated with 

either IN-vehicle or IN-tPA. It can be clearly observed that there is an abundance of Ab plaques 

in the 12-month-old AD mice (Figure 4.17C and D) compared to the WT animals (Figure 

4.17A and B) at the same age. Similar to the 6-month-old mice there is clustering of microglia 

around the plaques. 
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Figure 4.17. Representative images of the 12-month-old WT and AD mouse brains treated with 

IN-vehicle or IN -tPA. Each panel is a representative brain sample from each of the four different 

genotype/treatment groups with A) being a WT mouse brain that was treated with IN-vehc, B) WT 

treated with IN-tPA, C) AD given IN-vehc and D) AD given IN-tPA. Each brain image is split into the 

3 different fluorescent channels and a composite image (shown on the left-hand sides) with the top 

image being the DAPI (blue) nuclei stain, second being Alexa488 (green) amyloid beta stain, third 

being Alexa647 (pink) microglial stain and fourth the composite overlay of all channels. The right-hand 

images show a 20x zoom of a site where plaques are located in the cortex. Scale bars show 2mm for the 

left-hand whole brain images and 0.1mm for the 20x zoom on the right-hand sides of each panel. The 

yellow box on the whole brain displays the 20x zoom location. 

 

4.3.4.1 Amyloid beta (Ab) plaque load 

The Ab plaque staining was assessed for all animals, and the results from the AD mice are 

displayed here. No WT animals had any plaques in their brains and therefore are not displayed 

here. Different regions of interest (ROIs) in the brain were created in each sample and the 

number of plaques within each ROI was divided by the total area of that ROI to give a 

standardised plaques/area, that would take into account any different sized or damaged regions. 

Figure 4.18 shows the number of plaques in the 6-month-old intranasally treated AD mice. 

There were no significant differences between treatment groups (one-way ANOVA, p>0.05 

for all ROIs). 
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Figure 4.18. Amyloid beta plaque counts in 6-month-old AD mice treated with intranasal vehicle, 

tPA or TNK . The number of plaques were divided by the total area (in pixels) of each region of interest. 

The regions examined were A) the whole brain, B) olfactory bulb, C) hippocampus, D) whole cortex, 

E) front half of the cortex and F) back half of the cortex. One-way ANOVA (n=12-15). 
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The average size of the plaques was also analysed in these 6-month-old treated animals (Figure 

4.19), and similarly there was no difference between treatments amongst the 6mo mice (one-

way ANOVA, p>0.05 for all ROIs). The size of the plaques is displayed in number of pixels. 
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Figure 4.19. Average size of amyloid beta plaques in 6-month-old AD mice treated with IN-vehicle 

or IN -tPA or IN -TNK. Size of plaques shown as average number of pixels in the A) whole brain, B) 

olfactory bulb, C) hippocampus, D) cortex, E) front cortex and F) back cortex. One-way ANOVA 

(n=12-15). 
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The percentage area of plaques within each ROI was also analysed. This takes into account the 

overall number and size of all plaques within the regions. There were no significant differences 

in any of the ROIs of the percentage area of the plaques, as shown in Figure 4.20 (one-way 

ANOVA, p>0.05 for all ROIs).  
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Figure 4.20. Percentage area of plaques in brain regions of interest of 6-month-old AD mice 

treated with IN-vehicle or IN-tPA or IN -TNK. Percentage area of amyloid beta plaques in the A) 

whole brain, B) olfactory bulb, C) hippocampus, D) cortex, E) front cortex and F) back cortex. One-

way ANOVA (n=12-15). 

 



Chapter 4: Using intranasal drug delivery to assess therapeutic effects of tPA and TNK in a 

mouse model of AD 

 112 

Next, these same parameters and ROIs were assessed in the 12-month-old cohort of AD mice 

treated with IN-vehicle or IN-tPA (Figure 4.21). Surprisingly, there was a significant increase 

in the number of plaques per area following IN-tPA treatment in the cortex (t-test, p=0.0416) 

and more specifically the front half of the cortex (t-test, p=0.0275) (Figure 4.21D, E). There 

was trending increase in the other ROIs as well.  
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Figure 4.21. Number of plaques in 12-month-old AD mice treated with IN-vehicle or IN-tPA. 

Plaque counts normalised to the area in different regions of interest in the brain. A) Shows results in the 

whole brain, B) olfactory bulb, C) hippocampus, D) whole cortex, E) front cortex and F) back cortex. 

Unpaired t-tests *p<0.05, (n=7-9).  

 












































































































































































































































