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Chapter 1: Thesis summary

Al zhei mer 6 s ddcomneoa searodégarierptivel dssease and one of the hallmark
pathologies is the amyloid betalfAplaques that accumulate in the brain, causing neuronal
damage. Tissugy/pe plasminogen activat@iPA) 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 degradk A the same manneiThis important
interactionled us to become interested in the involvement of the plasminogen activation (PA)
system in the onset and progression of, ADthe hopes that increased levels of tPA and
plasmin could lead to reduction inbAlaques and improve outcomé&n animal model that
expresses mutated pemns 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\ model of intranasalN) drug delivery of tPA, and a tPA variant,
Tenecteplase (TNK), was developed to administer these proteases to theAbsanond
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 drugrgieliv

or genetic overexpression would result nmore Ab degradation and therefore improve

behavioural and pathological outcomes in AD mice.

The main aims of this thesmere tocharacterise the temporal and local distribution pattern of
intranasally administered tPA and TNK, assess the impact thatdamgntranasal delivery of
tPA or TNK could have on the AD outcomes, and to overexpress tPA neuronally in AD mice

and again obsee 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 proieatesentral
nervous systemgNS), then more specifically an-depthinvestigation intgublications 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 pusly been proposefibr use in

treating neurodegenerative disorders.

Chapter 3is the first results chapter of this thesis and is focused on the intranasal drug delivery
method. Intranasal tPA (H¥PA) has been used by other groups in different disease models,

but it has not been characterised in detail as to the biodistributibit®fA. We also applied



Chapter 1: Thesis summary

IN-TNK in the same way to assess its feasibility since TNK has resistance to endogenous
inhibitors and therefore aextendedhalf-life compared to tPAIN-tPA and INTNK was

treated as a single dose in tPA deficient or sgide animals, and theanimals 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 proteadésvas deternmed that both INPA and INTNK

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-TINK was not as proteolytically effective in these
assays. Both drugs were remagipresent for up to 3 hours paiministration. 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 l#gn ina mouse model of

AD. AD miceweretreated three times a week for eight weeks and then assessed by behavioural
outcomes and brainlApathology. Mice were assessed at either 6 or 12 months of age, with
treatment being conductéal two months prior to thexperimentaéndpointlt was found that

at 6 months of age, lorAgrm treatments of INPA 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 remaimdean.

Chapter 5 measurd the same kind obehavioural and pathologicalitcomes as Chapter 4,

but in mice thatvere overexpressing tPA instead of being treated pharmacologically. The AD
mice were crossed to mice that overexpressgpécificallyin their neurons. This generated
cross was termed the AD4 mouse colonyThe AD-T4 miceand 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 fafflsom AD pathologies.

There were no significant changes to the plagues 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 pathogenesi§he Appendix is brought into the discussion here as well, as

a preliminary study was conducted to determinedfascumulation postraumatic brain injury

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

potential future directions of the work performestéand the overall conclusions
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Overall,it was found that increasing the tPA levels in the hraynintranasal drug delivery or
genetic overexpressiodjd not have an impact of AD pathology the Bmonth timepoints,

and no behavioural deficits were found due to the model not being severe enough at the
observed timepoints. However, in th2-monthIN-tPA treated mice there was an increase in

the plague number and size indicating that the original hypothesis could be wrong, and more
research needs to be conducted to understand the complextiotes of the PA system in AD

development.
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Chapter2: Literature review

2.1 Introduction

Al zhei mer 6s Di sease ( Adniton tisat affects aouncddnillisn ne ur o |

people worldwidé There are many debates surrounding the causative mechanisms of AD, but
one of the key pathologies associated with the disorder iacttumulation of amyloid beta

(Ab) peptidé. Ab is a soluble peptide that is cleaved from its parent protein, amyloid precursor
protein (APP). From there, solublebAcan aggregate and form toxic oligomers and fibrils
leading to the eventual generation of amyloid plaques in the brains of AD pafiérdse are

many enzyratic and phagocytic processes that can break down and remmveush as
neprilysin and microglidbeing two of the main ongsAnother 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 thipathway, involving serine proteases, can also directly break down
Ab®. An essential enzyme in the PA system is the ti$goe plasminogen activator (tPA). tPA
activates plasminogen to create plasmin, a potent serine protease capable of cleaving fibrin as
well as several different misfolded protéin€ommon taall 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., fibrib) Aesulting in the generation of
plasmin in a highly targeted manhdt has been showim vitro andin vivo that plasmin can
directly cleave A and that A can activate the PA system in the same lysi@gendent manner

that fibrin doe$. Interestingly the levels of tPA and plasmin are decreased in the brain of AD
patients, while the main inhibitor of this systgotasminogen activator inhibitek (PAI-1), is
increased This further suggests that the PA system may pla inportant role in the

pathogenesis of AD.

Onepotentialmethod of targeting the PA system in brain would be to administer tPA or other
proteases via intranas@N) drug delivery. This administration technique has been proposed
as ameans to get drugs into the central nervous system (CNS) whifsidsyng the blood
brain barrier (BBBJ. This method has been tested in models of AD and Hreralso some
clinical trials taking place that are observing the effects of intranasally delivered drugs in AD

patiens, such as intranasal insulin
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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 propabes intranasal drug delivery could aeovel

approach to treat AD by harnessing this system.

22A1 zhei mer 6s Disease (AD)
2.2.1Background 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 wit H. ADdsetmeimost coshraom domt deméntia,and it is
estimated thapver 55 million people worldwide suffer frorthis debilitating disordés. It is
predicted that thesnumbers will increase significantly due to extended life expectancies and
better diagnostic capabilities, with estimations @6 finillion people suffering from the disease

by 20532 AD is themost commortause for disability later in life, costing the nation billions

in health care, longerm care and hospice services. It b been found to be the second

leading cause of death in Australia

2.2.2 Diagnosis and treatments

The main symptom of AD is memory lossydother symptoms inclielanguage, personality,
visual,executiveand depressive differences that may be observed in patietslate stage

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

and ability to think logically. Diagnosis of AD is generallachieved by mental status
examinations t hat assess t he p a tBloednand s me
cerebrospinal fluid (CSFyan be testedor biomarkersof the diseasend brain imaging

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

and computerised tomography (GBn also be used in conjunction with other testing

There is currently nécured 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 BBB. 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 irf levels o

the neurotransmitter acetylcholiieThere is a lot of research into this field and many clinical



Chapter2: Literature review

trials areestablished every yetw evaluatenew potential therapeutits However, there is a
lot of debate around why most clinical trials for new treatments ohafailed in the past

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

Oneinteresting newrreatment for AD ismonoclonal antibodies that specifically targds, A
including lecaemaly donanemaland aducanumald?l. These act by binding directly tobA
aggregates andre said to alter the course of the disease but not reverse the effects of the
symptom3’2°, 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 pfcéliwere was also reduced
markers of amyloid in these patients indicating thabuld behaving a direct effect oAb
levelsin the brain.These promising results were also associated with slightly higher chances
of adverseevents, but longer trials of this drage warranted and will hopefully yield more
promising resultsDonanematsimilarly 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 treatme#fit

These antibod/ therapieshave challenged the doubts about the amyloid hypoth@s@e on

this insection 2.2.%. The high prevalence and severity of tisease highlights the need for

early detection, identification of reliable biomarkers to assist in the diagnosis and development
of new treatment option3hese new findings that directly targeting & 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) @an be hereditary, with both genetic and
environmental factors potentially contributing to the developntantironmentabndlifestyle
factors that are likely to increase the risk of acquiring AD include: diabetes, obesity, physical
and mental inactivity, depression, smoking, traumatic brain injury antf-#i&t There are

also a number of genetic risk factors associated with AD, with the most dominant being
Apolipoprotein E ApoB), specifically allele e%?8, Individuals with twoApoEe4 alleles have

a 5660% increase in risk of developing ADOther 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 (BR%13 A mutation in the tumour necrosis factor
alpha (TNFa) gene has alsbeenassociated with early onset AD, which implicates the role

of inflammation in the disordé:

Traumatic brain injury (TBI) is a major known risk factor of ZDThere are many studies that
have looked into the lontgrm effects of multiple head concussion especially that occur in
sports such as boxing and footB&if23. It has been shown thabAaccumulates rapidly after

a TBP?343% and that TBI can have long term effects on the immune systghich could
exacerbate the disedeTBIl has also been linked with cerebral amyloid angiopathy
(CAA)349 which is a condition associated with AD whemyloid proteinsdepositin the
blood vessels of the brain and can leanhirohaemorrhagés Recent studies have also found

an association poseursurgery with development of CAA,

2.24 Mechanisms of pathogenesis

AD is a complex disease with many pathologies. Neurodegeneration, neuronal loss, loss of
synapses, neuroinflammatioBAA and oxidative stress are some that have been frequently
observed especially in severe cad$ebhe primary neuropathological hallmarks of AD are the
extracellular amyloid plagues cadsby the accumulation of misfoldedbApeptides and
intracellular neurofibrillary tangles (NFTs) caused by hyperphosphorylation of tau in the
brairf®. Tau is normally involved in the stabilisation of microtubules and when it become
hyperphosphorylated, it dissociates from the microtubules, resulting in microtubule
destabilisation and loss of function, and this results in the formation of intracellular neurotoxic
NFTs*%50, NFTs cause neuronal cell deathieglucingt h e  abdity to sassemble stable

microtubules which disrupts axonal transport and signélitig

2.2.4.1 Amyloid precursor protein (APP) processing

Abis derived from a larger membrane protein called A has been studied in great detail
and has been found to be largely expedssn neurons and glial cetf but has also been
discoverecdn peripheral cells not found in the CNS such as platékatsl monocyte$>% The
physiological function of APP remains largely unknown, howeverhiothesisedhat it is

involved in neuronal growth, survival and neurite path finefifi¢

1C
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APP is cleaved by differesiecretases at different points along its struéfufidhe three main
secretases that are cap ab-lbba dsedetacsdhencléanvedq AP P
by t-dearetass, it is considered to be processed in theamgloidogenic pathway, and

when cleaved by thé-secretase it is the pathogenic or amyloidogenic pattfway The 9
secretases are PS1 and PS2, which are-locat e

si te abfptoeessingf) Themmyloidogenic pathway resultslie synthesis of B

2.2.4.2 Amyloid beta (4A)

Ab was first discovered in 1984 by Glenner and Wamigerethey purified A peptide from
the meningovascular fibrils found in patients who had died front°AD 1985, A was
isolated from amyloid plaque cof@sA lot of work was conducted in the 1980s that

characterised AB and Ab®? and the amyloid hypothesis was first described in the early
199083,

APP processing in the amyloidogenic pathway results in either a 40 or 42 amino acid (aa)
peptide, referred to asbd0 or Ab42 respectively. There are other forms tftAat are created

from APP processing as well (ranging from&&a), though these two have been shown to
accumulate the most with AD ondeAb40is thought to be slightly less pathogenic arm#2

is more likely to aggregate and form plaguesh40 is linked with causing vascular damage
leading to CAA, a condition that occurs in around 90% of AD patients or can occur
independentl§#7°. It has beemypothesied that the ratio of B40 to Ab42 is important in the

balance of the disease and many publications use this as a measure of diseas@ Severity

Ab monomers have the intrinsic property to form aggregates wdrieltructurel like b-
pleated sheetsAb oligomers are soluble and have more recently been found to potentially be
the most toxic form of A and more indicative of the disease severity thamdaublefibrillar

Ab that forms plaqué8?’’. Oligomers cause toxicity by binding to some cell surface receptors,
disrupting their function and signalling, such as themdthytD-aspartate (NMDA) recept6r

and nerve growth factor recepftyrleading to cell deatiNot only does A accumulate and
cause damage extracellularly, there is also an abundance of evidende ¢chatdkoss the cell

membrane and accumulate intracellulgtHy.

11
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Ab fibrils are insoluble andre what create the extracellular plaques in the brain. There are two
types of plaques that A is found in, diffuse and neuritiDiffuse plagues are sometimes
considered pramyloid plaques and neuritic (also called senile plagues) are much more
detrimental to the braf?’ 8¢

2.2.4.3 Inflammation

Neuroinflammation in recent years seems to be the focus of most AD research and has been
widely reviewed”®. 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 obAy phagocytos3 but in later stages, chronic microglia

activation can be detrimental, promoting synaptic dafidge

2.25 Clearance of amyloid beta (4)

Ab peptides can be broken down by several different enzymes, including neprilysin,-insulin
degrading enzymeendothelinconverting enzymesangiotensirconverting enzyrm, matrix
metalloproteases and plasm@mongst othef96%8, Plasmin can degrade monorigeand
fibrillar forms of Ab®71%0 DegradedAb canbe cleared by cells such as microgliajyascular
macrophages and astrocyfed here is also involvement of the BBB and glymphatic system
in degradedAb removat’1° Because some of the enzymes responsible for cleatingré\
reduced with age, this translates to a decreaspddtaof Ab degradation in elderly AD
patientstherebyleadng to increased deposition in the brain ahd cerebrovascular system.
The fact that there atbeseredundant processes present in the brain to degrageptides

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

levels.

2.26 Amyloid hypothesis

There are several hypotheses concerning the interaction® ahd tau protein in causing
neurodegeneration. The amyloid hypothesis is the mostkweWn and suggests thab is

the primary cause of the disease and this imgaatand other pathologietownstream of A
eventdt45102.103 The amyloid hypothesis has been altered diree; this is due to more
understanding of theApeptide coming to light. It was first thought that the amyloid plaques

simply caused the disease, then it was presumed to be due to incred2ecbAcentrations

12
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being present and driving the disease insteadodOANext was a focus on théA2 to Ab40
ratio where it was hypothesised that if there is mdséQ¥present, i.e., a lower ratio, then there
is more protection against the more pathogenib42. Now it is considered that possibly

soluble oligomeric forms of Bare causing the most daméaye*

There is much contention surrounding this hypothesis howewerthe pastit has been
guestioned why all treatments targeting amyloid plaguers failing!°®, though new clinical

trials targetingAb are now seen to be have some sucééésdt hasalsobeenhypothesised

that Ab and tau proteins act independently to enhance the other toxic effects in tRé'Bfain

or that tau alone is driving the disease progressioNewer hypotheseabout the disease
mechanisméean towards the toxic solublebfoligomers rather than plaques that can disrupt
synapse function, leading to neuronal d&4tiGenerally, it is believed that the effects of these
amyloid plaques and NFTswhat results in the neurodewgeation 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 intereentitreatment strategies can be

developed®119

Even though therias beenso much controversy aroundofand whether it is or is not the
driving cause of AD progression, the work conducted in this thesis examinaésghadation
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 Alzf@upensource

website with resources for AD informatiompost 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 fdnAlR&'L. 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.

13
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AD models normally involve mutated human transgenes, often APP and PS1 and semetime
genes related to tau as well. The most common promoters used in these models to drive the
transgenes to be expressed in the GM&those of the platelderived growth factorRDGH-

b chain thymocyte differentiation antigeh (Thy-1) and the prion protein(PrP'L 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 thenAlD ani
models aim to overexpress a mutant form of human APP which will lead to an increase of
processing and accumulation ob42. Animal models that knockout the essential genes
associated with AD, have been invaluable in determining the roles these proteins play in the
diseas&? and basic studies have shown that introducing exogenbusstéthe brains of AD

mice causes the mice to be worse!'$ffl>. Some models of AD have observed other co

pathologies such as enlarged spleens and altered cytokinéfevels

An example of one of the first mouse models is Tg257éhis model has been widely used

and characterised over the yes&BP/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 mutatioA'®120. Both transgenes are located together and controlled by thd Thy
promoter. The APP/PS1 model has been shown to develop plaques at a faster rate than the
Tg2576 micé''12t 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 mesiuiott as Thioflavin and

Congo redt. The APP/PS1 mouse model of ARreused for the AD experimentation in this

thesis.

2.3 The Plasminogen Activation{PA) system

2.3.1Peripheral roles

Classical fibrinolysis is defined by the role of the PA system in clot reftéviilhas been

well characterised in this context and the main enzymes include-tigsiand urokinasg/pe
plasminogen activators (tPA and uPA, respectively). tPA and uPA are serine proteases, and
both cleave plasminogen at the same amino acid sites\(@ligto create plasmif?123
Plasmin, also a serine protease, is the effector enzyme responsithle dleavageof cross

linked fibrin, which is one of the major components of blood &étsPA acts preferentially

when plasminogen is bound to the lysine residues on-tnkesl fibrin and uses fibrin as a

14
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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 endotltell, not just at the site of the

clot!?3,

Plasminogen activation can be inhibited by plasminogen activator inhibitors 1 and-2 (PAI
and PAI2) that inhibit tPA and uPAand plasmin can also be directly inhibited &9-
antiplasmin anda2-macroglobulid??>. Neuroserpin is an endogenous inhibitor of tPA
specifically in the braid?% There are also clinically available plasmin inhibitors such as
tranexamic acid (TXA) and aprotinin, however aprotinin was discontinued due to side
effectd?>. TXA is a lysine analogue and acts by binding and blocking the lysine resides that
plasminogen requires for activationXA is used to stop excessive bleeding during surgeries
or after a traum@%128, A summary of the interactions of the PA system can be observed in the

schematidelow Figure 2.1).

PAI-1
X TXA

pY /
L
» / Plasmin-
ogen

s Lys
Cross linked fibri e =
ross finked forin x}«k — Antiplasmin
\ 4

Clot lysis

Figure 2.1. The plasminogen activation system pathway to degrade blood clofEssuetype
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. Plasmiisogen
proteolytically activated into plasmin which can cleave the elinked fibrin within the clot leading to

clot lysis, or fibrinolysis. This system can be inhibited by plasminogen activator inHib{feAl-1)

that blocks tPA activity, antiplasmin whiclmbls 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 Actikdeeplase 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 Desptase. TNK has been altered to have a
longer biological haHife'2%13Q 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 whichalters the structure dhe protein and allows for it to bind more specifically to
fibrin13% A four amino acid change in the protease domain results in resistance-fio PAI
inhibition and therefore reduces the clearance of the ptdtelhisis beneficial because tPA

has a plasma halife 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 halife of TNK is around20 minutes and this drug can be delivered as one
intravenous injectiol¥>. TNK is currently undergoing clinical trials for the treatment of

ischaemic stroké® and is already approved for the treatment of myocardial infatétion

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 theroteases 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 activai®iy 132 promotion of wound healirféf

and musculoskeletal rep&dt, malignancy®, cell signalling, neuroplasticity’, BBB
permeability3813%and clearance of misfolded proteifisis review will focus on the roles of

the PA system in AD, in particular clearance df. A

2.34 Central nervous system (CNS) roles

2.34.1 Expression patterns

Researcttonducted in the last 20 yedras shown thaPA, uPA and plasmirplay significant
roles in the CNS'40142 There are specifistudiesthat haveexamined thenRNA and protein
expression levels ahese proteasdn the braid**14°. It has been found thdPA is widely
expressed in the hippocampus, hypothalamus, cerebellum and amgeglate+®*%% and
more specifically,in these regionsPA is expressed by neurons, astrocytes, microglia and
oligodendrocyte cell typé%. ExpressediPA can be found in extracellular spgceeurons

oligodendrocytesand astrocytesespecially during developméfti®31%6  Plasminogen
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expression in the CNS is less than that of tPA and‘tfP#&15%nd not necessarily in the same
locations as plasminogen is generally only detected in extracellular spaisealso important
to note that there is no fibrinogen expressed in the Pasuggesting that the role of tPA, uPA
and plasmin located in the brain is ooty for fibrinolysis.

Both PAL1 and neuroserpin are inhibitors of tPA, and both are expressed in thé43fdin
Neuroserpin preferentially inhibits tPA over uPA and is a reversible inhibition that occurs
mostly in neuron$416164 PAJ-1 inhibits in extracellular spaces and forms an irreversible
complex with tPAS®, It has been determined that tPA is the main activator of plasmin in the
brain, however it remains uncertain whetpkxsmin generatiois the main purpose for tPA in

the CNS.n fact, both tPA and uPA can act in plasrdiependent and independent manners to
affect the function of the CNS.

2.34.2 Neuroprotective effectof tPA and plasmin

Most of the functions that the PA system is involved withthe CNS tend towards a
neuroprotective rol€%1° tPA deficient mice have been important in characterising the effects
of what endogenous tPA normally has in the br&eeds et akeportedthat tPA deficiency
impairs motor learning in mié¢&17% and in other studies these mice have shown decreased
long-term potentiation (LTPJ?>173 These effects were confirmed when experiments were
performed using mice that ovekpress tPA, these mice were shown to have an increased
ability in learning tasks, such as Morris water maze and*{TP has also been shown that

tPA levels in the brain increase during complex motor td$ks

tPA promotes synaptic plasticity, axon growth and neuronal survival and fudétitr S tPA

has been shown w@ither directly or indirectly via plasmin to modulate the functions of different
cell types including astrocytes, neurons, microglia and pericytBsth tPA and uPA are
involved in synaptic signalling, being released from the neurons by cat@pendent
mechanisms and acting as direct modulators of synaptic fub¢tidhl 82 There are a few
noteworthy physiological instances where tPA can act independently from plasminogen
activation in the brain including in microglia activatth mossy fibre outgrowth

stimulatiort®2 and in NmethytD-aspartate (NMDA) receptor signallitg
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Other roles of the PA system in the CNS include but are not limited to; promoting
neurorepai®®, addictiod®s, synaptic plasticit}?®, depressiol¥’, anxiety®® and extracellular

matrix degradation during neuronal developnfntPlasmin has also been shown to be
involved in brainderived neurotrophic factor (BDNF) activatidh The PA system has also

been implicated in conditions such as ischemic stfdkeseizure¥? TBI'°3 and some
neurodegenerative disorders including Apecifically 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 (T#F166.167

2.34.3 Neurotoxic effects

There are some controversies around the roles of tPA in the tuailst the abovesection

listed some of the neuroprotective impacts PA proteases can have, there is also evidence that
tPA can cause neurotoxic effeéfs'6%1%4 |t has been hypothesised that tPA can damage the
BBB and facilitateoedemaand haemorrhage in animal models of acute brain iHjif? 1%

200 tPA can also be toxic to grey matter, but beneficial to white matter following
stroké®6.167.201 Mice overexpressing tPA, aged to 10 weeks, were reported to also have
negative impacts such as nervousness, impaired gait and death of Purkiffje itdlkss also

been shown that tPA deficient mice are resistant to glutamate induced neuronal c&f.death

Itis 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 sectfd®® More specifically though, there is evidence in the
literature that tPA, uPA, PAL and plasmin also play roles in AD pathogert&sfd.2% [t 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 degrdafingy Aontrast, the recognised
potential for tPA to promote neurotoxicity in the CNS, for example by increasing BBB

permeability®® and promoting glutamate mediated excitotoxiéity®32°6 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 Wwildiscussedurther below

2.4.1Altered levels of PA proteins in AD

It has been found that there is altered expression and activity of PA proteins in AD animal
models andn AD patients.Endogenous tPA levels decrease naturally due t&a§éand
importantly it has been shown that there is a further decrease in tPA levels observed in the
brains of AD patients?®® A direct consequence of this is that lower levels of plasmin are
detected in AD as wélt*2%9210 This reduction in tPA levels is most likely due to increased
inhibition as there is an increase in both neuroserpin andlR&pression in AD?07:208.21215

This increase in PAL is also observed in the serum levels and correlates with the cognitive
decline in these AD patiertd. Surprisingly Ab has been shown to increase tPA and uPA
MRNA expressiof?1021¢ furthering the hypothesis that the decreased tPA levels observed is
due to direct inhibitionThese findingsall correlate with increasedbAload indicating that
having lower ability to generate plasmin results in mdoeaécumulating (i.e., less degradation

of the peptide occurring).

Other studies have found no correlation with PA protaims AD pathologies andoncluded

that they would not make appropriate biomarkers for the di¥€a&e?!! 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.

2.4.2Role of PA system in A clearance

Plasmin has been shown to directly degratbeimAvitro8:100.210212.21820 and can reduceA
mediated toxicity to neuronal cell cultuf8%2?! It has also been found that plasmin can
degrade A in vivo, in several animal models of AREP210212.215218.2223 Many misfolded
proteins, including A contain exposed lysinesidue®* which allows plasmin to degrade it

in the same manner as it degrades fibrin within a blood'®k38%2".

Interestingly, A canalsoact to stimulate plasminogen activators in hatkitro andin vivo
setting§222228.222 This is one of the notable features of this system that the very presence of

the target substrate (i.e., fibrin obAinitiates activation of this enzyme casca@entrary to
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this finding, A has also been found to hatree ability to block fibrinolysi&€®23% Fibrin
depositsarefound in close proximity to neuronal damatfend AD patients have decreased
blood flow in the brain due to fibrin depogits These haemostatand vasculainteractions

in AD have previously been reviewét|

A key study of interest was conducteglOh et alin 2014, that examineithe effects of tPAn

AD by crossing a homozygous tPA knockout (tFAmouse with an AD susceptible mouse
(Tg2576%%. They reported that the progeny of this cross had a lethal phenotypé5#ith
mortality rate at birth and a life expectancy of under three mpsinggesting atrong
association with tPA and AD pathogersesWhen one tPA allele was present (i.e.,
Tg2576/tPA+), the progression of AD was still worserammpared to Tg2576/tPA+/wjith

more Ab plagues being present. These mice were smaller and had shorter life spans than the
Tg2576/tPA+/+ genotypé®. Behavioural tess showed that Tg2576/tPA+/mice had

decreased ability to learn and recall memotry

PAI-1 plays animportantrole in the tPA and plasmin mediated clearance of Ahis is
demonstrated when PAl is knocked out or pharmacologically inhibited, there is a reduction
in Ab plaques formatioft2:218.220.235.23 1 2003, a study was conducted looking intolévels

of tPA and PAIl in two different mouse AD models and found decreased tPA and increased
PAI-1 levels in both straid®. They also showed that wherbAO peptide was injected directly

into the hippocampusf tPA deficient or plasminogen deficient miteere was reduced
clearancef the injected peptide compared to wiijghe<'®. This indicates that tPA facilitates

Ab clearance in a plasmitlependent manner. Based on some of the above publications,
another group used oral delivery of a PAInhibitor in a mouse model of AD, and showed

enhanced clearance obA8

A paper by ElAli et alhad a similar finding, that tPA facilitatedo/clearancehowever they
stated that this was occurriimga plasmin independent manf¥érTheir 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 neuropaiive effect, resulting in the clearance ob A

plaques$®’. Another paper has also shown that tPA can activate microglia via the extracellular
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signatregulated kinase (ERK)1/2 and other signalling path&*8yZhe ability of tPA to

activate microglia independent of plasmin has been reported previously &3 well

A schematic displaying two possible mechanisms of how tPA could be initiatmg A
degradation isprovided in Figure 2.2 This diagram shows that tPA&ould 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 irb Aemoval will be the focus of the experiments

performed within this thesis.

Microglia A(;tivatgd
microglia
A-betatin AD Uptake
2T S —_—— - @ —
I Phagocytosis
PAI-14in AD - b ik
degradation
Plasminogen Plasminy in AD a Proteolysis
Q, l ‘
o A-beta*in AD = o O/_>
0 —> c —’ =2 i —> e

Figure 2.2.Schematic showing the two potential mechanisms by which the plasminogen activation
system can remove amyloid bet@A-beta). The top pathway shows tisstige plasminogen activator
(tPA) mediated activation of microglial cells that promotes amyloid beta uptake and degradation by
phagocytosis. The bottom pathway indicates direct plasmeidiated proteolysis. Plasminogen
activata inhibitor 1 (PAF1) can inhibit these processes. The red arrows indicate the protein levels

shown in the brains of Alzhi mer 6 s di sease (AD) patients. Create

It has been shown that uPA in the CNS can also protect agdmstediated damagd¥€,
through activation of plasmin that cleaveb peptidé?l. However, newer evidence $wsince
demonstrated that uPA has other raleé\D independent of plasmin activatiowhich was

recently reviewed by Yegean 20214

A different hypothesis proposed by Dotti et falr how the PA system is involved in AD
involves lipid rafts and has been reviewed some yearg®4gbhey claimedthat the site of

plasmin activity is important, and that it is mostly active at lipid raft stes$ that plasmin
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triggers Ab cleavage at this si®&. Lipid rafts are disrupted in APathogenesis and therefore

plasmin activity is also disrupted and cannot cleabeg it normally wouléP4.

2.43 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 disea¥Bg4%242 Some of the neurotoxic effects of the PA system were
outlined in the aboveection2.3.4.3 Specificallyin 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 inbAevels.Depleting plasminogen levels in the blood with antisense
oligonucleotide technologwas found toimprove the outcome of AD in mi¢®¥, and the
opposite was observed whag-antiplasmin levels werdepleted, increasing plasmin activity

it exacerbad the disease symptoAid It has also been found that neuroserpin can be
neuroprotectivé?24’, and the mechanism underlying this is not clear, but perhaps is indicative
of a role of neuroserpin unrelated to tPA inhibitionwhole, 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 removab plaiues 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 rb(fais method has been in use for a long
time, but t hasmore recentlypeen proposetbr use in various neurodegenerative dis€ases

The BBB makes treating AD and other neurodegenerative disorders extremelytoiffiozi

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

Studies have examined the option of intranasal drug treatmaranip CNS disorders such as
ParkinsoiosAldi seiamer s HuU B & @as g P’6dtinspattiusie a s e
disorder (ASD}®,, epilepsy®’, glioblastom#&2 and multiple sclerost®’. It has also been
proposed to be applicable to treat various other dissagktionsincluding stroke and obesity

where there were signs of reduced weight gain whgtim)Jean appetite suppressant, was given
intranasally®>2%’, Intranasal delivered oxytocin improved learning and memory and has been

proposed as a possible therapeutic option for treating depré$si@nThis poses an exciting
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novel treatment option for patients suffering from AD to improve outcomendgrashasal 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 prombteldarance.

2.5.1 Mechanisms

Studies have been conducted to determine where and how drugs are processed throughout the
brain and body following intranasatiministratiod®. 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 nenvasive and directly delivers the drug to the brain rather than
systemicallythrough the circulationThis also means that it bypasses intestinal and hepatic
metabolism, increasing the biological helé and reducing the likelihood of systemic side

effects of the drugs when administered this 3R%37>

In 1986 the first tracers were studied in this pathway and shown to be in the axons of olfactory
nerves and the olfactory bulb itséf The nasal route hasincebeen shown to utilise the
olfactory and trigeminal pathways that can transport molecules to the anterior and posterior
parts of the brainThesedifferent systemstransport molecules through intedlular and
extracellular mechanisr#S. 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 exoé§toshis process of
transsynaptic 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 mechanismydiraosports the

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

through the perineural space to the subarachnoid ¥pace

2.5.2Intranasal 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 €Ni@sulin in AD**° and

oxytocin in ASD®L 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 e in animal studies and clinical trials in AD pati€it826¢
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270 Intranasal insulin has been shown to increase restatg functional connectivity between

the hippocampus and the brain, which could be one of the reasons there is a positive therapeutic
benefit’t. 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 mipogés
administration and peaking at 30 mindtéd_evels in the serum are much lower and safer than

when delivered peripherally.

There areseveral rodent studies that have examined IN administration of variousairdgs
other moleculesn AD models including Paclitaxel, tetrahydrocannibidol (THC) and -cell
derived vesicle€?275, A review of the strategies for intranasal drug delivery for treatment of
AD has been published recerify

2.5.3 Intranasal tPA treatment in stroke andTBI

Interestingly intranasal tPA has been studied in some animal models of brain@mergroup

have looked into the use of intranasally administered tPA as a treatment fof’8tGlead

TBI?"8 These papers hypothesised that the use of intranasal tPA during the subacute phase
postinjury promoted neurorestorative processes. They showed that giving tPA intranasally 7
days post stroke or TBI, to avoid negative BBB effects, improves neuropiaatidifunctional
outcomed’6277.279 A study conducted ba different research groabso showed how intranasal
delivery of tPA can be used as a safe therapeuticisin mice'®3 They found that tPA
promotes white matter integrity and functional recovekyother interesting study in a
different model, showed thBftAI-1, a potent inhibitor of tPA, when given intranasally has been

shown to stop extravascular toxicity of tPA in hypoxic ischemia in newB8ris

There is still much work that needs to be conducted to understand the distrigifibacy and
functionsof administering tPA into the CNS by intranasal drug delivegme of his 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 gaittea bnderstanding
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of which parts are beneficial and which parts are detrimental to the disease. The association
between tPA, A clearance and AD severity has raised the possibility that exogenous activation
of the PA system in the CNS might have potential therapeutic advantage ikeitudies

have identifiedthat when tPA is lacking in the brain there is a worse outcome in AD’$hice

and tPA as an intravenous treatment in AD mice has imgrowtcoms, thoughthis is
possibly facilitatedhrough microglia activaticii’. 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 a AD model, which is what part of thiEhDthesis 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 oftienmg intranasal tPA/TNK
treatment on AD mice outcomes; and to develop a new mouse linenalyim/erexpressing

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 A
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 hypothesisedhéed tvould be a reduction

in plaque pathology in AD mice overexpressing tPA.
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3.1 Introduction

Intranasal (IN) drug delivery has been proposethfetreatment of neurodegenerative diseases

in recent yeafs This method is particularly appealing as it is a targeted andnnasive
approach. IN administration avoids systemic delivery as would be the case with intravenous or
oral administration. By targeting primarily to the brain, lower dq#est provide the same
therapeutic benefiind longer ha#fives of drug can be achieved as they are not being cleared
by the liver in firstpass metabolism that is observed in oral or intravenous administf&tion

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)ledleta
mechanisms were describedsaction2.5.1 In neurodegenerative diseases it is difficult to
target drugs to the brain due to larger moleculeiscrossingthe blood brain barrier (BBB)
readil\®. 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 microgliaApplying tPA as a intranasaltreatment for AD has not been studied

before.

RecombinantPA is currently the only Food and Drug Administration (FDA) approved drug
to treat ischemic stroke by thrombolysiBA ha a therapeutic window & hours ad there

has been shown to beo clinical benefit after this time poinBreviously 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 pditit tPA has a relatively short hdife of 5 minutes in
plasma as it gets inhibited by its endogenous inhibitor, plasminogen activator inhibitor 1 (PAI
1), and then the tPRAI-1 complex gets cleared by the li¥®r 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 plasmdifeatif 30 minutes. It is used in

the treatment of myocardial infarction anctigrently under clinical evaluation for treatment

of ischemic strok&* TNK has onlysix amino acids different to tPA and is more resistant to
PAI-1 inhibition and more fibrin selectiv&igure 3.1).
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Figure 3.1. Amino acid differences between tissugpe Plasminogen Activator (tPA) and
Tenecteplase (TNK).In the kringlel 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 2289 to four alanine molecules.

Apart from the role of tPA in thrombolysis, and safety concerns about haemaFfeuz:
neurotoxicity®s, there are also a lot of therapeutic benefits that A that relateo
neuroprotection. tPA has been shown to be promote synaptic plagticidendritic
remodeling®®, axonal outgrowt!’ and longterm potentiatio#f3171.200288tpA can also protect
neurons and white matt€#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
plagues and improve memory. The role of TNK on neuroprotection and involvement in AD

pathogenesis has noteviously been studied.

Interestingly, IN treatment of tPAN-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 -t MWas
improving functional outcomes and neuroplastiéiy’®2’8 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 theuseib
phasé’®277 IN-tPA delivered at 714 days after stroke showed improved motor function
recovery and promoted neuroramodellingin the brain and spinal cord at 8 weeks post

injury76:277

Efforts to develop neuroprotective agents to treat TBI in clinical trials havedilsidrmally
tPA would not be considered as a treatment for TBI due to the redeimand haemorrhage

from increasing BBB damadf195200.285.290 Although one paper showed that tPA bound to
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red blood cells reduced haemorrhage when compared toPfA8&. Two studies have now
shown that there can be a benefit to givingt after TBE®3278 One of these studies gives

a high dose of INPA from 7 days after the inju{?. The other study, conducted by a different
research group, gives low dose-iRA 2 hours after TBI was performed. Both of these studies
found there was a benefit to cognition and motor funétfotPA has been shown vitro?7®
andin vivo to promote neurite outgrowth axonal regeneration and synaptic plasticity after
injury (both endogenous and exogenous #PAY6.200.29295 Now it has been shown that4N

tPA canalso achieve thim vive?76-277

IN delivery has been shown to significantly lower the elimination ratdhefadministered
proteins when compared to delivery into the blood by intravenous injé€tiomdeed, it has
previously been show® hours post intravenous injection of tPA, levels in the rat brain were
7ng/mP®’. A supplementary figure shown in Chen et 2018 showed that fluorescently
labelled INtPA was evenly distributed through the brain at 30 minutesazbstnistratiod’®,

This same group also showed high amounts of exogenous tPA present in the br&iouas 24
after intranasal delivefy”2’® Whilst these findings are promising and indicate thatAN 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 charagtdre

distribution pattern of INPA in the brain and other organs.

Thisfirst resultschapter 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 INtPA and INTNK are being distributed in the brain, as well as othgains

such as the lungs. Different timepointere charactesed to give a clearer idea of how long

the drugs areemaining activdor 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 (RA). Based on the previous studies that have used IN
tPA and claimed it reaches the brain, it was hypothesised tH&ANvould enter the CNS and

be distributed to different regions of the brain and remain proteolytically active for lsevera
hours post administratioithis 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 (204IBexperiments 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 pathogese facilities in groups of-6 mice per cage, in

a temperatureontrolled environment. This consisted of aldur light/12hour dark cycle.
Mice had free access to food (chow) and water, and were providademironmental
enrichment (e.g., tissues, cardboard rolls;ugutissue boxes)ll experiments used in this
chapter involved mice (traditional and genetically modified) on a C57BL/6 background.
Genotypes and drug treatments for the animals were nakellifor the experimenter in this

chapter.

3.2.2 Strains

3.2.2.1 Wildtype

C57BL/6 mice were used as witgpe (WT) mice. These mice were obtained from ARA
Precinct of Animal Care (PAC). These mice were agetl?2 8weeks at the time of
experimentation, and on average weigheeB2yrams. Female and male were used in this
chapter to determine the biodistribution of intrealaPA.

3.2.2.2 tPA deficient mice

tPA-/- mice used in these studies were originally described by Szabo eRall6i{é. These

mice were then bred in PAC with a homozygous breeding strategy. These mice lack both copies
of the tPA geneFRlat). They appear to have a normal phenotype, and are healthy, viable and
fertile. Female and male mice were used-4R8veeks of age and were of the same weight

range as the wiltlype mice used for this study.

3.2.2.3 tPA overexpressing mice
Thy-tPA Transgenic (Tg) mice, also termed if¥ce were originally described by Madani et
al. 199973 Thesemice were bred in PAC with C57BL/6 crosses, resulting in litters that
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included ThytPA Tg/+ (T4) and ThytPA +/+ (WT) littermates. These mice overexpress
mouse tPAwhichis controlled by the ThL.2 gene promoter which selectively expresses the
tPA cDNA in neurons. These mice have 20 times higher levels of tPA in theirBtaiiwey

appear to have a normal phenotype and are healthy, viable and fertile. Female and male mice
were used at the same age and weights astypkland tPA/- mice mentioned above. Samples

from these mice were only used as positive controls for theugaissays 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 raedastnical trial.

When reconstituted in # 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 Bowiteo studies. Previous members

of the lab determined that the original formidatof Actilysewas toxic to brain cellg vitro

and that removing the vehicle components by dialysis removed this t&¥icitherefore, all
experiments performed in this chapter a@ldapter 4 utilised dialysed tPA. Tenecteplase
(TNK) was provided by Professor Chris Levi (University of Newcastle, NSAWjcontains

very similar ingredients to Actilyse artldereforewas dialysed using the same procedure.

Actilyse/Tenecteplase was reconstituted in the minimum volume e® didquired (13ml,
>10mg/ml), so as to concentrate the stock solution. It was then injected into a dialysis cassette
(10kDa cutoff, Slide-A-Lyzer 312ml capacity, ThermoFisher #66382). Actilyse was then
dialysed against 0.4M HEPES buffer (pH 7.4, autosthwefore use) at €, in sterile
conditions. The cassette was hydrated in cold HEPES buffer for 2 minutes then Actilyse was
added using the provided -twge syringe with cassette kit.erhthe dialysis was completed

in three steps: firstly, the Actilyssontaining cassette was floated and gently stirred in 1L
HEPES solution for @ hours, then transferred to fresh HEPES buffer (1L) overnight, and
finally moved to 1L fresh HEPES buffer fan additional éhour period. After the third and

final step the cassette was withdrawn, and contents carefully removed with a bgaide3
needle (provided with cassettes) attached to 20ml syringe. A small aliquot was set aside for
confirming the concedration using a spectrophotometer (NanoDrop-NIDO, Extinction ce

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 181) 2001 and 500r aliquots wergorepared and then stored in
a-80 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 inFigure 3.2 Dialysed Actilyse and Tenecteplase will simply be referred to as tPA and

TNK for the remainder of this thesis.

0.4M HEPES buffer Actilyse/Tenecteplase Dialysed tPA/TNK

Figure 3.2. Dialysis of Actilyse (tPA) and Tenecteplase (TNKLoncentrated 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 fiadher 6
incubation. Dumg 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 anaestheted mice

The method used for intranasal drug delivery in mice was adapted from Che(2@18af’®.
Animals were randomly assigned to receive either tPAr(@@dse), TNK (106g/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 ahdrefore 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 describ&#°: Mice were anaesthetid with an intraperitoneal
injection of Ketamine Hydrochloride (100mg/kg; Ketanid0) and Xylazine Hydrochloride
(10mg/kg; llium Xylazit20)), i.e., a solution of 10mg/ml Ketamine and 1mg/ml Xylazine in
saline was prepared, mouse was weighed and givetigl@herefore a 30g mouse would
receive 30@1. Once mice were anaestlseti, they were placed in a supine position on their
backs on a heat pad to help maintain their body temperatures. UsinhGil&6n pipette, 81
droplets of tPA or TNK both at 3.3mg/ml or vehicle solution were placed on alternating nostrils

10 times, for a totadf 30m (100ny 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 thenaesthesian 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 euthaed 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 2@jauge needle, with a lethal dose of urethane (3.3mg/kg dose), e.gn ~300
of 25% w/v urethane solution idH20. When mice were deeply anaestsexti blood was
collected from the inferior vena ca{enore details insection 3.25.3) and followedby a
transcardial perfusion. Mice were perfused with 30ml ofsphate buffered saline (PBS; 15M
NaCl, 160mM NaHPQi, 40mM NaHPQy).

3.2.5.2Brain 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 placedurdam &lock (Kopf #PA

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

bulb (OB) and B1B5 with B1 pertaining to the front of the brain and B5 the cerebellum. OB
and B1B5 sections were then weighed. All braangples (whole and sectioned) were frozen

in isopentane (@nethylbutane) that had been chilled with dry B@mples were not fixed with
paraformaldehyde as this would affect the enzyme activity that will be measured in different

assaysSamples were then stored-&0 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) arB5Bfbr subsequent sections frahe
front of the brain towards the back (cerebellum).

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

the left kidney. These were all snap frozen in liquid nitrogen and then were ste88ddn

3.2.5.3 Blood collection and processing

A 23-gauge needle attached to a 1ml syringe containing &0sodium citrate anticoagulant
(129mM) was inserted into the vena cava and thenm@d@®lood was carefully drawn. Blood

was transferred to a 1.7ml Eppendorf tube then centrifuged using a benchtop centrifuge
(Eppendorf 5415R) at 2080 for 15 minutes at room temperature. Plagohearsupernatant

was then collected off the top of the sample and then stor8d @ in a clean Eppendorf tube.

3.2.6 Tissue preparation

3.2.6.1 Brain homogenisation

Sectioned brain samples (OB, 85) or hemibrains were defrosted on ice and cold PBS
containing 1% Triton X100 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 &smitlt

a metal bead in a 2ml round bottom tube. After homogenisation, samples were centrifuged at
maximum speed in a benchtop centrifuge (13@)@r 10 minutes a4°C. Supernatants were
collected into a fresh tube and then a BCA assay was conduatistietonine exact protein

concentration. Homogenates were then either used for an assay or stored-8ga. at
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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% Tribd0Xand
homogenised using the Tissue Lyser LT at 50Hz for 5 minutes. Bead was removed dad samp
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 sampB&s @t

3.2.7 BCA protein concentration assay

Total protein (mg/ml) was quantitated for each sample using a Bieb@@nchoninic acid

(BCA) protein assay kit (Thermo Scientific Cat No. 23225). Samples were diluted 1:30 in PBS.
25m of diluted samples or standards were added into wells ofveed6lat 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 createdhwo r ki n g
reagent @lof wbrking reagerd was added to eachhwaeld incubated at 3€ 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 andrcstarata
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 diluti@ctor.

3.2.8 $2251 amidolytic assay

This method was adapted from a previously published paper from our lab; Sashindranath et al
2012%, originally described #2303 The S2251 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 TAER5E is a plasmin specific

colorimetric substrate (Chromogenix #S820332).

In brief, the reaction was prepared by adding251 substrate (final concentration of 2mM)
and cyanogen bromid#igested human fibrinogen (CN#&brinogen; final concentration of
0.1mg/ml; Innovative research #iHUFBGLY 1MG) to an-aaoled Costar 96vell flat-bottom

plate. Organ extracts were added at@/fl 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/mi
concentrations. Plasminogen was added last to a final concentrationidf&n8 the reactions
were made up to a final volume of 1d@h PBS. In some instances where there was not enough
sample, then a final volume of M0wvas used in the well, and all reagent volumes were halved.
Final concentrations listed Table 3.1below. Mineral oil was then placed on the top of every
well to stop any evaporation. Absorbancé a405nm was measured an2nute intervals for

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

in duplicate.

Table 3.1. Reagents and concentrations of&251 amidolytic assay components.

Reagent Stock concentration  Volume (L) to Final concentration

make 140n in well

PA alone 10, 5 or hy/mItPAor 7 500, 250 or 50ng/ml tPA
TNK alone or TNK respectively
OR
Sample (mouse Dependent on sample ~17.5 2.5mg/ml sample
organ extract) concentration ~15mg/m
S2251 20mM 4.66 2mM
CNBr-fibrinogen = 5mg/mi 2.8 0.1mg/ml
Plasminogen 11.1nM (Img/ml) 6.3 0.5mv
PBS 1x 119.24 =
~108.74

The S2251 amidolytic assay was assessed in many experiments qualitatively, as steeper curves
simply indicated faster generation of plasmin. Fquantitative 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 generatn were calculated from curves of absorbance at 405nm versus time-by non
linear regression analysis of the secamnder polynomial plots (using GraphPad Prism version

9.5.1 analysis software). The value obtained was the C constant in the equation y=A%Bx+Cx
which represents the plasmin(ogen) activation reaction velocity V (V=2C; the second
derivative of the polynomial equation BAbsiosnr{Sec? units). An illustration of this process

is demonstrated iRigure 3.4
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Figure 3.4. Quantitation of theS-2251 amidolytic assayA) The absorbance values at 405nm plotted
versus timeB) Any values beyond the-3251 depletion (dotted lines) and at the very start of the
reaction during the lag phase are excluded™¥@ler nonlinear polynomial regression is performed.
C) The C constant of the best fit equationBnrepresenting the plasmin(ogen) activation reaction
velocity, is presented for comparison purposes. Samples were whole brain homogenates-ti#n Thy
Tg/+ (T4), wildtype (WT) or tPA/- mice. Basline control contained only PBS, CNBr fibrinogen,

plasminogen and-3251.

3.2.9 Fibrin zymography

Fibrin zymography was based on methods previously used in our labét&séomy originally

by GranelliPipernoin 1978%. For protein separation, samples from mouse brain or lung
homogenates were subjected to smeduced sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDBAGE). 10% SDSPAGE gels were poured manually (10% wiv
acrylamide, 0.39M TrigHCI pH 8.8, 01% w/v SDS, 0.08% w/v APS, 0.08% v/v TEMED)
with 5% stacking gel (5% wi/v acrylamide, 0.125M TiHE! pH 6.8, 0.1% w/v SDS, 0.08%
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w/v APS, 0.125% v/v TEMED) or preast gradient (45%) gels were used in some cases.
Samples containing 5® total protein (calculated from BCA assay) were mixed withdd

6X loading buffer (0.375M Tri¢dCI pH 6.8, 30% w/v glycerol, 12% w/v SDS, ~0.02% w/v
bromophenol blue) for a total of &D0to be loaded per well. A protein ladder was also loaded
into one of the wells (PageRulenih Gels then underwent electrophoresis to separate proteins
in SDSPAGE running buffer (25mM, 0.19M glycine, 0.1% w/v SC# 120V and 300Amp

until sufficient level of separation was achieved, usually aroun@ hdurs.

During electrophoresis fibrin/agarose/plasminogen matrix gel was made. This matrix was
created by polymesation of human plasminogedepletedibrinogen (ERL #FIB 1)nto fibrin

by addition of bovine thrombin (Sigrradrich #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) TritorLRO, and kepat 37 C in a 50ml falcon

tube (note the concentrations are displayed here as final concentrations in tbeigdaha
fibrinogen solution). In a separate 50ml Falcon tube a 2% (w/v) solution efkelvagarose
solution in dHO 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 @00nce this temperature was reached, the
fibrinogen solution was treated with 4 units of thrombin (100U/mmM4&igma Aldrich
#T6634) and mixed. Immediately after this filminogen/thrombin solution was mixed with

the warm lowmelt 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, SDBAGE gels were washed 3x 30 minutes in 2.5% TritetOR to
remove SDS. The glass plates housing the agditose gel matrix were separated to expose

the agarose matrix (that was left on one glass plate). The washe® SBESgel was then
placed on top of the opaque fibrin/agarose/plasminogen matrix and incubated in a humidified
chamber in a 31C oven/incubator. The plasminogen activators from the polyacrylamide gel
react the fibrin matrix resulting in local plasminogen activatioto plasmin. Plasmin then
degrades the fibrin matrix so clgaoteolyzedzones (bands) develop in the opaque fibrin gel.
The SDSPAGE:fibrin overlay was documented on a flatbed document scanner when lytic

zones were evident at different tirgpeints 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.

3.2.10In situ zymography

Thein situzymography method has been previously descHBé® Frozen mouse brains were
sectioned at 4@m 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 theolstaik 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. Slidesvere kept at80 C until used foin situzymography assay.

The overlay mixture including 10mM TH4CI pH 7.4, 1% (w/v) lowmelt agarose, 4% boiled

skim milk, 0.1% Triton X100 and 12.Bg/ml plasminogen was prepared and kept in @45
water bath (plasminogen was added immediately prior to overlay to avoid denaturation), see
Table 3.2for summary of reagents used. The slides with brain sections were defrosted and then
warmed on arnverted heat block at 3Z. 4001 of overlay mixture was applied evenly onto

the prewarmed 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 37C oven for 424 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 apégue 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 tiresitu zymography gel overlay.

Reagent Stock Volume (M) to Final
concentration make 1ml concentration

Pre-boiled skim milk (in 8% 500 4%

10mM Tris-HCI pH 7.4)

Low melting agarose (in 2.5% 400 1%

10mM Tris-HCI pH 7.4)

Tris HCI pH 7.4 10mM 83.5 ~10mM

Triton X -100 25% 4 0.1%

Plasminogen Img/mi 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 andadequate controls used between assay runs. All absorbance curves are
displayed as mean only and all bar graphs are displayed as metamétard 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 administratagure 3.5belowdisplays
a flow chart of all types of mice used, treatments, tissues collected, and experimental assays

performed.
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tPA-/- WT T4

A A

Intranasal tPA, TNK or vehicle

30min - 24hrs

A
Euthanasia/tissue collection
(brain, plasma, lungs, liver, spleen and kidney collected)

Amidolytic assay In situ zymography

v

Fibrin zymography

Figure 3.5. Flow chart of the experiments and methods used in Chapt8r Tissue typeplasminogen
activator (tPA) deficient (tPA-) and wildtype (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 asseascumulation in different organs. Samples were assessed by different
methods to detect the intranasal tPA/TNK activity. -TR}A 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 $2251 amidolytic assay results

To assess the activity/relative amount of tPA and TNK in various samples,-28861S
amidolytic assay was used. This assay contains a chromogenic subs®agelSvhich is
specifically cleaved by plasniitf. 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 cyanogeibromide cleaved human fibrinogen (CN#srinogen) which acts as a-¢actor,

and tPA which cleaves the plasminogen in the well into its active form plasmin. The
concentrations of plasminogen, fibrinogen ar#251 remain constant and therefore the only
differing concentration is that of tPA ithe different types of samples., drug alone, or in
brain and lung homogenates from mice treated with intranasal tPA andTHeK:elocity of

the curve will give an indication of the rate of plasmin generation which correlates with the

levels of tPA/NK present in the sample.

The first experiment shown below kigure 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 tH22S1 cleavage over atbur
period, and it can be observed that the fastest rate2#5% cleavage is by the highest
concentration of tPA. TNK is not generating as mue2S1 cleavage as tPA. Figure 3.6B

the plasmin activation velocity has been plotted to dematesthe rate of plasmin generation

from the absorbance curve.
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3.3.1.1 Using £2251 amidolytic assay to detect intranasal drugs in mouse brain samples

To detect INtPA and INTNK 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. Usirajeaheimisphere

of the mouse brain it can be observed that there is a slight increase in Bt &Nd INTNK

activity at the earlyimepoints Figure 3.7).
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Figure 3.7. Detection of INtPA and IN-TNK in whole hemisphere of tPA/- mouse brains. AF)
Displays the raw absorbance data (mean only) of samples treated v It IN-TNK at different
timepoints; 30 minutes, 1 hour, 2 hours, 3 hours, 6 hours, and 24 hours respeGjvelgsmin

activation velocity of all samples at all timepoints. (&)1

Since there appeared to be some increase in-benm 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 #Bmvtk sections toward the
back of the brain, termed BB5, where B1 is closest to the OB (referRigure 3.3in the
methodsabovg. Mice that were treated with either Nhicle, INtPA or IN-TNK were
euthanised at-hour posttreatment and underwent this medhaf segmenting the brain and
then samples were processed and used in-2@5% assayThe hour timepoint was chosen
due to the results shown Kigure 3.7, where 1 hour post Hdelivery yielded the highest
overall activity in the whole hemisphefégure 3.8demonstratem panels3.8A and3.8B that
there is increased activity in the#iRA and INTNK samples in th©B and B1 sections. There
was little to no change in activity in B25 sections as shown in pan8I8C-F. Figure 3.8G
shows the velocity of the plasmin activation and again indicates higRANactivity in the
OB, and slightncrease of INTNK in the OB as well as slight increase ofRA and INTNK

in the B1.
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Figure 3.8. OBB5 sections of tPA/- mouse brains treated with either INvehicle, IN-tPA or IN -
TNK at 1 hour post administration. A) Absorbance curve of the olfactory bulb (OB) sampi81
samplesC) B2 samplespP) B3 samplesg) B4 samples an&) B5 samplesG) Plasmin activation

velocity of all sampleg all brain sectiongn=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. InFigure 3.9the 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 INtPA treated samples up to 3 hours after administration of the (Eiggre

3.9F). IN-TNK potentially has a slight increaseactivity up to 1 hour after administration.
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Figure 3.9. Plasmin activity of OB sections of INPA and IN-TNK treated mice from 30 minutes
to 9 hours post administration. A)OB sections at 30 minutel8) 1 hour samples?) 3 hour samples,
D) 6 hour samples arfe) 9 hour samples=) Plasmin activation velocity summary of all OB samples

at the different timepoint¢n=1-8).

Figure 3.10shows the B1 sections from the same animals/timepas&hoveThe plasmin
activation velocity bagraph Figure 3.10F is set at the same scasFigure 3.9Fto clearly
highlight the difference between the activity in the OB and B1 segments. There is no clear
elevation in INtPA and INTNK activity in the B1 region compared to Whicle treated

samples.
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Figure 3.10. Plasmin activity of B1 sections of INPA and IN-TNK treated mice from 30 minutes
to 9 hours post administration. A)B1 sections at 30 minuteR) 1 hour samplesC) 3 hour samples,
D) 6 hour samples art)) 9 hour sampled:) Plasmin activation velocity summary of all B1 samples at

the different timepoints. (n=8).

To determine if the levels of intranasally delivered tPA could increase tPA activity above that
of which is endogenously expressed in the brain,-tyie (WT) mice were treated with N

tPA or IN-vehicle and OB samples were collected froi hours afterreatment. InFigure
3.11thebackgroundendogenous tPA activity can be observed in thegdNicle sample. There
appears to be an increase in plasmin generation in samples treated-t#th a1 hour and 3

hours after treatment when compared to thedéNcle treated samples.
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Figure 3.11. Wild-type mouse OB sections showing levels of #RA at timepoints 1-6 hours post
administration. A) Raw absorbance curveg§samples at 1hr, 3hr and 6hrs postdélivery.B) shows

theplasmin activation velocity. (n=2).

3.3.1.2 Using £2251 amidolytic assay to detect intranasal drugs in mouse lung samples

Since the intranasal drug delivery method likely has sspilé overinto the airways, lung

samples were also collected from all mice to assess the amounttBAINd INTNK
depositing there. Whole lung samples were homogenised and assessed in the same manner as
the brain samples shown in the above sec{®B.1.). Figure 3.12 shows the plasmin
activation capability of INvehicle, INtPA or IN-TNK treated tPA/- mice samples collected

at 30 minutes to 24 hours after drug delivery. There is a very ilacgEase in activity in IN

tPA treated samples at 30 minutes axtblir timepoints and a slight increase in activity in all
IN-tPA and INTNK samples up to 6 hours.
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Figure 3.12. INtPA 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 minutespB) 1 hour,C) 2 hours,D) 3 hours,E) 6 hours and~) 9 hours after treatmen@)

Quantitation of plasmin activation from absorbance curves.-@)=1

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 urokazsmaden
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'iKd(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 substiatease,t

the cloudy fibrin matrix. When the PA is added by placing the-BBSE gel on the fibrin
matrix gel the reaction is triggered.

Figure 3.13displays a fibrin zymography of OB sections from tRAnouse brain sections

treated with either INvehicle, INtPA or IN-TNK and collected from 30 minutes up to 9 hours.

2 samples collected fromifferent mice were usedor all treatments and timepoints in this
experiment. The first | ane of the gel contai
that is unbound to any inhibitors, can be observed at around 70kDa, as both tPA and TNK have
the same molecular weigh ACompl exedo 8abBuhLOTIBKDa.lteanbes ar e
observed that there is free-tlRA and INTNK activity at 30 minutes after administration,-IN

TNK at 1 hour and a small amount of bothtlRA and INTNK at 3 hourgFigure 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 damaGediplexed INtPA and INTNK

can be seen at all timepoints up to 6 holileese complexes are most likely tPA/TNK:PAI

and tPA/TNK:neuroserpin, though differences seen in complex formation between tPA and

TNK samples would be due to the structuraletéinces in these variants.
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Olfactory bulb extracts from tPA-/- mice
A

I 1

IN-vehicle IN-tPA IN-TNK IN-tPA IN-TNK IN-tPA IN-TNK  IN-tPA IN-TNK  IN-tPA  IN-TNK
MW  1hr  30mins 30 mins 1hr 1hr 3hrs 3hrs 6hrs 6hrs Shrs Shrs
tPA Ladder —— —— —— —~— —— —— — . —

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 (30mirBhrs).tPA activity is shown by areas of lysis of the gel shown here as black
bands.72-hour incubation of the gdlane 1 contains Il of 10nM tPA alone (lane is overexposed due

to high protease activitylane 2 is the molecular weight (MW) ladder with protein s{k&=a) written

next to the bands of the laddér=2).

Lung extracts frontPA-/- mice treated with intranasal druggere also subjected to fibrin

zymography. It can be observed that there is a large amount of free and compiRadcain

IN-TNK entered and remaining in the lungs for up to 6 hdtigufe 3.14).
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Lung extracts from tPA-/- mice Lung extract from WT mouse
I ) 1 I . 1
IN-vehc  IN-tPA  IN-TNK IN-tPA IN-TNK IN-tPA  IN-TNK IN-tPA  IN-TNK IN-Vehc
mw 1hr  30mins 30mins pqy 3hrs 3hrs 6hrs 6hrs 24hrs  24hrs 1hr

A (adder—— —— —— — ' e i

Complexed
tPA/TNK

<« Free

tPA/TNK

Endogenous
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uPA

Figure 3.14. Fibrin zymography assay of lungamples from tPA/- mice treated with intranasal

tPA, TNK or vehicle collected 30 minutes to 24 hours after deliveryPA activity is shown by areas

of lysis of the gel shown here as black baridme 1 contains 1l 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 sizegkDa) written next to the bands of the ladd€ontrol sample of WT mouse treated with
intranasal vehicle in last lane. Gel incubated for 20 hour® {o=tPA/- mice, n=1 for WT control

mouse).

3.3.3In 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 &asen 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 tPAmice, some activity in WT mice and a large
amount of activity in ThytPA Tg/+ (T4) micg(Figure 3.19. These results are consistent with
previously published work conducted by the Medcalf labor&tbry
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tPA-/-

Figure 3.15.1n situ zymography showing differing levels of tPA activity (black spots) in mice with
differing levels of endogenous tPATop panel shows a tPA deficient (t#A mouse, middle panel is
a wild-type (WT) mouse and bottom panel is a IRA Tg/+ (T4) mouse brain. All brains in sagittal
orientation. tPA activity is shown as black spots onithsitu zymography gel (indicated by yellow
arrows). Samples incubated for 10 houfdbreviations: cerebellum (CB), hippocampus (HC),
amygdala (AM), cortex (CT) and olfactobylb (OB).(n=1).

To observe the intranasally delivered tPA and TNK in the brains oftRAce, samples were

collected at the-hour and éhour timepoints post administratidn.situzymography was then
performed on these brain sections (n=2, only one representative image shown per
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treatment/timepoint)Figure 3.16 showsthe representative images of these brains at these
timepoints. In the INvehicle treated samples at 1 and 6 hours there is little activity -tRAN
treated samples there is quite a lot of activity at th@ur 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 treatmentN-tPA and INTNK activity looks to be mainly occurring at the
membranes surrounding the brain. In thetfM sample at 1 hour after administration there is
activity at the front of the brain, surrounding tteetex(CT) and at the amygdala (AM). There

is much less activity in the HINK mouse brairwith small amounts of activity being observed

at the front and back of the brain and potentially some in the middle region of the brain.

1hr 6hrs

IN-Vehicle

IN-tPA

IN-TNK

Figure 3.16. Representative images of tRA mouse brains treated with intranasally delivered

tPA, TNK or vehicle control and tissue collected at either -lor 6-hours post administration. IN-
tPA/IN-TNK activity is shown as black spots on timesitu zymography gel (indicated by yellow
arrows).Top panels show INehicle treated mice, middle panels showt treated and bottom
panels are INTNK treated. Panels on the left are 1 hour after treatment, and panels on the right are 6
hours after treatmenGelswere incubated fat0 hoursAbbreviations: cerebellum (CB), hippocampus
(HC), amygdala (AM), cortex (CT) and olfactory bulb (OB)=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 TNKmice. 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 dtistical 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 tRRigure 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 arouna.3x1.0° DAbssosnifSec

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 restité a

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 orleour time period (du& the short haffife of tPA)3%. TNK

has a plasmhbalf-life of ~20 minutes and is under evaluation for treatment in ischemic stroke
but in clinical trials administered as 0.25mg/kg bolus injeétbi{® 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 H&#, 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 pdstivery.Despite these differences in the activity
levels of tPA and TNK in the assays used in this chapter, the same concentratietiPaf IN

and IN-TNK was used for all experiments and not adjusted for activity levels. As these proteins
have the almost the idendilc molecular weigh of ~70kDa, and therefore the mg/mi

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 119 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 inceasds seenn plasmin genetion in samples treated with both-tRA

and INTNK at the early timepoints, 30 mites and 1 houiHgure 3.7).

To look closer at different areas of the brain, samples were sectioned into 2mm regions and
named olfactory bulb (OB) and B85 (seeFigure 3.3in methods for schematic of how the
brain was sectiongdFigure 3.8displays amidolytic assay results of samples fromtRAice

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 quantitatessults Figure 3.8G), it can be seen

that most of the INPA that is reaching the brais mainly being distributed to the OB at this
timepoint. There is potentially a slight increase in levels 6tRN and INTNK in the B1
segments as well but the most noticeable resa#t|iW-tPA in the OB. From these results it

was determined that the following experiments would only examinltit 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 sekmlikely due to thelasmahalf-lives

of these drugs. Indeed, this was tested in th& NX treated mice and it was found that there
was no difference in activity in BB5 segments between 30 minutes and 6 hours after

treatment (data not shown). This was not tested #PWA treated samples.

It should also be made cl ear t hlasampeswould b ac k g
be due to urokinase plasminogen activator (UPA) which is still present, albeit weakly in these
mice,though it is not as poteat activating plasmim these assays as tPRegardlessamples

should contain very similar levels of background activity, though interestingly there could
appear to be different amounts of uPA present in the differerB®8egments of the brain as

could be seen by the iMehicle treateddamplesn 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 uPAinhibitor, 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 INtreatedsamples 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 postdelivery of IN-tPA and to a lesser extent{NNK. At 6 hours there does not appear

to be much activity remaining in the brain and is comparable to thestitle. Most of this

activity appears to be outside of the brain, sarrounding the meningedt is likely that the
tPA/TNK is being taken up into the CSk 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 INPA/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 weheasluration was unexpected, as
seenin Figures 3.12and3.14 It would be estimateffom these resultthat at least 3x more
IN-tPA is going to the lungs than the brain at then83fAute timepoint. This is based on the
plasmin generation velocity, the mean of which is 6itDlungs Figure 3.12 and 1.8x1¢

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 sa(feses
3.13and3.14), but the OB gel was incubated for over 3x as long. A direct comparison between
samples on the same amighid assay or fibrin zymography would need to be conducted to

confirm this.

In the other organs (liver, spleand kidney) it was found that there was no change in activity
when measured by the amidolytic assay betweevelNcle treated and H¥PA treated samples

at the thour timepoint. This implies that no intranasal drug was accumulating anywhere else
in the nouse, 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 TNKintranasally treated miagere euthanised at different timepoints post
administration ranging from 30 minutes to 24 hoBamples 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, INtPA appears to retain its proteolytic activity for as lon@ asurs IN-TNK is

also active in the brain, though not to the same extent of tPA, and is staying activédf@& up
hoursafter administration. In the whole hemisphere of the braistPlN could be detected up

to 2 hours after delivery, and {lRNK only at 30 minutegFigure 3.7). In the OB and Bl
segments higher levels of {tfPA were observed up to 3 hours after delivery in the E)gufe

3.9 and a small amount at 30 minutesBih (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-tRAl&ctivity by the

fibrin zymography, it can also be seen that it is active in the OB in samples collected 3 hours
after administrationKigure 3.13, and the same could be seen forTTNK. Though some of

this IN-tPA and INTNK 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 tPAPAI-1 complex can be activated and cause plasmin generation in this assay.
Nonetheless, these results are consistent with the amidolytic résgilie 3.16shows then

situ zymography results and there is a large amount of activity present in the 1 h&Uk IN
treated sample, with very little activity remaining in thadur sample. The 1 hour HRNK

sample only had a small amount of activity and there was zero activityhatui® after

treatment. Other timepoints were not exasdinsing this assay.

Interestingly, in the lung samples, both-IRA and INTNK were found to be present for up

to 6 hours after treatment. This can be observed in both the amidelytits Figure 3.12

and the fibrin zymography~{gure 3.14). The most likely reason for this would be because the
majority of the INdelivered 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 iSorming with IN-TNK in the lurg samplesandthat there is less inhibitor
complex to free INPA ratio in these samples than the brain samples.
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Whilst there was no halife analysis of these drugs conducted here, it appears that intranasally
delivered tPA and TNKvould 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 HPA

As mentioned in the introduction section to this chapter, other studies have also used
intranasally delivered tPA to treat conditions such as strokeéranohatic 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 thetPA was being distributed iatthe brain and found to

have some similar results to shown here and some results that are very different. In.Liu et al
2012 studying INLPA for stroke in rats, they showed in their supplementary figure using a tPA
enzyme linked immunosorbent ass&LISA), that tPA/- mice given 306y IN-tPA had
307ng/ml tPA protein present at 30 minutes and 228ng/ml at 2 hours after the start of
treatmert’’. 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-tit8 Rsr TBI in rats.

They measured an increase in tPA levels by western blot in rats treated sttA B 24 hours

post treatmerté. These were not tRA 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 H¥PA but only up to 3 hours after drug delivery, though again,
thiswas by a different detection method.

A further study by this group, examined-tRA 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-IlebEQed tPA was
shown tobe quite evenly distributed throughout the whole brain at this early timepoint, and
there was no FITC signal in the intranasal saline control séffipkhese results are not
consistent with what has been displayed in this extensiv® ANdistribution 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 H¥PA and INTNK similar to the paper just mentioned.

However, when it came to testing the Ggbelled tPAin vitro andin 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 thddkH&lad tPA distribution
displayed in the Cheat al.paper. It is very unclear whether the FHIA 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-@A/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 aiedagffof 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 theg®Alhodels is that there was a
functional benefit to the outcomes in the @ats. An important consideration would be that it
remains unclear how the distribution of-tRA 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 keing 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 explaifunctional

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 23 brain samples per treatment group, with some groups having only 1 sample and others
having up to 4. These inconsistencies in the number of samplesaierént 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 thembers of animals sacrificed for this study in
accordance with the AEC guidelindsshould also be mentioned thatrigure 3.7there 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 chegater are

guditatively to give us an indication of the intranasal distribution ot and INTNK.

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 -tRANN-TNK activity was
statistically significantDespite 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 regiongzurther confirmation of this could be garnered from protein
assays such as western blots or ELISAsttaly protein concentrations in conjunction with

enzyme activity assays.

3.4.6 Future directions

As justmentionedit would be good to perform western blotther protein assays measure

the protein load of INPA and INTNK in the different OBB5 segments of the brain. Would
also be good to blot for the different inhibitors of tPA such as-PAhd neuroserpin, to
determineexactly whichcomplexes 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 thetgdn accumulating in the different regions

of interest.

As alludedto earlier in this chapter discussise(tion3.4.1), TNK appeared to have much

lower enzymatic activity than tPAVhile it would be interesting to compare the activity levels

of nondialysed 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 thandialgsed 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 sestias
3.2.3and due to potentiadxicity issues|t would also be very beneficial to test different doses

of both drugs to find optimal treatment conditions in the mice and so tHENKcould have

been administered at a concentration with at least an equal activity level of thaPa.IN
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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 braifhis drug delivery systerhas often been characteriseihg

smaller molecule’s®2% If we were to move forward with using 4#A/IN-TNK then it could

be beneficial tanvestigatedifferent 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 doAf§ig>0.254.274

One very interesting future direction for this intranasal delivery method of tPA would not be
to focus on the effects of HPA in thebrain, but in the lungs. Since a lot of-tRA is being
delivered to the lungs and remaining active for 6 hours, this could be a useful therapeutic tool
for treating patients with acute respiratorytidiss syndromand even COVIBLY as it has

been shown that there is large amounts of fibrin deposits occurring in the lungs in these

disorders?07.308

3.5 Conclusion

Through the various assays conducted in this chapter, it was concluded-tRat #dd IN

TNK were entering the brain and remaining active for up to 3 hours. These drugs were only
active in the olfactory bulbnd Blsections of the brain and were not penetrating further into
the brain with this delivery method. As for the cellular distribution otPX/IN-TNK this

needs further highesolution work to confirm if the drug is passing the BBB or remaining in
the endothial and meningeal layers. It was alsbogsn 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 th&@ANan have a functional benefit

the next question of ietest is whether INPA/IN-TNK could improve outcome in mice

developing AD, by using behavioural testing and measuring plaque load in the brain.
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Chapter4: Using intranasal drug delivery to assess therapeutic effects of tPA and TNK in a
mouse model of AD

4.1 Introduction

Since it has been shown that intranasal drug delivery is a viable treatment optiorzirh e i mer 6 s
disease (M), as indicated by previously published wdrk82%! this thesis chapter aims to

apply longterm intranasaflN) drug delivery oftissuetype plasminogen activatotA) and
Tenecteplas€INK) in a mouse model &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 ParREndAdondhei desé&salunecangt™pabitBk di s e
spectrum disorder (ASBP, epilepsy®?, glioblastom&?2and multiple sclerost&*. 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 €Ni@sulin in AD**° and oxytocin

in ASD?*L, Specifically in AD, clinical trials conducted using -iNsulin were shown to

improve memory and preserve brain voldri#@266267.269.270There are several rodent studies

that have looked into IN administration of various drugs in AD mé#&l8. This is clearly an

exciting area of research currently.

In the previous chapter it was concluded thaine of the INPA and INTNK was being
distributed to the CNS, though this distribution on a cellular level remains unclerAlNas
been show to have a therapeutic benefit in other neurologicalditions including modelsf
brain injury such asstroke and traumatic brainjury (TBI), indicating that this method can
improve functional outcomé¥2762’8 |IN-tPA was shown to have neuroprotective roles in

these models by increasing synaptic plasticity and white matter int&#6778.

Whilst a single intranasal dose of-tRA and INTNK was characterised i@hapter 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-tyie animals to assess the safety

and feasibility of this treatment regime. This treatment gyateas chosen due to previously
published work that has also given-tRA every second day and showed neurological
improvements after TBY3. We determined that it would be necessary to conduct this- eight
week pilot treatment in wildype to observe the functional outcomes overall wellbeirtigaae
micewas preserved, as a lotgrm treatment would be required to treat neurological conditions
such as AD, and lonterm IN-PA treatment has not previously been studied. The other papers
that reported INPA use, did not treat for longer than two weéks’6278, 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 mesiireduce
amyloid plaque burden #isese proteases halween shown to be involved in the breakdown of
amyloid beta (A)®. It is also been demonstrated that intravenous injections of tPA as a
treatment in a mouse model of AD, had a reductionbrplaque$®’. Therefore, we aimed to

study whether increasing tPA pharmacologically by intranasal drug delivery would decrease
the amount of A 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 tFA The outcomes observed in this chapter in
wild-type and AD mice treated with loatgrm 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 approvalragdlation 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 (204IBexperiments in this chapter were

performed under AEC approved project number E/1958/2019/M.

All animals were housed in specific pathogege facilities in groups of-& mice per cage, in
a temperatureontrolled environment. This consisted of aHdur light/12hour dark cycle.
Mice had free access to food (chow) and water, and were providademitironmental
enrichment (e.g., tissues, cardboard rolls;uputissue boxes)ll experiments used in this
chapter involved mice (traditional and genetically modified) on a C57BL/6 backgrailind.

treatments and genotypes of the animals were blindetidexperimenter in this chapter.

4.2.2 Strains
4.2.2.1 C57BL/6

C57BL/6 malemice were used as wiliype 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 agetiZBweeks at the start time of experimentation,

and on average weighed-28g.
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4.2.2.2 APP/PS1

The APP/ PS1 mouse mo d el of Al zhei mer 6s Di s e

chapter. These mice were kindly provided to us from Professor Paul Attllarfelorey Institute

of Neuroscience and Mental Healtthien were bred in PAC. This is a well characterised and
commonly used model that was establishe@(64'1812°. 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) b Thy1 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 maé®®. 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 experimestAl |  APP/ PS1(Tg/ +) mice wil/ be
APP/ PS1(+/+) Ilittermates will be r efTleser ed t
mice were aged to either 4 or 10 months before experimentation commenced, then mice
underwent Bhavioural testing and loAgrm intranasal drug treatment before their

experimental endpoint of either 6 or 12 months respectivelyHigeee 4.1 for timeline).
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’

Behavioural testing

C57BL/6 PRF, Y-maze, MWM Endpoint
3mo l ' l - l J'
g\_ﬁ_\) v : — ———— : : I .Euthana5|a &
WT or AD tissue collection
4mo Iw 2w 3w 4w 5w 6w 7w 8w 9w 10w 1llw
%\ Acclimation Treatments 3x weekly
D ~ 5x weekl IN-vehc, IN-tPA or IN-TNK M
— / IF staining for
WTorA plaques and microglia

10mo

Figure 4.1. Flow chart of all experiments performed in this chapterThree different experimental
groups of mice underwent lorigrm intranasal (IN) drug treatment over awéek period. 23-month

old male C57BL/6 mice conducted as a pilot study received/iéiNcle (n=4) or INtPA (n=4)) whilst
anaesthetised and did notveaan acclimation period-#honthold female AD or WT littermates were
treated with INvehc, INtPA or IN-TNK (n=9-15). 18monthold female were treated with either-IN

vehc or INtPA (n=713). The behavioural tests included the parallel rod floor (PRFpa¥Ye 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 inflmorescencélF) staining for

plagues and microglia.

4.2.3 tPA and TNK dialysis
The dialysed tPArd TNK was useds describeth Chapter 3. Please sesection 32.3 for

specific details.

4.2.4 Intranasal drug delivery

4.2.4.1 Intranasal drugdelivery in anaesthetised mice

See method frorthapter 3 section 3.2.4.

This method was only used in the pilot experiment using-typeé 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 {4ighc; 0.4M HEPES) or intranag®A (IN-tPA,;

100nyg protein 30m of 3.33mg/ml tPA in 0.4M HEPES). S&able 4.1for numbers of animals

that underwent each treatment.
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4.2.42 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 effectrehtmenton longterm AD outcome. 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 awailee (discussed more fully isection

4.4.2). Female APP/PS1 mice aged either 4 onthths underwent intranasal drug delivery

in awake mice following a modification of the protocol described by Hanson and coll&dgues

To prepare mice for this drug delivery method they were first acclimated to the researcher and
the handling/scruffing method, to minisg 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 marum 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 aswiuffing 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 ta®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 Iife the mouse by the base of the tai
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 3®sds, 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 mininse 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 ani m
for 30 seconds. Repeat this a second time after anom&e rest perid. If the mouse frees

itself from the grip, put the mouse back on the towel argtipe Repeat the rgrip 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
oneminute rest period.

Day 7: Scruff the mouse, invert it, and intranasally administer uprt@bsaline into the left

nostril of (use half of the loadedfirst (3m), and wait a few seconds before administering

the other &), then repeat in the right nostril with anothet,&vith 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 uprt@bsaline into the left

and right nostril (~15 second interval between delivery to each nostril). Aftantite, repeat
procedure.

Day 9 and Day 10Scruff the mouse using the intranasal grip, invert it, and intranasally
administer up to @i 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 nasitil)a total

volume of 301 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 ofrB@nd 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 b@§0of tPA or TNK protein (i.e., 3@ of 3.33mg/ml
solution). The vehicle control was 0.4M HEPES buffer which was diatthe tPA and TNK

solutions were dialysed in.
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SeeTable 4.1below 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

4.2.5.1Parallel Rod Floor (PRF)

The neurological function of mice was evaluated via ahause 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 begamudedias a baseline
result, they were tested at the mpidint of the treatment.gé., 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 arouhchonths 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 appaiguus 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 fonialBe period, where they

are filmed by a camera from abovihe 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 tiniee automatedoftware measusahe total foot slips, foot

slips/m travelled, total distance travelled, maximum and mean speeds travelled, time
mobile/immobile and rotatiod%. The results are analysed by dividing the ipaint and end

point results by the baseline results for each animal to give @ lialdge.

/ \ Clear acrylic box
/ with no bottom and
without lid showing

Parallel stainless
steel rods

t Acrylic frame
Rubber stopper

Figure 4.2. Parallel rod floor apparatus. The bottom of the apparatus is covered with metal rods, 1cm

apart and 1cm abovee 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 ¥maze

The Y-maze test assessemeasure of shoterm spatial memo#y2 Mice were habituated to

the behaviour/testing room under red light 30 minutes prior to commencing experiments. The
Y-maze apparatus consiststbfee 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
ter med fodmimeidbgar @ and 6énovel 6, with different
with stripes or triangle astar pattern) attached at the end of each armHigeee 4.3).

Mice are placed inside theeMaz e at the end of the designat ¢
the arms blocked off (6novel déd arm). The anin

the oOf amil i ar 6Thamoose s emoved fromnthie mazé and placed back in its

77



Chapter4: Using intranasal drug delivery to assess therapeutic effects of tPA and TNK in a
mouse model of AD

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 therBlhute rest periodhe same mouse is then

pl aced back in the 6homed arm and all owed to
This procedure is recorded by video from above and is run through-tvading software
(TopScan to analyse the different outcomestbé 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 am 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.

£
©
Q
£
(o]
I
«
[l

Figure 4.3. Depiction of the Y-maze behavioural testA) 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 arBihute rest period, mice are returned to the home arm

of themaze with access to all arms. If spatial memory is intact, then mice should have a preference for
the novel armB) or if memory is impaired then they will spend equal amounts of time in all &)ms (

Mice are filmed and tracked in therfaze from above @nassessed using TopScan software.
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4.2.53 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 wif28 22 water,
measured using a haineld 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 diaageter
placed 1cnbelow the water leveb be submergedpproximately 100ml of no#oxic white

paint is added to the water to increase the opacity and hide the platform from the animal. It also
serves as aontrast agent for tracking a dark coloured moGgatial 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, e(Ejgure 4.4).

The MWM test is conducted over aday period. Day 1 consists of the platform being raised

out of the water by O0.5cm with a o6flagd pl ac
This day is to ensure the mice can swim and to teach them thatgtzgplatform 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).té&f60 seconds they are guided to the platform, then
removed from the water. This is repeated 6 times in one day for each mouse. Orbddys 2

the training period the platform is submerged, and visual and spatial cues put in place. Mice
again are put irhie 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 the traning period

As this task is repeated, the animal learns to associate the location of the goal (platform) with

the spatial cues. Theeeen o tr i als on day 6, mi ce are all c
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 thepeocedures anttacked 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 recordedethe time to findhe platform
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on the training days (days3) averaged across the 6 trials per day; and the time spent in the

target quadrant on day 7 when the platform is removed.

e Visual cue
ecececee ® o Spatial cue
O Submerged platform

NW Quadrant NE Quadrant

SW Quadrant SE Quadrant

Figure 44. 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 rando 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 fran 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 euthaseid atthe experimental endpoints, around 4 months of age for the
wild-type pilot study, anéround 66.5 or 1212.5 months of agdor all other experiments

after all behavioural tests had been performed. Before they were euthanised weights were
recorded. Then they were injected by intraperitoneal injection usinggalfe needle, with a

lethal dose of urethane (3.3mg/kg dose, e.g., F306025% w/v urethane solution in2B).

When mice were deeply anaesthedi, 600r blood wascollected from the inferior vena cava

(using a 23gauge needle piidled with 60m sodium citrate (129mM)). Blood was later
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centrifuged at 2000 for 15 minutes at room temperature, plasma supernatant collected and
stored at-80 C. Following the blood draw mice were transcardially perfused with 30ml of
phosphate buffered saline (PBS; 15M NaCl, 160mMHPD;, 40mM NahPQy).

4.2.6.2 Brain dissection

After the perfusion, the brain was then carefully dissectedyanty rinsedn 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-80 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 C fridge for 27 days until tissue processing and embedding in paraffin wax.

4.2.7Histological staining and imaging

4.2.7.1 Tissue processing, embedding and sectioning

Hemibrain samples were removed from mice as described in the akatien 4.2.6.20

prepare for histological staininghe brains were then pested in 4% PFA overnight or up

to one weekThese samples were then processed using a Leica Biosystems Peloris Tissue
Processor with a-Bour ethanol cyclelfable 4.2, atMonash Histology PlatforrMHP). After
processing was complete samples were embedded in paraffin wax performed using a Leica
Biosystems Histocoré\rcadia H+C unit. The henbirains 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 cycleBrovided 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
(4rm thick sections) and placed onto Men@aser 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-4 serial sections were placed onto the salde.sThe second
areawas then 1mm into the hemisphere and agadrs@rial sections were placed on slides. 6
slides were collected at each area and the appad&ilocation have been displayedrigure

45. Slides were then allowed to dry at room temperature for approximately an hour and then

stored in slide boxes at room temperature until requiredistological staining.
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Cerebellum Cortex Olfactory bulb

Figure 45. Sectioning locations of paraffin embedded herrains. A) Brains were sectioned along
the midline (area 1) and 1mm into the sagittaéntated brain (area B) An approximate example of

how sagittal brain sections appeared on the slides. Created using BioRender.

4.2.7.2 Immundluorescence(l F) staining

At least 5mice from each of théreatmentgroupswere assessed, with 2 slides per brain
undergoingmmundluroescencél F) staining imagingand analysis (1 slide with sections from
6area 106 and 1 sHgurel4b). Slides werediratineubate@ dt gD insae e
oven for 20 minutes before being dewaxed with xylene (3x 2 minutes), rehydrated with 100%
ethanol (3x 2 minutes), and washed with distilled water@H Antigen retrieval was
performed with a DAKO PT Link in 1x DAKO Target Retrieval\{ioH) Solution (DAKO
#S1699) at 98 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-atsntened wash
buffer for 5 minutes. Next a mousermouse block was applied to block any endogenous
mouse immunoglobulins binding to the mouse tissue section (AffiniPure Fab Fragment Goat
Anti-Mouse 1gG (H+L), Jackson ImmunoResearch Labs #KI5003). This was wed at a
concentration of 20@g/ml diluted in DAKO Serum Free Protein Block (DAKO #X0909), for

1 hour, to block norspecific binding. Then slides were washed in wash buffer (2x 5 minutes).
Diluted primary antibodies were added to slides and incubated for 1 houra(skee4.3for
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 (se€able 4.3 for 1 hour and slides were again washed (2x 5 minutes). A DAPI
counterstain was added to stain for nuclei (Sigf@236276001) anthcubated for 15
minutes, then slides were washed (1x 5 minutes). Slides were next washegDirfodHb
minutes. 0.3% Sudan black B in 70% ethanol was applied for 30 seconds to quench
autofluorescence and then slides were washed O ddr 5 minutes. Lastly, slides were
mounted with Prolong Gold Anrfrade 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 immunofluorescencestaining.

Antibody details Dilution Supplier and
catalogue number

Primaries

Purified mouse anttbeta- Amyloid beta (4)  1:1000 BioLegend

amyloid (1-16) clone6E10, #803001

monoclonal antibody

Goat polyclonal antrlbal Microglia cells 1:500 Abcam

antibody #ab5076

Secondaries

Donkey anti-mouse 1gG Mouse IgG (amyloid 1:500 Invitrogen

(H+L) highly cross-adsorbed beta antibody) #A-21202

secondary antibody,Alexa

FluorQ 488

Donkey anti-goat IgG (H+L) @ Goat IgG 1:500 Invitrogen

crossadsorbed secondary (Microglial #A-21447

antibody, AlexaFluorO 647 | antibody)

4.2.7.3 Imaging and analysis

|F 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 anddimage
simultaneously to mininge variations in staining intensity and camera setting were consistent

between the different images.
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Images were analysed using ImageJ software (€l3lion 1.54t). Two slides per mouse brain

were stained and imaged (one from area 1 and one from aFégu?e(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 cklth@reen) 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. Brightness for all images and channels was
manually set to 1.0,00Q this ensured no automatic brightness adjustments would affect the
intensity of the signals. Next, regions of interest (ROIs) wezated by manually outlining the

following areas: whole brain, olfactory bulb, cortéont cortex, back corteand hippocampus

(Figure 46). 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 ROl was
recorded and then the images was converted into binary by settingshdld (5006max for

Ab, 4000max for microgliaand 356thax f or t PA), this was so0 t he
di spl ayed) . Then the positive spots were me
count all the positively stained areas. Particle size was also takeacouunt 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 for Ab plaquepatrticle sizes

included were 4600, for microglia 3500 and fortPA@L 0 000) . The o6f i || hol

also applied as it was assumed any holes in the plaques or cells were still considered positive.
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Olfactory
bulb

Figure 4.6. Example of regions of interest (ROIs) for sagittal brairsectionsROIs 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 fremanftold AD

mouse. Scale bar dispg2mm.

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 |gerpeoparameter was

used. The parameters of interest for amyloid plagues and microglia were counts (sradardi

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 stathin 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 meastahdard error or the mean (SEM). For comparisons between
two independent grougs.g, AD+IN-vehcand AD+IN-tPA groups inl2-monthold miceAb

plague analys)s an unpaired-test was performed to determine statistical significaRoe.
comparisons between more than two independent groups with one independent variable, a one
way analysis of variance (ANOVAjasu s e d , wi t Hiplelcankparigoassto deterrine

posthoc significance (e.g., A\plague analysis between AD mice treated withvihc, IN
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tPA and INTNK). For comparisons between more than two independent groups with two
independent variables,atwoay ANOVA with Tukeyds-hoouebts i pl e
were used-or 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
threeway ANOVA wasperformed Significance is shown b§p<0.05, **p<0.01, ***p<0.001,
****n<0.0001.

Sincethere are two main variablesre being compared in this stu@enotype and treatment)

the twoway ANOVA results give indications for whether there were effects cause by either of
thevariables The way thisis displayed on all graphs is demonstrated with some example data

in Figure 4.7.When there is a significamesult due to the AD genotype (ANOVA column

effect, comparingall the WT gr oups against the AD groups),
genotype effectd and dificanre feopregdre a7sgroupmgthepi nk b
OWT genotypesd and 6 AD g ewanan pvprallsighificaneepdaer at e | y
to theintranasal treatmeft ANOVA row effect) treatmhnies f wick I6 & c
displayed like the orange bars of significance using # instead of *. Whenitbei@ny post

hoc significance between any groups it will be displayed like the green bar of significance

shown belowP values of the pogtoc tests were not included.
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Example data

40 -
e [N-vehc
30 - e IN-tPA
" ° IN-TNK
— [ ]
g 20 % &
o o
10 4 ﬂ ’
0 | I
WT AD
Genotype

Figure 4.7. Example data used to display how the results of a twway ANOVA will be shown on

most graphs in the results sectionPi nk si gni fi cance bars indicate
bars with # stiearheot fsf @ mtdéd can & @r decrsigndiGancebetweed i c at e
two individual groups. These results will be based on thevtayp ANOVA column and row effect p

values.

4.3 Results

4.3.1 Longterm 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 chapteChapter 3) as a longterm treatment. A pilot was conducted in wijghe

mice, where they were treated with eitherudhicle or INtPA (100vg protein) three times a

week for eight weks 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 funEtgure 4.8 below displays

the weights of the mice over timéhere was no significant difference in weights between the
two treatment groupsver time(two-way ANOVA, p=0.2475). There did appear to be more

variability in mouse weights in INPA wild-type animals.

88



Chapter4: Using intranasal drug delivery to assess therapeutic effects of tPA and TNK in a
mouse model of AD

Animal weights

31~
-o- [N-vehc
304 -o— |N-tPA
C
S, 29
‘O
=
284
27 1 1 1 1 1 1 1 1

A i S
@ &7 W& W& W& W& W& W@
7 QY QY QY QY Y YN
Timepoint
Figure 4.8. Wild -type mouse weights over the longerm intranasal treatment period for pilot
study. 2-3-monthold male C57BL/6 mice received a course of intranasal vehicle (0.4M HEPES; IN

vehc) or intranasal tissttgpe plasminogeractivator (INtPA) 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 4 A when compared to HMehicle treated micé~{gure 4.9)

(t-test showed p>0.05 for all parameters and timepoints measured Hevever 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 andrtobie parameters-(gure

49A, B, C, D, E, B. Also, the motor function measured Hye foot slips per metre travelled
wasslightly increased relative to baselirieigure 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 (IMehc) or INtPA. The results are displayed as a fold change, relative to the
initial baseline reading acquired prior to the beginning of the intranasal treaftéeft-hand panels
display thefold changeresults at the midpoint of the treatment period and all Higimd panels are
results from the endpoint of the treatmeXit andB) show the distance travelle@) andD) the time
spentmoving or time mobileE) andF) the maximum speed of the midg) andH) the foot slips per

metre travelled in the test. Analysed kgs$ts (n=4)

4.3.2 Animal weights of 6 and 12month-old APP/PS1 treated mice

When the intranasal drug delivery to anaesthetmmex was applied to the APP/PS1 mice,
there was an increased mortality of the animals. Tinstality and reduction in animals
weights,in combination with thérend ofdecreased activity and increased motor deficits of the
pilot WT mice lead us to rassess this method. A new method was developed to administer
intranasal drugs in awake mice (ssation 4.2.& of the methods). The same dosing and
frequency of the drug administration wasplied;however,no anaesthetics were used which
improved the outcome of the mice. This new method was applied to & &mel 12month

intranasal experimesitin AD mice that are shown in all the preceding results.

When examining the weights of the mice over the treatpendd there was no significant
difference between the treatment groups over time in either-thenth mice ihixed effects
ANOVA p=0.7383, or thel2-monthmice (p=0.945§ (Figure 4.10). This indicates that the
specifictreatmenbr genotypalid not influence body weight over the course of the treatment.
There was a dramatic decrease in weight in the fistn2eks of handlingh 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 intranasallN) treatment period.
Treatment period is from Weeki 3Veek 10represented by yellow sectiok) WT and AD mice were
treated with either INehicle (vehc) control, INissuetype plasminogen activator (tPA) or AN
Tenecteplase (TNK) before the experimental endpoint of 6 m@n#815). B) WT and AD mice
treated with either INvehc or INtPA at 12 months of age (n=243). Weeks 12 are where the mice
underwent acclimation to handlingreeks 1-12 mice underwent behavioural testiMdp significant
differences in weight between the treatment groupsilgd effectsANOVA.
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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 ADmice treated with intranasal vehicle, tPA or TNK. All mice were tested at baseline
before the intranasal trea¢ntbegan, halfway through the treatments and after the final drug
treatment. Results are displayed as a fold change cmop#w the baseline reading for all
parameters. Thé-monthold experimental mice are shown first igure 4.11. There was
found to be a genotype effect from the tway ANOVA results at the midpoint of treatment

in the following parameters: distance travelled (p=0.0046yufe 4.11A), time mobile
(p=0.009) Figure 4.11C) and maximum speed (p=0.008E)dure 4.11E). Between groups
these results did not reach pbsic significance. This AD genotype effect was not observed at
the endpoint of the treatmerifigures 4.11B, D, F). There was no change in motor function

as assessed by foot slips per metre travelled in the PRF test between Biguups4(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 treatieahdB) show the distance travelled,

C) andD) the time spent moving or time mobile) andF) the maximum speed of the mi¢&) andH)

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 {iighc; ue bars), INtPA (red bars) or INTNK (green bars). Two

way ANOVA, **p<0.01 indicates a significant different due to the AD genotype-{59

Figure 4.12 shows the PRF results for th2-month-old experimental mice treated with either
IN-vehc or INtPA for 8 weeks. These mice did not have any significant changes due to
genotype or treatment when looking at tliferent parameters of the PRF test at the midpoint
or endpoint of the treatment (tweoay ANOVA, p>0.05 for all tests)
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Figure 4.12. Parallel rod floor results of the 12mo WT andAD 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 treatigaindB) show the distance travelle@)

andD) the time spent moving or time mobilge) andF) the maximum speed of the mid@) andH)

the foot slips per metre travelled in the test. The results are displayed as a fold change, relative to the
initial baselire reading acquired prior to the beginning of the intranasal treatment. WT and AD mice
received either intranasal vehicle {ihc; blue bars) or INPA (red bars). Assessed by tmay

ANOVA (n=7-13).

4.3.3.2 ¥maze

The Y-maze was used as a tessphtial 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. n 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 micé&wo-way ANOVA p=0.0315, no podtoc significance)
(Figure 4.13B), suggesting that th&D mice prefer the novedrm There was no treatment
effect in either outcom@wo-way ANOVA, p>0.05)

o

Entries into novel relative to familiar Duration in novel relative to familiar
*

—~ 1.0 P —
8 ¢ IN-vehc S LT v ¢ ® IN-vehc
g 0.8 R o ® IN-tPA E 0.8 R HEE e IN-tPA
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206{e £ & oy ° IN-TNK S oed o i * 4 * INTNK
2 et [ O IS 4 > * ;)E‘
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& 0.4 ° 2 044 d e o |®
g' = : ® " L ]
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o ® L
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Figure 4.13. Y-maze results of the 6mo cohort dfVT and AD micetreated 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), INtPA (red) or INTNK (green).Two-way ANOVA *p<0.05;(n=9-15).

There were no significant changes in the spatial memory oRteofith-old intranasatohort
(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 micPanelA) shows the number of
entries into the novel arm relative to the entries into the familiar arm of the Bjagdahe duration of
time spent in the novel relative to familiar. Mice were treated with eithereidt (blue) or INNPA
(red). Twoway 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 thd2-month-old intranasakxperimentFigure 4.15 shows the results of

the MWM test. During the days of trainingF{gure 4.15A) the AD groups of mice were
significantly slower to find the target platform than WT groups {ivay ANOVA p=0.0127),

this did not show posdtoc significance between individual groups. The@sgeno changes in

the time spent in target quadrant on the final day of the test where the platform is removed from
the water maze (twaway ANOVA p>0.05) Figure 4.15B). There was no effect due t
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 B).shows the time spent in the target quadrant on day 7

of the test when the platform is removed. Tway ANOVA, *p<0.05 (n=713).
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4.3.4 Histological results

Immundluorescencg(IF) was used to analyse the bragathologiesof all the intranasally
treated mice. Sagittal brain sections were stained using antibodies spec#neyford beta

(Ab) and microgliaFigure 4.16 showsrepresentative images of mice from thenénth-old
intranasakexperimentlt can be observed that there are noplaques in WT braing=jgure

4.16A, B, C) and distinct plagues in the AD midéigure 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 groug with clear clustering of microglia withb¥plaques in the AD mice.
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Figure 4.16. Representative images of the-onth-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 experim@ndisplays a WT mouse brain treated with intranasal
vehicle (INvehc),B) WT treated with IN tissu¢ype plasminogen activator ({tPA), C) WT treated

with IN Tenecteplase (INNK) D) APP/PS1 (AD) treated with INehc,E) AD treated with INtPA
andF) AD treated with INTNK. Each brain image is split into the 3 different fluorescent channels and
a composite image (shown on the-lefind sides) with the top image being the DAPI (blue) nuclei stain,
second being Alexa488 (green) amyloid beta stain, theidg Alexa647 (pink) microglial stain and
fourth the composite overlay of all fluorescent channels. The-hghtl imagesf each panethow a

20x zoom of a site where plaques are located in the cortex. Scale bars show 2mm fenaimel lefiole
brain images and 0.1mm for the 20x zoom on the iginid sides of each panel. The yellow box on the

whole brain displays the 20x zoom location.

Figure 4.17 shows the[F staining results for the 1&onthold experimental mice treated with
either IN-vehicle or INtPA. It can be clearly observed that there is an abundande mb4ues
in the 12monthold AD mice Figure 4.17C and D) compared to the WT animalEigure
4.17A and B) at the same age. Similar to then®nth-old mice there is clustering of microglia

around the plaques.
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Figure 4.17. Representative images of the 1thonth-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
genotypel/treatment groups wi#f) being a WT mouse brain that was treated withvitic,B) WT

treated with INtPA, C) AD given IN-vehc and) AD given IN-tPA. Each brain image is split into the

3 different fluorescent channels and a composite image (shown on thardftsides) with the top

image being the DAPI (blue) nuclei stain, second being Alexa488 (green) amyloid beta stain, third
beingAlexa647 (pink) microglial stain and fourth the composite overlay of all channels. Thé aigtht

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 zoarthe righthand sides of each panel. The

yellow box on the whole brain displays the 20x zoom location.

4.3.4.1 Amyloid beta (4) plaque load

The Ab plaque staining was assessed for all animals, and the results frgkD thece are
displayed heraNo 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 thenénthold intranasally treated AD mice.

There were no significant differences between treatment groupsM@mn@NOVA, p>0.05

for all ROIs).

10¢



mouse model of AD

Chapter4: Using intranasal drug delivery to assess therapeutic effects of tPA and TNK in a

A Whole brain B Olfactory bulb
0.0025 0.0025
0.0020 0.0020 |
o ©
i o
S 0.0015 58 0.0015-
[ 7] b
S S
g 0.0010 - g 0.0010
o o . et se®
000054 , ° 2 0.0005 - ~4 i 2
0.0000 —ﬁ—ﬁ—ﬂ— 0.0000 - g &
P R &
NS N
Treatment Treatment
C Hippocampus D Cortex
0.0025 0.0025
0.0020 0.0020
o ©
e e
£ 0.0015 £ 0.0015 o
W (7]
] S .
- - [ ]
g 0.0010 g 0.0010 - .
o o eep® *
000054 . . . 0.0005 3 ﬁ :
N o » a .
O $e . .
0.0000 * En i‘.‘ 0.0000 1L 1 1o
&S & & &
& NS N
Treatment Treatment
E Front cortex F Back cortex
0.0025 - 0.0025 -
L ]
0.0020 - . 0.0020
8 8
5 0.0015- . £ 0.0015
w w0
S S
go.omo— s g 0.0010 . o
o e® o o oo e
0.0005 - 13 3 0.0005- s* J
L
od [o°] [o° ﬁ . :
0.0000 T T T 0.0000 T T T
-Aé\o \\’Qv. ‘-“\*. -aé’oo ’3? p *
& W @ & v @
Treatment Treatment

Figure 4.18. Amyloid beta plague counts in6-month-old AD mice treated with intranasal vehicle,

tPA or TNK . The number of plagues were divided by the total area (in pixels) of each region of interest.
The regions examined wefg the whole brainB) olfactory bulb,C) hippocampusD) whole cortex,

E) front half of the cortex anB) back half of the cortex. Ongay ANOVA (n=1215).
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Theaveragesize of the plagues was also analysettiese émonth-old treatecanimals(Figure
4.19), and similarly there was no differembetween treatments amongst the 6mo roce

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®onth-old AD mice treated with IN-vehicle
or IN-tPA or IN-TNK. Size of plaques shown as average number of pixels iA)tmehole brain,B)
olfactory bulb,C) hippocampusD) cortex, E) front cortex and~) back cortex. Onavay 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 regidbhsrewereno significantdifferences

in any of the ROIs of the percentage area of the plaques, as shéigura 4.20 (oneway
ANOVA, p>0.05 for all ROIs)
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Figure 4.20. Percentage area of plaques in brain regions of interest ofrGonth-old AD mice
treated with IN-vehicle or IN-tPA or IN-TNK. Percentage area of amyloid beta plaques imAjhe

whole brain,B) olfactory bulb,C) hippocampusD) cortex, E) front cortex and-) back cortex. One

way ANOVA (n=1215).
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Next, these same parameters and ROIs were assessed imtioat:dld cohort ofAD mice
treated with INvehicle or INtPA (Figure 4.21). Surprisingly, here was a significant increase
in the number of plaques per afedowing IN-tPA treatmentn the cortext-test p=0.0416)
and more specifically the front half of the cor{gtest 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 12month-old AD mice treated with IN-vehicle or IN-tPA.
Plague counts normalised to the area in different regions of interest in theApr@hrows results in the
whole brain,B) olfactory bulb,C) hippocampusD) whole cortexE) front cortex and~) back cortex.
Unpaired ftests *p<0.05(n=7-9).
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