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Abstract:

Introduction | The development of hypertension in an animal model of polycystic kidney disease,
the Lewis polycystic kidney (LPK) rat, is caused, in part, by the overactivation of the subfornical
organ (SFO). Circulating proinflammatory cytokines, namely tumour necrosis factor-a (TNFa),
are suggested to act in the central nervous system to produce an increase in neuronal excitability.
Therefore, we hypothesised that TNFa acts on the SFO to increase neuronal activity, therefore
contributing to the development of hypertension.

Methods | Urethane-anaesthetised Lewis control (n=20 total) and LPK (n=19 total) animals
underwent microinjections of TNFa or tumour necrosis factor receptor 1 antibody (TNFRI Ab) or
minocycline, an inhibitor of microglial activation, followed by a GABAa agonist into the SFO.
Microglial activation in the SFO was assessed by staining with an anti-Ibal antibody (n=2 Lewis
and n=3 LPK).

Results | Microinjection of TNFa into the SFO led to a dose-dependent increase in mean arterial
pressure (MAP) in Lewis animals (P<0.01) but not in LPK animals (P=0.32). Microinjection of
TNFRI Ab did not reduce MAP in Lewis or LPK animals (1 + 1 mmHg vs -1 + 1 mmHg, Lewis
vs LPK, P>0.05). Minocycline microinjection did not reduce MAP in Lewis or LPK animals (-1
+ 1 mmHg vs -1 £ 1 mmHg, Lewis vs LPK, P>0.05). Microinjection of minocycline in LPK
animals significantly increased the tonic activation of the SFO, indicated by the increased
depressor response to GABA= agonist microinjection (-12 £ 2 mmHg vs -23 = 4 mmHg, no
inhibitor vs prior minocycline microinjection, P=0.04). Preliminary observation suggests that LPK
animals have considerably more activated microglia than Lewis animals.

Conclusions | Overall, these findings demonstrate that proinflammatory cytokines in the SFO
do not contribute to the short-term control of BP in normotensive conditions and do not contribute

to the overactivation and therefore the development of hypertension in LPK animals.
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1. Introduction

Hypertension is a common comorbidity in polycystic kidney disease (PKD) (Chapman et al., 2010;
Marlais et al., 2016; Karava et al., 2018). Despite the high prevalence and mortality rate associated
with hypertension in PKD, current antihypertensive treatments are not effective in many patients
with PKD (De Beus et al., 2015; Thomas et al., 2016). Furthermore, the underlying
pathophysiological mechanism(s) behind the development of hypertension in these patients is not
fully understood, therefore limiting the potential for researchers to develop new treatment targets.
In an animal model of PKD, the Lewis polycystic kidney disease (LPK) animal, a main contributor
of the hypertension observed is an increase in activity in the paraventricular nucleus (PVN) of the
hypothalamus, that is driven by an increase in glutamatergic input from the subfornical organ
(SFO) (Underwood et al., 2019). However, what is driving this increase in activity of the SFO is
unknown. Systemic inflammation is present from an early stage in the pathogenesis of PKD and
is, in part, a key contributor to development of many of the underlying symptoms of this disease
including cystogenesis and a decline in renal function (Karihaloo, 2015). Furthermore, many
proinflammatory cytokines, such as tumour necrosis factor-a (TNFa), act in the SFO to increase
the excitability of neurons and causes a significant increase in blood pressure (BP) in normotensive
Sprague-Dawley animals (Wei et al., 2015; Simpson and Ferguson, 2017). Therefore, the purpose
of this thesis was to 1) establish if proinflammatory cytokines in the SFO contribute to the control
of blood pressure (BP) in normotensive conditions and from that 2) identify if proinflammatory
cytokines act in the SFO to increase its activity in LPK animals, and therefore contributes to the

development of hypertension.




1.1. Determinants of BP

BP is constantly regulated and altered to maintain an adequate BP through the diverse range of
physiological, pathological and environmental challenges. This constant and tight regulation of
BP is important, as chronically low BP can disrupt cellular functioning due to a lack of perfusion,
while chronically high BP can lead to severe end organ damage (Raven and Chapleau, 2014).
Cardiac output and total peripheral resistance are the main determinants of BP (Feher, 2012).
Cardiac output refers to the amount of blood pumped out of the left ventricle of the heart over a
certain period of time. It is determined by a range of factors that work together to produce changes
in BP including; heart rate (HR), stroke volume, end diastolic volume, venous return, cardiac
contractibility and autonomic nervous system input (Gordan et al., 2015; Crystal et al., 2019).
Total peripheral resistance refers to the resistance of the blood vessels that has to be overcome in
order to pump blood through the circulatory system and is determined by a range of factors
including; inherent myogenic tone of the vasculature, vasoactive stimuli and hormones
(Johansson, 1989; Quyyumi, 1998). Overall, there are a range of complex mechanisms that act in

unison to regulate BP in response to a changing pressure requirement of the animal.

1.2. The role of the central nervous system in BP regulation

The central nervous system is a major centre of integration of peripheral signals of BP, including
stretch sensors in the systemic blood vessels and heart, metabolic signals and hormonal signals
(Chopra et al., 2011). This information is detected from multiple regions of the brain and
integrated, allowing for a suitable response to return BP back to homeostatic levels. One such
integration region of the brain is the hypothalamus, a collection of nuclei that integrate peripheral
signals to produce endocrine, autonomic and behavioural responses (Swanson and Sawchenko,
1983; Hughes et al., 1995). One hypothalamic nuclei in particular, the PVN, is an important
coordinator for autonomic and neuroendocrine mediated cardiovascular responses. The PVN
increases BP by altering the sympathetic outflow to a range of end organs through direct
connections to the spinal cord and indirect connections via other key autonomic centres including
the rostral ventrolateral medulla (Pyner and Coote, 2000). Furthermore, via magnocellular neural
connections to the pituitary gland, the PVN regulates BP by stimulating the release of vasopressin
which act to raise BP by increase water reabsorption in the kidneys and by inducing arteriole
constriction (Bankir, 2001). The PVN also stimulates the release of adrenocorticotropic hormone
from the anterior pituitary gland through the release of corticotrophin releasing hormone, both of
which have been shown to increase BP (Lorenz et al., 2008; Sabban et al., 2009; de Kloet et al.,
2017; Wang et al., 2018).




1.3. The role of the SFO in BP regulation

The SFO is one of the small, specialised neuronal populations known as the circumventricular
organs of the brain (Gross and Weindl, 1987). The SFO is found on the dorsal border of the third
ventricle below the fornix and, unlike most cortical brain regions, lacks an intact blood brain
barrier, as the capillaries in the SFO are highly permeable due to the presence of numerous
fenestrae and absence of tight junctions normally found between endothelial cells (Gross, 1991;
Petrov et al., 1994). Furthermore, the SFO has an extensive vascular system with many capillary
loops and large perivascular spaces surrounding the capillaries, all of which create a large area for
substances to diffuse into the SFO and therefore be detected by neurons (Gross, 1991). As the
blood brain barrier acts to tightly control the movement of circulating substances into the brain,
the lack of an intact blood brain barrier allows the SFO to detect, and respond to, a large range of
circulating substances that are not usually detected by or exposed to neurons, demonstrated by the
range of receptors expressed on SFO neurons that are not found on neurons protected by the blood
brain barrier (Gross and Weindl, 1987; Smith and Ferguson, 2010). This has important
implications for diseases like PKD, as a dysregulation in circulating substances is evident from the
early stages of the disease which, in turn, may affect the functioning of this brain region and

therefore drive, or exacerbate, the underlying symptoms of this disease.

The SFO plays a major role in many key homeostatic functions including osmoregulation,
cardiovascular regulation and integration of autonomic function (Smith and Ferguson, 2010). The
role that the SFO plays in fluid balance and osmoregulation has been well established, with
landmark studies of this brain region identifying that an increase in total water consumption was
elicited in rats when angiotensin 1l, a hormone released in response to low blood volume, was
microinjected into the SFO (Simpson and Routtenberg, 1973; Mangiapane and Simpson, 1980a).
Furthermore, lesioning of the SFO led to diminished drinking responses in rats exposed to
hypertonic saline, angiotensin Il and polyethylene glycol solutions (Hosutt et al., 1981);
physiological challenges that elicit drinking behaviour in SFO intact animals.

In addition to controlling drinking behaviour, the SFO can monitor plasma sodium levels
(Anderson et al., 2000), allowing for this brain region to alter its firing rate in response to changes
in plasma osmolarity. The SFO then projects this information to the PVN and the supraoptic
nucleus in the hypothalamus, brain regions that are responsible for the release of vasopressin
(Gutman et al., 1988). This finding is supported by the observations that chemical and electrical
stimulation of the SFO leads to an increase in circulating vasopressin (Ferguson and Kasting,

2017). This demonstrates that the SFO is an important brain region for maintaining the blood
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volume and osmolarity of an organism through altering the activity of downstream brain regions,
inducing the release of hormones responsible for maintaining blood volume and eliciting drinking

behaviour.

It is evident that, in addition to the regulation of blood volume and osmolarity, the SFO plays a
role in regulating BP with five key experimental observations supporting this: (1) chemical and
electrical stimulation of the SFO induces a significant pressor response in rats (Ishibashi and
Nicolaidis, 1981); (2) electrical stimulation of the SFO causes an activation of the sympathetic
nervous system, a key regulator of BP (Ciriello and Gutman, 2011); (3) ablation of the PVN, an
important brain region in BP regulation, abolishes the pressor response observed upon stimulation
of the SFO (Ferguson and Renaud, 1984); (4) microinjection of angiotensin Il into the SFO to
elicits a significant pressor response (Lind et al., 1983); and (5) lesion of the SFO and the SFO’s
efferent connections to other brain regions attenuates the pressor response to systemic infusion of
angiotensin 1l (Mangiapane and Simpson, 1980b). Therefore, it is clear that the SFO plays a major
role in the control of BP due to its ability to detect a range of circulating substances and project
that information through efferent connections to other brain regions that maintain BP. Overall, the
SFO is an important centre for integration of peripheral signals, allowing for an adequate response
by the autonomic nervous and neuroendocrine system to maintain BP and blood volume

homeostasis.

1.3.1. The role of the SFO in hypertension

It is well established that the SFO is an important brain region of integration of central and
peripheral signals to help coordinate a physiological response to restore homeostasis. However,
disruption to normal functioning of this brain region can lead to perturbations in the homeostasis
of the organism. This is evident in the contribution that a dysfunctional SFO has to the
development of multiple forms of hypertension as evident in the results of six studies: (1) selective
silencing of angiotensin type Il receptors in the SFO of two kidney one clip model of renovascular
hypertension reduced mean arterial pressure (Rossi et al., 2019); (2) chronic lesioning of the SFO
led to a small reduction in BP in the deoxycorticosterone acetate-salt model of hypertension
(Osborn et al., 2006), (3) chronic silencing of angiotensin Il receptors in the SFO led to a
significant decline in BP in the deoxycorticosterone acetate-salt model of hypertension
(Hilzendeger et al., 2013); (4) chronic electrolytic lesion of the SFO significantly reduced BP in
the angiotensin Il induced hypertension model (Hendel and Collister, 2005; Osborn et al., 2011);
(5) targeted knockdown of prorenin receptor in the SFO, an important receptor involved in the

production of angiotensin 11 in the brain, elicited a decrease in BP likely due to a reduction in the




number of angiotensin type 1a receptors and circulating levels of vasopressin (Li et al., 2013); and
(6) knockdown of angiotensin type 1A receptors in the SFO decreased mean arterial pressure in
the chronic intermittent hypoxia animal model (Saxena et al., 2015). Pathological changes in the
SFO has also been shown to play a role in the development of hypertension in humans as there is
a positive correlation between the level of immunolabelling for prorenin receptors in the SFO in
post-mortem brain samples and systolic blood pressure (SBP) in human patients with essential
hypertension when compared to normotensive controls (Cooper et al., 2018). Overall, it is apparent
that a dysfunction of the SFO can lead to inappropriate responses to circulating indicators of blood
volume and pressure, therefore contributing to the development of hypertension. This makes this
the SFO a prime candidate for studying the aetiology of hypertension in other diseases.

1.4. TNFa

TNFa is a proinflammatory cytokine that plays a role in regulating the immune response,
maintaining homeostasis from the cellular to the organism level and driving pathological processes
(Probert, 2015). Under normal conditions, the production and activity of TNFa is highly regulated
(Vassilli, 1992; Montgomery and Bowers, 2012; Probert, 2015) with excess TNFa being released
in response to an immunological threat, injury or underlying pathological process by multiple types
of cells including immune cells, endothelial cells, neurons and glial cells (Vezzani and Viviani,
2015). Once released, TNFa acts on two receptors in the body: tumour necrosis factor receptor 1
and 2 (TNFRI and TFRII, respectively; Probert, 2015).

Activation of cells by TNFa leads to a range of effects, largely dependent on which receptor and
cell type is activated (Montgomery and Bowers, 2012). TNFRI is found on many cell types in the
body and when activated by TNFa, it leads to a range of inflammatory processes including
apoptosis and fever (Probert, 2015). Furthermore, activation of TNFRI in pathological processes
Is associated with poor disease outcomes, as the activation of TNFRI has been shown to play a
major role in driving neurodegeneration and neuronal cell death (Probert, 2015). Of particular
interest to this thesis, TNFa leads to an alteration to normal neuronal transmission and activity
levels as in the central nervous system, as TNFa acts on TNFRI on neurons and glia to alter their
functioning due to the initiation of an alteration to glutamate transmission, the upregulation of
excitatory markers and increases in the expression of surface receptors involved in neuronal
excitability (Bezzi et al., 2001; Beattie et al., 2002; Han and Whelan, 2010; Oshima et al., 2015;
Wei et al., 2015; Colonna and Butovsky, 2017).




On the other hand, TNFRII is sparsely expressed throughout the body as it is largely found to only
be expressed on T-cells (Zheng et al., 1995; Aspalter et al., 2003). The physiological role of
TNFRII is still not clear, as historically activation of TNFRII by TNFa was largely thought to be
protective, as activation of TNFRII receptors has been shown to limit the progression of many
diseases including heart disease and neurodegeneration (Montgomery and Bowers, 2012).
Although it is becoming clearer that the activation of TNFRII can also lead to proinflammatory
processes and apoptosis (Depuydt et al., 2005), the role of TNFRII plays is still yet to be

completely understood.

1.4.1. Association with the development of hypertension

Although TNFa is important for restoring homeostasis and promoting recruitment of the immune
system following an acute injury or infection, sustained increases in TNFa have detrimental effects
in the central nervous system including inducing cellular dysfunction, the deterioration of the
blood brain barrier and the development of multiple forms of hypertension (Montgomery and
Bowers, 2012). Experimentally this has been demonstrated in the spontaneously hypertensive rat,
where chronic PVN inhibition of TNFa or nuclear factor-xf3, a transcription factor activated by
TNFa, results in the significant reduction in BP (Song et al., 2014; Hayden and Ghosh, 2015; Yu
et al., 2015). Similarly, in mice with deoxycosterone acetate salt associated hypertension, which
exhibit increased TNFa release by T cells, chronic inhibition of TNFa by the TNFa antibody
etanercept reduces BP (Guzik et al., 2007); an effect that has been replicated in many other forms
of hypertension including the fructose-fed rats (Tran et al.,, 2009) and systemic lupus
erythematosus (Venegas-Pont et al., 2010). These data demonstrate that an imbalance of TNFa
can lead to an alteration of normal physiological functioning and an increase in BP across a range
of different pathologies. Of particular relevance to this thesis, in the two kidney one clip model of
renovascular hypertension, acute inhibition of TNFa in the area postrema, a circumventricular
organ, led to the normalisation of BP (Korim et al., 2019). This demonstrates not only that
circulating cytokines have access to the brain through the circumventricular organs, but that they
are able to alter the functioning of brain regions resulting in a sustained increase in BP. Overall,
TNFa is an important factor that drives the development of hypertension in a range of diseases,

however it is yet to be determined if it plays a role in the development of hypertension in PKD.

1.4.2. Activity in the SFO

Under normal conditions, TNFRI and the mRNA encoding for the receptor is expressed in the
SFO (Nadeau and Rivest, 1999). In the presence of high levels of circulating TNFa, the levels of
TNFRI and TNFRI mRNA within the SFO significantly increase, suggesting that circulating TNFa




acts to alter the short- and long-term functioning of the SFO (Hindmarch et al., 2008). Accordingly,
intravenous infusion of TNFa produces a pressor response that can be attenuated by lesioning of
the SFO (Wei et al., 2013), while microinjection of TNFa into the SFO results in a significant
pressor response and an increase in the expression of associated inflammatory and excitatory
markers within the SFO (Wei et al., 2015). This demonstrates that TNFa acts within the SFO to
not only increase BP, but to increase the excitability of this brain region. Supporting this, Simpson
and Ferguson (2017) demonstrated that exposing patch-clamped SFO neurons to TNFa increases
the activity of SFO neurons in a dose dependant manner for up to 30 minutes. Furthermore, they
identified that incubating neurons extracted from the SFO in TNFa (10ng/ml) for 24 hours led to
a sustained increase in the neuron’s membrane excitability and basal firing rate when compared to
non-treated SFO neurons (Simpson and Ferguson, 2017). Overall, this research demonstrates that
circulating TNFoa can access the SFO, resulting in a pressor response and an alteration of the
functioning of neurons in the SFO through the upregulation of excitatory markers and mechanisms
resulting in overexcitation of this brain region. As the SFO plays a major role in body fluid
homeostasis and BP regulation, this has a range of implications as many diseases present with an
increase in circulating TNFo, making it likely that TNFa is acting on the SFO to cause some of
the pathologies observed in these diseases. However, the link between TNFa and its actions in the

SFO to drive hypertension in any disease context has yet to be explored.

1.5. PKD

PKD is the most common form of inherited chronic kidney disease (CKD) as it affects an estimated
11in 1,000 to 2,500 individuals (Willey et al., 2017; Lanktree et al., 2018). The most common form
of PKD is autosomal dominant PKD (ADPKD), however there are many forms of more
uncommon ciliopathies including autosomal recessive PKD (ARPKD) and nephronophthisis
(Braun and Hildebrandt, 2017; Willey et al., 2017). The presentation of ADPKD and ARPKD are
very similar as both forms involve an increase in renal tubular proliferation and apoptosis, causing
affected individuals to develop renal cysts leading to a decline in kidney function which ultimately
declines into end stage renal disease (Grantham et al., 2006). However, the progression of ARPKD
is significantly more rapid as most individuals progress to end stage renal disease in the first decade
of life, compared to individuals with ADPKD who typically progress to end stage renal disease in
the fifth to sixth decade of life (Chebib and Torres, 2016; Sweeny and Avner, 2019). In addition
to the development of renal cysts, patients with PKD can also experience hypertension, hepatic
cysts, infection or rupture of renal cysts, cardiovascular disease and diverticular disease (Chebib
and Torres, 2016).




1.5.1. Hypertension in PKD

Unlike many other forms of CKD, patients with PKD commonly develop hypertension before a
significant decline in their renal function is evident (Chapman et al., 2010; Marlais et al., 2016;
Karava et al., 2018). Hypertension in PKD significantly increases the mortality rates of patients
through increasing their risk of cardiovascular disease (Perrone et al., 2001). Moreover, since the
development of dialysis, which has significantly reduced the number of deaths due to renal failure,
the most common cause of death in PKD patients is cardiovascular disease which is exacerbated
by the presence of hypertension (Perrone et al.,, 2001; Rahman et al., 2009). Furthermore,
hypertension in PKD is associated with an increase in the risk of PKD patients progressing to end
stage renal disease (Idrizi et al., 2007), demonstrating that it is imperative to reduce BP in these
patients to reduce the significant morbidity and mortality associated with uncontrolled BP in these

patients.

There have been some clinical insights into the pathophysiological mechanisms underpinning the
development of hypertension in PKD including the enlargement of the renal cysts causing renal
ischemia, attenuation of the renal arterioles and activation of the renin-angiotensin aldosterone
system (Gabow et al., 1990; Wang and Strandgaard, 1997), a hormonal system which increase BP
through increased vasoconstriction and water retention through the release of angiotensin Il and
aldosterone. This leads to a continual cycle of renal cyst growth and the triggering of the activation
of the renin angiotensin aldosterone system, which in turn raises BP and promotes further cyst
growth (Chapman et al., 2010). However, as many patients do not respond to treatment targeting
this system, including angiotensin converting enzyme inhibitors and angiotensin Il receptor
blockers, this continual cycle is not solely responsible for the development of hypertension in PKD
(Chapman et al., 2010). An increase in the activity of the sympathetic nervous system may also
contribute to the development of hypertension in individuals with PKD, as when compared to
controls hypertensive PKD patients have been shown to have higher levels of noradrenaline,
indicative of a prolonged activation of the sympathetic nervous system (Cerasola et al., 1998).
However, the role that the sympathetic nervous system plays in the aetiology of hypertension in
PKD is unclear as, contrastingly, some studies have not found an increase in sympathetic nervous
system activity in human hypertensive PKD patients (Bell et al., 1988) and research in our lab
indicates that an increase in sympathetic nervous system activity does not contribute to the
development of hypertension in LPK animals (Underwood et al., 2019). This indicates that
alterations of the sympathetic nervous system may not drive an increase in BP, but rather may be

another underlying symptom of PKD.




Despite these clinical insights and the development of more advanced antihypertensive
medication, many PKD patients have hypertension that is resistant to currently available
antihypertensive medication, which in turn significantly increases their risk of death due to
cardiovascular disease and end stage renal disease (Thomas et al., 2016). Furthermore, researchers
still lack a complete understanding of the pathophysiological mechanisms behind the development
of hypertension in PKD. Therefore, further studies into the pathophysiology behind the
development of hypertension are necessary, as new treatment methods to tackle the high levels of
treatment resistant hypertension in patients with PKD cannot be developed without a complete

understanding of the pathophysiology underlying the development of hypertension in PKD.

1.5.2. Inflammation in PKD

Although PKD is not typified as an inflammatory disease, inflammation is present, occurring very
early in the disease progression and is a known driver of the wider disease pathology in PKD
(Karihaloo, 2015). Four important pieces of evidence supports the assertion that inflammation is
a major pathological contributor to PKD including: (1) PKD patients early in their disease
progression were found to have significantly higher levels of proinflammatory biomarkers and
demonstrated vascular abnormalities (increased arterial stiffness and pulse wave velocity) that are
indicative of systemic subclinical inflammation when compared to nonaffected individuals
(Kocyigit et al., 2012); (2) presence of proinflammatory cytokines within cystic fluid from PKD
patients (Gardner et al., 1991); (3) TNFa induces cystogenesis in Pkd2* mouse kidney embryonic
cells by disrupting proteins involved in the development of cilia and renal tubules (Li et al., 2008);
and (4) high levels of circulating cytokines, namely TNFa and interleukin-6, are associated with a

more rapid loss of kidney function (Menon et al., 2011).

Inflammation has also been linked to the development of hypertension in the development of
treatment resistant hypertension and the decline in renal function in CKD patients (Amdur et al.,
2016; Chen et al., 2019), however as PKD patients were excluded from the study cohort in this
study, it remains to be determined if inflammatory biomarkers are associated with these poor
outcomes in PKD. Although, Menon et al. (2011) found a correlation between inflammation and
renal decline in a separate cohort of PKD patients, demonstrating that some of the research
regarding inflammatory biomarkers in CKD is replicable in patients with PKD, therefore making

inflammation a prime candidate for driving the development of hypertension in patients with PKD.

Although treatment studies aimed at reducing TNFa and other proinflammatory cytokines in

animal models of PKD have shown conflicting responses with a significant improvement in




symptoms being reported (Wu et al., 2016) and no improvement reported (Roix and Saha, 2013),
these studies failed to measure BP during these treatments. Therefore, the role that inflammation

plays in the development of hypertension in PKD that has still yet to be explored.

1.5.3. Animal Models of PKD
The first studies into the pathophysiology underlying the development of hypertension in PKD

were made possible in the mid-1900's when chemically induced models of PKD were first
developed (Lager et al., 2001). Although many of these early animal models of PKD were well
characterised and allowed researchers to gain important insights into the pathophysiological
mechanisms underlying the development of PKD, these animals did not present with all of the
pathological features of PKD, required a long treatment period for renal cysts to develop and varied
in effectiveness and reproducibility (Leadbetter and Burkland, 1938). As our knowledge in
genetics and genetic modification advanced, this allowed for the development of newer animal
models of PKD that more accurately and consistently mimic the pathology due to either the
identification of spontaneous genetic mutations or through genetic modification. Although many
of these alternative animal models of PKD have allowed for valuable insights into the
pathophysiology underpinning the disease and the testing of potential treatments, the LPK animal
model is the most extensively characterised and studied in regards to its BP and autonomic nervous
system profile (Table 1.1), making this model the ideal model to study the pathogenesis

underpinning the development of hypertension in PKD.
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Table 1.1 A comparison of the disease-causing mutation, disease progression and blood pressure of a range of
animal models commonly used to study polycystic kidney disease.

Animal Disease-Causing Disease Progression  Blood Pressure References
Model Mutation
Lewis Nonsynonymous  Moderate Hypertensive (Phillips et al.,
polycystic mutation in the fromayoung age 2007; McCooke
kidney rat Nek8 gene etal., 2012)
Han:SPRD- Missense mutation Slow (heterozygous  Mildly (Schafer et al.,
cy rat in the ANKS6 animals), lethal ata  hypertensive late  1994; Bihoreau
gene young age in disease etal., 1997)
(homozygous progression
animals)
Pkd2"s?5-  One null allele and  Fast Not measured (Wuetal.,
mouse one unstable allele 1998, 2000)
of the Pkd2 gene
Jck mouse  Mutation in the Slow Not measured (Atala et al.,
Nek8 gene 1993)

ANKSSB: ankyrin repeat and sterile alpha motif domain containing 6, Jck: juvenile cystic kidney, Nek8: never in
mitosis related kinase 8, PKD2: polycystin-2.

1.5.4. LPK animal model

The LPK animal model was first described in 2007 at the Animal Resource Centre in Perth,
Australia. As a result of a spontaneous nonsynonymous mutation in the never-in-mitosis related
kinase 8 (Nek8) gene, the LPK develop nephronophthisis, a form of ARPKD (McCooke et al.,
2012). LPK animals have renal tubule dilations that develop into renal cysts from three weeks of
age leading to a marked decline in renal function by 12 weeks of age and end stage renal failure
from 18-20 weeks of age (Phillips et al., 2007). In addition to the development of cysts, these
animals experience anaemia (Phillips et al., 2015) and multiple signs of cardiovascular disease
including left ventricular hypertrophy (Phillips et al., 2007), aortic remodelling and arterial
stiffness (Ng et al., 2011; Ameer et al., 2014b). Furthermore, these animals also exhibit early signs
of hypertension at three weeks of age, well before their renal function declines and progressively
become severely hypertensive as they age (Phillips et al., 2007). However, the underlying

pathophysiology behind the development of hypertension in these animals is not fully understood.
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It is suggested that human patients with PKD experience autonomic dysfunction and an
overactivation of the sympathetic nervous system which in turn contributes to the development of
hypertension (Klein et al., 2001, 2003). Like human patients with PKD, it has been identified that
LPK animals also experience autonomic dysfunction under anaesthetic (Harrison et al., 2010; Yao
et al., 2015) and in conscious conditions (Hildreth et al., 2013). Furthermore, these animals
experience an increase in sympathetic vasomotor tone (Ameer et al., 2014a) and an increase in
sympathetic nerve activity (Salman et al., 2015a). However, as the autonomic dysfunction
observed in these animals occurs after the development of hypertension, it can be determined that

it is unlikely that autonomic dysfunction contributes to the development of hypertension.

Previous research has identified that, compared to controls, LPK animals have a higher level of
activity in the PVN as indicated by increased Fos and Fra immunostaining, suggesting a potential
role of this nucleus in the hypertension observed in LPK animals (Ang et al., 2007). The role that
the PVN plays in the development of hypertension in LPK animals was further elucidated when it
was identified that an increase in the activity of the PVN, in conjunction with the independent
activation of vasopressin type 1a receptors, was responsible for the development of hypertension
in LPK animals (Underwood et al., 2019). This increase in activity of the PN was found to drive
hypertension through mechanisms that were independent of the sympathetic nervous system, as
there was no major changes in the sympathetic nerve activity measured from renal, splanchnic or
lumbar sympathetic nerves (Underwood et al., 2019). This indicates that in LPK animals the PVN
drives hypertension by other downstream effectors which are yet to be identified. Further studies
identified that the overactivity in the PVN originates from an increase in glutamatergic input from
the SFO (Underwood et al., In Preparation). This overactivity of the SFO was not ameliorated by
chronic angiotensin 1l receptor | antagonism or lowering the plasma osmolarity through high water
intake treatment, demonstrating that angiotensin Il and an increase in plasma osmolarity are
unlikely to be the underlying mechanism driving the SFO overactivity (Underwood et al., In
Preparation). As such, what is acting on the SFO to cause this increase in glutamatergic activity to
the PVN is yet to be determined.
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1.6. Thesis aims

Overall, an increase in glutamatergic input to the PVN from the SFO contributes to the
development of hypertension in the LPK model of PKD (Underwood et al., 2019), however what
is driving this increase in activity of the SFO is unknown. Proinflammatory cytokines, in particular
TNFa, have been shown to act to increase the excitability of neurons in the SFO and cause a
significant pressor response in normotensive Sprague-Dawley animals (Wei et al., 2013, 2015),
therefore the actions of TNFo were focused upon in this study. The first aim of this thesis was to
determine if the short-term actions of endogenous proinflammatory cytokines in the SFO
contribute to the control of BP in normotensive Lewis animals by measuring responses to
microinjection of TNFa, TNFRI Ab and minocycline, a microglial activation inhibitor. The second
aim of this study was to identify if the short-term actions of proinflammatory cytokines drive the
increase in activity of the SFO in LPK animals and therefore contribute to the development of
hypertension in this animal model. This was examined by measuring the responses to
microinjection of TNFa, TNFRI Ab and minocycline into the SFO of LPK animals. We elected to
examine the role of microglial activation in the SFO, in addition to the role of TNFa, as
inflammation is present in PKD (Karihaloo, 2015), making it likely that the microglia in these
animals are activated. Therefore, as chronically activated microglia have been shown to alter
neuronal function (Wolf et al., 2017), we hypothesised that they may play an underlying role in
the development of the overactivity of the SFO in the LPK animals. Finally, microglial activation
was evaluated by immunohistochemistical staining for ionised calcium binding adaptor molecule
1 (Ibal).
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2. Methods

2.1. Animals

All experiments were undertaken on adult (13-14 weeks) male Lewis (n=26) and LPK (n=22)
animals obtained from the Animal Resource Centre Perth, Western Australia. All animals were
group-housed in a standard 12hr light/dark phase (lights on at 6:00am) at the Central Animal
Facility, Macquarie University with standard laboratory rat chow and water available ad libitum.
All experiments were approved by the Macquarie University Animal Ethics Committee (Animal
Research Authority 2018/016) and were undertaken in accordance with the Australian Code for
the Care and Use of Animals for Scientific Purposes (8" Edition, National Health and Medical
Research Council, 2013.

2.2. Confirmation of renal disease pathology

At least 24 hours prior to the surgery all animals were placed in metabolic cages for approximately
six hours to collect a urine sample. During surgery, 0.2ml of arterial blood was collected and
centrifuged to separate the plasma (IDEXX StatSpin, IDEXX laboratories Pty Ltd., NSW,
Australia). All urine and plasma samples were stored at -20°C until they were analysed. A dipstick
test (URS-10T Urinalysis Strips, Henso Medical, HK) was used to measure the levels of protein

in the urine and a VetTest chemistry analyser was used to measure plasma urea concentration.

2.3. Surgical preparation

Anaesthesia: Animals were anaesthetised with urethane (1.3g/kg, intraperitoneally, Sigma
Aldrich, Australia). Adequate depth of anaesthesia was determined by a lack of withdrawal in
response to a hindpaw pinch, additional doses of urethane (130mg/kg, intraperitoneally or
intravenously) were administered as required. Body temperature was monitored by a digital rectal
thermometer (Harvard Apparatus, MA, USA) and maintained at 37+0.5 °C using a heating mat
(Harvard Apparatus, MA, USA) and a manual heat lamp.

Arterial and Venous Cannulation: The right femoral artery and vein were cannulated to
allow for the measurement of BP and administration of fluids and drugs, respectively. Briefly, an
incision was made along the upper inner hind leg and the superficial adipose tissue excised to
expose the femoral artery and vein, the fascia overlying the femoral artery and vein were removed
allowing them to be separated from the saphenous nerve. The femoral artery was cannulated with

polyethylene tubing (inner diameter 0.58mm and outer diameter 0.8-0.9mm) prefilled with
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heparinised saline (51U/ml 0.9% saline) and connected to a pressure transducer. Arterial pressure
was then acquired with a CED 1401 plus (Cambridge Electronic Designs Ltd., Cambridge, UK)
and recorded using Spike2 software (v7, Cambridge Electronic Designs Ltd., Cambridge, UK).
The femoral vein was cannulated with polyethylene tubing (inner diameter 0.58mm and outer
diameter 0.96mm) prefilled with 0.9% saline.

Tracheotomy: A midline incision was made along the ventral surface of the neck and the
sternohyoid muscles were retracted to visualise the trachea. A small hole was made in the trachea
and a 14G cannula was inserted and secured in place with surgical suture (2-0). Animals were
mechanically ventilated with oxygen enriched air (10ml/kg body weight at 65 + 5 breaths per
minute). Animals were paralysed with Cisatracurium (6 mg/kg/hr intravenously GlaxoSmithKline
Pty Ltd, Victoria, Australia). After the animals were mechanically ventilated and paralysed, 0.2ml
of arterial blood was collected and blood gas parameters were measured by a VetStat blood gas
analyser (IDEXX laboratories Pty Ltd.) and artificial ventilation was altered to maintain arterial
pCO:2 at 40 £ 5 mmHg and pH of 7.4 £ 0.5.

Renal Nerve Dissection and Recording: A dorsal flank incision was made, the overlying
fascia was incised, and the muscle and fat were separated to allow for access to the retroperitoneal
cavity. The left kidney was exposed by retracting back the muscle on either side of the incision
and the fascia around the aorta and left renal artery was carefully resected. A branch of the left
renal nerve was separated from the fascia, cut at the distal end, placed on a silver bipolar recording
electrode and immersed in paraffin oil. The nerve signal was band pass filtered (30-1000Hz),
passed through a bioamplifier (2000x; CWE Inc., Ardmore, PA, USA) and sampled at 5kHz with
a CED 1401 plus and Spike2 software. The validity of all nerves were verified by confirming the
presence of pulse modulation (Salman et al., 2015a). A representative trace of a recording from a

renal nerve of a Lewis control animal is presented in Figure 2.1.

50

RSNA
(HV)

0

5 Minutes
Figure 2.1 Representative trace of the raw (green) and integrated (blue) recording of the renal sympathetic nerve

activity (RSNA) in a Lewis animal. pV: microvolts.

Craniotomy: Animals were placed into a stereotaxic frame and a midline incision was
made along the dorsal surface of the skull and the skin retracted back. The dorsal-ventral
coordinates of bregma and lambda were taken to ensure that the head was flat in the horizontal

plane. A burr hole of approximately 10mm in diameter was made over the location of the SFO.
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Rest period: After the completion of the surgical preparatory procedures, animals
recovered for a minimum of thirty minutes to allow for all measured parameters to return to

baseline before any further experimentation was undertaken.

2.4. SFO microinjections

Microinjection Method: The stereotaxic coordinates for the SFO used in this thesis were
0.7mm caudal from bregma, Omm lateral from midline and 5.4mm ventral from the surface of the
brain. As the sagittal sinus is found along the midline, micropipettes were inserted into the brain
0.5mm lateral to the midline and moved to midline coordinates once inserted to ensure that the
sagittal sinus remained intact throughout the experiment. For each study, 50-100nl of the
respective drug was microinjected into the SFO using a micropipette (inner diameter 0.25mm,
outer diameter 1mm) that was connected to a syringe with silastic tubing.

Drugs for Microinjection: Drugs were prepared for microinjection as outlined in Table
2.1.
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Table 2.1 Drug preparation for microinjection studies.

Drug

Company

Dose

Diluent Visualising Agent

Vehicle (0.1%
BSA 1X PBS)

PBS -
ThermoFischer
Scientific, CA,
USA

BSA — Sigma
Aldrich, NSW,

Australia

Recombinant
Rat TNFa

PeproTech,
NJ, USA

1-300pg/50nl

0.1% BSA
PBS

FluoroMax

fluorescent

Vehicle (1X
PBS)

ThermoFischer
Scientific, CA,
USA

polystyrene
microbeads
(1/1,000; Thermo

TNFRI Ab

ab19139,
Abcam,
Cambridge,
UK

1ng/50nl

PBS . N
Fisher Scientific,

CA, USA)

Minocycline

Sigma Aldrich,
NSW,
Australia

0.5pg/50nl

PBS

Muscimol

In Vitro
Technologies,
VIC, Australia

10mM

PBS

Isoguvacine

Sigma Aldrich,
NSW,

Australia

10mM

PBS Chicago Sky Blue
6B dye (1:100;
Sigma Aldrich,

NSW, Australia).

BSA: bovine serum albumin, PBS: phosphate buffered saline, TNFa: tumour necrosis factor-a, TNFRI Ab: tumour
necrosis factor receptor 1 antibody.
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Histological Analysis of Microinjection Sites: At the termination of each experiment the
animal was euthanised with 0.5ml of 3M potassium chloride and the forebrain was collected and
post-fixed in 10% neutral buffered formalin for a minimum of 12 hours. The brain was then sliced
at 80um with a vibrating microtome (Lieca VT1200ss, Lieca Microsystems Pty Ltd., NSW,
Australia) and was wet-mounted onto a microscope slide and cover slipped with an antifade
mounting medium (Fluorescence Mounting Medium, Aligent, VIC, Australia). To allow for
identification of the microinjection sites, all of the drugs microinjected into the SFO were
combined with a visualising agent as outlined in Table 2.1. Sections were than imaged with a
fluorescent microscope (Axioimager, Carl Zeiss Microscopy, Germany) and mapped onto the rat
brain atlas (Paxinos and Watson, 2006) with CoreIDRAW Graphics Suite X7 software (Corel

Corporation, Ontario, Canada).

2.5. Study 1: Do proinflammatory cytokines contribute to the control of BP in
normotensive conditions?

2.5.1. TNFa microinjections

To determine the HR and BP responses elicited by microinjection of TNFa into the SFO, vehicle
(0.1% bovine serum albumin, BSA PBS) and increasing doses of TNFa (1pg-300pg/50nl) were
consecutively microinjected into the SFO of Lewis animals (n=5) as described above. When all
measured parameters returned to baseline for a minimum of five minutes, the next dose was
microinjected to ensure that all responses to TNFo were captured. For this study, renal sympathetic

nerve activity (RSNA) was not recorded.

2.5.2. TNFRI Ab and minocycline microinjections

To determine the effect of inhibiting the actions of endogenous TNFa in the SFO on BP under
normotensive conditions, vehicle (PBS), anti-TNFRI antibody (1ng/50nl), TNFa (300pg/50nl) and
a Gama-aminobutyric acid receptor a (GABAa) agonist (10mM muscimol and 10mM isoguvacine)
were microinjected into the SFO of Lewis animals (n=5), with a 30 minute recording period in
between each microinjection as outlined in Figure 2.2. In n=2 Lewis animals with the TNFRI Ab

microinjection RSNA was recorded.

Next, to determine the effect of inhibiting the activation of microglia on BP under normotensive
conditions, vehicle (PBS), minocycline, TNFa (300pg/50nl) and GABAa agonist (10mM

muscimol or 10mM isoguvacine) were microinjected in to the SFO of Lewis animals (n=5) with a
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30 minute recording period in between each microinjection as outlined in Figure 2.2. In n=3 Lewis

animals with minocycline microinjection RSNA was recorded.

Microinject
Inhibitor

Microinject

Microinject GABAa Agonist

Vehicle

Record RSNA, Microinject
HR and MAP TNFa

for 30-minutes

Record RSNA,
HR and MAP
for 30-minutes

Record RSNA,
HR and MAP
for 30-minutes

(TNFRI Ab or
Minocycline)

(Isoguvacine

(PBS) or Muscimol)

(300pg/50nl)

Figure 2.2 Flowchart illustrating the method for the microinjections into the subfornical organ in Study 1 and Study
2. HR: heart rate, MAP: mean arterial pressure, PBS: Phosphate buffered saline, RSNA: renal sympathetic nerve
activity, TNFa: tumour necrosis factor-a, TNFRI Ab: tumour necrosis factor receptor | antibody.

2.6. Study 2: Do proinflammatory cytokines act in the SFO to increase its
activity and therefore contribute to the development of hypertension in
LPK animals?

2.6.1. TNFa microinjections

To determine the HR and BP responses caused by microinjection of TNFa into the SFO in
hypertensive conditions, vehicle (0.1% BSA PBS) and the increasing doses of TNFa (1pg-
300pg/50nl) were consecutively microinjected into the SFO of LPK animals (n=4) as described
above. When all parameters returned to baseline for a minimum of five minutes, the next dose was
microinjected to ensure all responses to TNFa were captured. For this study, RSNA was not

recorded.

2.6.2. TNFRI Ab and minocycline microinjections

To determine the effect of inhibiting the actions of endogenous TNFa in the SFO on BP under
hypertensive conditions, vehicle (PBS), anti-TNFRI antibody (1ng/50nl), TNFa (300pg/50nl) and
a GABA: agonist (L0mM muscimol and 10mM isoguvacine) were microinjected into the SFO of
LPK (n=4) animals, with a 30 minute recording period in between each microinjection as outlined
in Figure 2.2. In n=2 LPK animals with TNFRI Ab microinjection the RSNA was recorded.

Next, to determine the effect of inhibiting the activation of microglia on BP in hypertensive
conditions, vehicle (PBS), minocycline, TNFa (300pg/50nl) and GABAa agonist (10mM
muscimol or 10mM isoguvacine) were microinjected in to the SFO of LPK animals (n=5), with a
30 minute recording period in between each microinjection as outlined in Figure 2.2. In n=3 LPK

animals the RSNA was recorded.
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2.7. Immunohistochemical analysis of microglial activation in the SFO

2.7.1. Perfusion

Lewis (n=2) and LPK (n=3) animals were deeply anaesthetised with an injection of sodium
pentobarbital (intraperitoneally, 100mg/kg) and transcardially perfused with 250ml 0.9% saline
followed by 250ml 4% formaldehyde solution. The brain was removed and fixed in 4%

formaldehyde for five hours at room temperature.

2.7.2. Immunohistochemistry method

After being removed from the fixative, the brains were washed in TBPS (3x30min) and the brains
were cut coronally (50um) on a vibrating microtome (Leica VT1200ss, Leica Microsystems Pty
Ltd., NSW, Australia) and stored in Tris-phosphate buffered saline with methionine (TPBSm) until
further analysis. Sections containing the SFO were washed with 0.1M PBS (3 x 30min) and then
incubated in 10% normal donkey serum in TBPS for one hour at room temperature. The sections
were then incubated with the primary antibody, goat anti-Ibal (1:1000, Wako 019-1974, Osaka,
Japan), for 48hrs at 4°C. The sections were then washed with 0.1M PBS (3 x 30min) and incubated
with the secondary antibody, donkey anti-goat Cy3 (1:500, Jackson Immunoresearch, PA, USA)
at 4°C in darkness for 8hrs. The sections were washed with Tris-phosphate buffered saline (TPBS)
(3 x 30min) before being mounted on microscope slides and cover slipped with an antifade
mounting medium (Fluorescence Mounting Medium, Aligent, VIC, Australia) and stored at 4°C
until further analysis. To validate the specificity of the anti-Ibal antibody to microglia, slices were
incubated with the primary antibody only and the secondary antibody only and examined under
the microscope. In these negative controls there was no unspecific binding or fluorescence (Data

not shown).

2.8. Data analysis

All data was analysed offline using Spike2 software. From the arterial pressure waveform, SBP
and diastolic blood pressure (DBP) were determined from the peak and trough amplitude,
respectively. The following equation was input into Spike2 software to manually determine mean
arterial pressure (MAP);

(SBP + 2 x DBP)
3
HR was determined from the frequency of peaks in the arterial pressure waveform in Spike2

software.
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2.8.1. Baseline definition
Baseline measurements was defined as the average MAP, SBP, DBP and HR over the 1-minute
(for TNFa microinjections) or 5-minute (for TNFRI Ab and minocycline microinjections) period

immediately before each microinjection.

2.8.2. Combination of vehicle data

In this thesis, the vehicle responses from the animals treated with TNRI Ab and minocycline were
combined. As these animals were age matched, had the same surgical preparation prior to the
vehicle microinjection and responses were combined within the same strain, it is unlikely that there
would be significant differences in response to the vehicle within strains. This lack of difference
between the responses to vehicle microinjection in the different cohorts was confirmed by two-
way ANOVA analysis which indicated that there was no treatment (P=0.15), time (P=0.20) or

treatment by time interaction effect (P=0.51).

2.8.3. Statistical analysis

All data is expressed as meanzstandard error of the mean (SEM) and was analysed using Graphpad
Prism software (Graphpad Prism Software v8.1.2 Inc., La Jolla, CA, USA). Significance was set
at P<0.05. An unpaired t-test was used to identify differences in the baseline parameters between
the two strains. For the SFO microinjection data recordings, data was exported from Spike2
software and averaged 5-minutes which were analysed in GraphPad Prism software. One-way or
two-way multiple comparisons ANOVA with a post-Hoc Dunnett’s correction was used to
determine if there was an effect of the SFO microinjections or a strain effect, respectively. To
determine the effectiveness of the inhibitory actions of TNFRI Ab and minocycline microinjection,
the response at 10-minutes post-microinjection was compared between treatments with one-way
ANOVA’s and unpaired t-tests. To identify any pre-treatment effects on isoguvacine
microinjection data, the peak response within five minutes of microinjection were extracted and

compared by a one-way ANOVA and unpaired t-tests.

2.9. Microscopy analysis

Sections stained with anti-lbal which contained the SFO were visualised and captured with a
fluorescent microscope (Axioimager, Carl Zeiss Microscopy, Germany). Images of the SFO were
captured at 5x and 20x magnification, stitched and adjusted for brightness and contrast in an
identical manner using Zen 2 Pro Software (Carl Zeiss Microscopy, Germany). Criteria for
categorising microglia as surveillant was the presence of multiple branching processes with a

small, but not prominently stained, cell body and the criteria for categorising microglia as activated
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was the lack of multiple long processes and a prominent amoeboid shaped cell body (Hovens et
al., 2014). A representative fluorescent image of a surveillant and activated microglia is provided

in Figure 2.3.

A)

Figure 2.3 Representative fluorescent image (40x magnification) of a (A) surveillant microglia in the subfornical
organ (SFO) of a Lewis animal, as indicated by the small cell body (green arrows) and numerous processes (purple
arrows), and (B) activated microglia in the SFO of a Lewis polycystic kidney disease animal, as indicated by the
prominent cell body (blue arrows) with few processes, as stained with ionised calcium binding adaptor molecule 1
(Ibal). Scale bar = 20um.
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3. Results

3.15. Baseline characteristics
Consistent with previous studies (Phillips et al., 2007), in this thesis LPK animals had a

significantly lower body weight, significantly higher levels of plasma urea, and moderate levels of

urinary protein detected when compared to Lewis animals (Table 3.1).

Table 3.1 Bodyweight and renal function assessment in Lewis and Lewis polycystic kidney (LPK) animals.

Lewis (n=20) LPK (n=13) P-Value

Bodyweight (g) 33845 23118 <0.0001*

Plasma Urea (mmol/L) 8.5+£0.3 33.81£2.2 <0.0001*
Urinary Protein - ++ N/A

All values are expressed as mean+SEM. * P<0.05. — No urinary protein detected, ++ moderate level of urinary
protein detected.

Under urethane anaesthesia, LPK animals had significantly greater baseline levels of SBP and
MAP but decreased levels of DBP, and consequently a widened pulse pressure, compared to Lewis
animals (all P<0.05, Table 3.2). No significant difference was observed between the baseline
levels of HR and RSNA between the two strains (all P>0.05, Table 3.2).

Table 3.2 Baseline blood pressure, heart rate (HR) and renal sympathetic nerve activity (RSNA) in Lewis and Lewis
polycystic kidney (LPK) animals.

Lewis (n=20) LPK (n=13) P-Value

SBP (mmHg) 130+4 191+10 <0.0001*
DPB (mmHg) 753 6216 0.03*
MAP (mmHg) 87+4 102+7 0.03*

PP (mmHg) 54+4 129+7 <0.0001*
HR (bpm) 38519 369+14 0.32
RSNA (uV)* 7.7+1.4 6.1+0.1 0.57

All values are expressed as mean+SEM. SBP: systolic blood pressure, DBP: diastolic blood pressure, MAP: mean
arterial pressure, PP: pulse pressure. *P<0.05. # Lewis n=10 and LPK n=3 for RSNA analysis.
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3.2. Anatomical location of microinjection sites
A representative image illustrating a microinjection of Chicago blue dye into the dorsal region of

SFO is provided in Figure 3.1.

Figure 3.1 Representative image illustrating a microinjection of Chicago blue dye into the subfornical organ (SFO)
as indicated by the black arrow. CC: corpus callosum, LV: lateral ventricle, 3V: third ventricle.

Figure 3.2 outlines the anatomical location of all microinjection sites performed in this thesis. For
all data analysed within this thesis, the microinjection sites were positioned within the SFO
between -0.60mm and -1.20mm caudal of bregma. For six Lewis animals in Study 1 (n=2 for
TNFo microinjections, n=2 for TNFRI Ab microinjection and n=2 for GABAa microinjections)
and six LPK animals in Study 2 (n=2 for TNFa microinjections, n=2 for TNFRI Ab microinjection
and n=2 for minocycline microinjections), the microinjections were determined to be outside of
the region of the SFO but in nearby brain regions that do not play a role in the control of BP and

were therefore analysed as offsite controls.
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Figure 3.2 Anatomical location of microinjections made into the subfornical organ (SFO) during this study. Diagrams
modified from the Rat Brain Atlas, Sixth Edition (Paxinos and Watson, 2006). CC: corpus callosum, LV: lateral
ventricle, 3V: third ventricle.
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3.3. Study 1: Do proinflammatory cytokines in the SFO contribute to the
control of BP in normotensive conditions?

3.3.1. Microinjection of TNFa into the SFO causes a dose-dependent increase in BP,
but not HR, under normotensive conditions

Previous studies have demonstrated that microinjection of increasing doses of TNFa into the area
postrema, a circumventricular organ involved in BP control, results in a dose-dependent increase
in BP and HR in normotensive Sprague-Dawley animals (Korim et al., 2019). However, it is
currently unknown whether the same response occurs in the SFO. To address this knowledge gap,
increasing doses of TNFa (1pg-300pg/50nl) were microinjected into the SFO of Lewis control
animals and resulting changes in BP and HR measured. Microinjection of increasing doses of
TNFa evoked a dose-dependent increase in MAP (P<0.01). The change in MAP elicited upon
microinjection of the highest dose of TNFa (300pg) was significant when compared to the
response to microinjection of vehicle (P<0.01, Figure 3.3A). A time-course of the MAP response
to microinjection of the 300pg dose of TNFa is provided in Figure 3.3B, demonstrating that the
peak response occurred at 10-minutes post-microinjection (7 £ 2 mmHg change from baseline 10-

minutes post-microinjection, P=0.05, Figure 3.3B).
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Figure 3.3 Tumour necrosis factor-o. (TNFa) microinjected into the subfornical organ (SFO) caused a dose-dependent
increase in (A) mean arterial pressure (MAP) in Lewis animals (n=5). Data in panel (A) are presented in area under
the curve (AUC)+SEM, *P<0.05 compared to vehicle response as determined by a one-way multiple comparisons
ANOVA with a post-Hoc Dunnets Test. Grouped data of the changes in (B) MAP in Lewis animals (n=5) in response
to microinjection of TNFa (300pg/50nl) into the SFO. Data in panel (B) are presented as mean+SEM, *P<0.05
compared to baseline value as determined by a paired T-test.

Unlike the significant dose-dependent increase in MAP upon microinjection of TNFa into the
SFO, one-way ANOVA indicated that there was no significant difference in HR (P=0.38) upon
microinjection of TNFa, despite an overall tendency of HR to increase with increasing doses of
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TNFa (Figure 3.4A). This is reflected in the time-course of the HR response to microinjection of
300pg dose of TNFa into the SFO of Lewis animals, provided in Figure 3.4B, which demonstrates
an observable, but not significant, increase in HR (25 £ 14 bpm peak change from baseline 15-

minutes post-microinjection, P=0.37, Figure 3.4B).
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Figure 3.4 Tumour necrosis factor-o. (TNFa) microinjected into the subfornical organ (SFO) caused a dose-dependent
increase in (A) heart rate (HR) in Lewis animals (n=5). Data in panel (A) are presented in area under the curve
(AUC)=SEM. Grouped data of the changes in (B) HR in Lewis animals (n=5) in response to microinjection of TNFa.
(300pg/50nl) into the SFO. Data in panel (B) are presented as mean+SEM. BPM: beats per minute.

To confirm that the pressor response observed upon microinjection of TNFa into the SFO of Lewis
animals is unique to this brain region and not a response that is observed with microinjection of
TNFa into any brain region, irrespective of if it plays a role in BP control, the change from baseline
10-minutes post-microinjection in offsite TNFa microinjections (n=2) were compared to the
response observed in onsite microinjections. Unlike the marked pressor response observed at 10-
minutes post-microinjection in onsite TNFa microinjections, there was no observable increase in
MAP after microinjection of the 300pg dose outside of the SFO (7 + 2 mmHg vs -3 £ 5 mmHg,

onsite vs offsite TNFa microinjection change from baseline 10-minutes post-microinjection).

3.3.2. TNFRI Ab, but not minocycline, inhibits the acute pressor response to TNFa
microinjection into the SFO of Lewis animals

TNFRI Ab and minocycline have been previously reported to inhibit the actions of TNFa
microinjection into other brain regions in normotensive Sprague-Dawley animals (Bardgett et al.,
2014; Korim et al., 2019). To validate these findings in Lewis animals, changes in MAP and HR
in response to TNFa microinjected 30-minutes after the microinjection of TNFRI Ab and

minocycline were recorded and compared to the uninhibited response to TNFa. Representative
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traces of the changes in HR and MAP in Lewis animals in response to TNFa microinjection with
no prior inhibitors, prior TNFRI Ab microinjection and prior minocycline microinjection is

provided in Figures 3.5A, 3.5B and 3.5C, respectively.
A) B) C)
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Figure 3.5 Representative traces demonstrating the effect of tumour necrosis factor-a (TNFo, 300pg/50nl)
microinjection into the subfornical organ (SFO) on heart rate (HR) and mean arterial pressure (MAP) in Lewis animals
with (A) no inhibitor, (B) prior tumour necrosis factor receptor 1 antibody (TNFRI Ab, 1ng/50nl) microinjection and
(C) prior minocycline (0.5ug/50nl) microinjection. BPM: beats per minute.

Figure 3.6 demonstrates the change from baseline 10-minutes post-microinjection of TNFo with
no prior inhibitors (n=5), prior TNFRI Ab microinjection (n=5) and prior minocycline
microinjection (n=5), one-way ANOVA indicated that there was no overall significant difference
between any of the responses (P=0.17). However, given the small sample sizes and the fact that
the response appeared different when graphically presented, we explored this data set further. T-
test comparison between the changes in MAP between microinjection of TNFa only and after
TNFRI Ab microinjection demonstrates a significant difference between the responses (7 + 2
mmHg vs 1 £ 1 mmHg, no inhibitors vs prior TNFRI Ab microinjection change from baseline 10-
minutes post-microinjection, P=0.03). Unlike previous reports, we are unable to definitively

confirm that minocycline completely inhibits the MAP responses to TNFa.
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Figure 3.6 Grouped data demonstrating the change from baseline in mean arterial pressure (MAP) 10-minutes post
microinjection of tumour necrosis factor-a (TNFa, 300pg/50nl) into the SFO in Lewis animals (n=5 per cohort) with
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no prior inhibitor, microinjection of tumour necrosis factor receptor 1 antibody (TNFRI Ab, 1ng/50nl) 30-minutes
prior to TNFa microinjection and microinjection of minocycline (0.5ug/50nl) 30-minutes prior to TNFa
microinjection. Data is presented as mean+SEM, *P<0.05.

3.3.3. Microinjection of TNFRI Ab and minocycline into the SFO do not acutely
change BP under normotensive conditions

To determine if endogenous TNFa acts on the SFO to contribute to the control of BP under
normotensive conditions, changes in BP were measured after microinjection of TNFRI Ab and
minocycline into the SFO of Lewis animals. Representative traces demonstrating the acute effect
of microinjection of vehicle, TNFRI Ab and minocycline into the SFO of Lewis animals on HR
and MAP is provided in Figures 3.7A, 3.7B and 3.7C respectively.
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Figure 3.7 Representative traces demonstrating the effect of microinjection of (A) vehicle (phosphate buffered saline,
PBS), (B) tumour necrosis factor receptor 1 antibody (TNFRI Ab, 1ng/50nl) and (C) minocycline (0.5ug/50nl) into
the subfornical organ (SFO) on heart rate (HR) and mean arterial pressure (MAP) in Lewis animals. Grouped data
demonstrating the change in (D) MAP and (E) HR in response to microinjection of vehicle, TNFRI Ab and

minocycline into the SFO of Lewis animals (n=10, n=5 and n=5, respectively). Data is presented as mean+SEM.
BPM: beats per minute.

A time-course of the MAP response to microinjection of vehicle, TNFRI Ab and minocycline into
the SFO of Lewis animals is provided in Figure 3.7D. Two-way ANOVA of the changes in MAP
to vehicle, TNFRI Ab and minocycline indicated an overall significant treatment effect (P<0.01).
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Post-Hoc analysis on the treatment effect identified that there was a significant difference between
the vehicle and TNFRI Ab (P<0.01), however this result was likely due to the different baseline
values for MAP between the vehicle cohort and TNFRI Ab treated cohort. Furthermore, given
there was no significant overall time effect (P=0.73) or treatment by time interaction (P=0.95), it
can be determined that there was no significant effect of microinjection of TNFRI Ab or
minocycline on MAP.

A time-course of the HR response to microinjection of vehicle, TNFRI Ab and minocycline into
the SFO of Lewis animals is provided in Figure 3.7E. Two-way ANOVA of the changes in MAP
to vehicle, TNFRI Ab and minocycline indicated an overall significant treatment effect (P<0.01).
Post-Hoc analysis on the treatment effect identified that there was a significant difference between
the vehicle and minocycline (P<0.01), however this is likely due to the different baseline values
for MAP between the vehicle cohort and minocycline cohort. Furthermore, given there was no
significant overall time effect (P=0.21) or treatment by time interaction (P=0.99), therefore it can
be determined that although there appeared to be a steady increase in HR after microinjection of
TNFRI Ab and minocycline (Figure 3.7E), this was not significant when compared to the vehicle
response. As such it can be determined that there was no significant effect of microinjection of
TNFRI Ab or minocycline on HR.

In a small subset of animals, RSNA was recorded. While preliminary, these recordings
demonstrated that microinjection of the TNFRI Ab into the SFO causes a small decrease in RSNA
(-10 £ 15% change from baseline 30-minutes post-microinjection; n=2 Lewis), whereas
microinjection of minocycline produced a larger reduction in RSNA (-43 + 29% change from

baseline 30-minutes post-microinjection; n=3 Lewis).

In n=2 Lewis animals, microinjection of TNFRI Ab was determined to be outside of the SFO and
were therefore analysed as offsite controls. Similar to the onsite TNFRI Ab microinjections, the
offsite microinjections did not induce any observable changes in MAP during the 30-minute
recording period (1 + 1 mmHg vs -1 £ 1 mmHg, change from baseline onsite vs offsite TNFRI Ab

microinjections).

3.3.4. Prior microinjection of TNFRI Ab and minocycline does not alter the response
to microinjection of a GABA. agonist into the SFO under normotensive
conditions

The SFO is an important brain region in the control of BP (Mangiapane and Simpson, 1980g;

Ishibashi and Nicolaidis, 1981; Ciriello and Gutman, 2011) and previous data from our lab
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demonstrate an acute depressor response upon microinjection of a GABAa agonist into the SFO of
normotensive animals (Underwood et al., in Preparation). If TNFa or microglial activation by
proinflammatory cytokines has a role in the control of BP in normotensive conditions, prior
microinjection of TNFRI Ab or minocycline may alter the response to microinjection of a GABAa
agonist. To test this hypothesis, we compared the changes in MAP after microinjection of a
GABA: agonist into the SFO of normotensive animals without prior microinjection of inhibitor,
prior microinjection of TNFRI Ab or minocycline. A representative trace showing the effect of
microinjection of a GABAa agonist into the SFO on HR and MAP in Lewis animals under basal
conditions or following microinjection of TNFRI Ab or minocycline is provided in Figures 3.8A,
3.8B and 3.8C, respectively.
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Figure 3.8 Representative traces demonstrating the effect of microinjection of a GABA, agonist (10mM isoguvacine)
into the subfornical organ (SFO) on heart rate (HR) and mean arterial pressure (MAP) in Lewis animals with (A) no
prior inhibitor microinjection (n=5), (B) prior microinjection of tumour necrosis factor receptor 1 antibody (TNFRI
Ab, n=5, 1ng/50nl) and (C) prior microinjection of minocycline (n=5, 0.5ug/50nl). BPM: beats per minute.

In Lewis animals, the peak acute depressor response to microinjection of a GABAa agonist into
the SFO was not altered by prior microinjection of either TNFRI Ab or minocycline when
compared to the depressor response elicited without the presence of an inhibitor (-7 £ 2 mmHg vs
-6 + 1 mmHg vs -5 £ 1 mmHg, no inhibitor vs prior TNFRI Ab microinjection vs prior minocycline
microinjection peak change from baseline 5-minutes post-microinjection, P=0.42, Figure 3.9),
therefore confirming that it is unlikely that TNFa in the SFO contributes to the control of BP in

normotensive conditions.
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Figure 3.9 Grouped data demonstrating the acute peak change in mean arterial pressure (MAP) after microinjection
of a GABA; agonist (10mM isoguvacine) into the SFO in Lewis animals with no prior inhibitor microinjection (n=5),
prior TNFRI Ab microinjection (n=5, 1ng/50nl) and minocycline microinjection (n=5, 0.5ug/50nl)). Data is expressed
in change from 5-minute baseline preceding microinjection. Values are presented as mean+SEM.

Preliminary analysis was undertaken to determine the specificity of the small depressor response
to activation of GABAa receptors within the SFO by comparing the response to microinjection of
a GABA: agonist within the SFO to microinjection of a GABAa agonist outside the region of the
SFO. Offsite injections of a GABAa agonist were performed in two Lewis animals and preliminary
comparisons show that BP increased upon offsite microinjection of a GABAa agonist, compared
with the consistent and reproducible depressor response observed when the injections were
targeted at the SFO (3 = 7 mmHg vs -7 £ 2 mmHg, offsite vs onsite GABAa agonist microinjection

change from baseline 5-minutes post microinjection).

3.4. Study 2: Do proinflammatory cytokines act on the SFO to increase its
activity and therefore contribute to the development of hypertension in
LPK animals?

3.4.1. Microinjection of TNFa into the SFO does not change MAP or HR in LPK
animals

In LPK animals, microinjections of increasing doses of TNFa did not change MAP, as no dose
elicited an observable or significant change in MAP (P=0.32, Figure 3.10A). This is in direct
contrast to the actions of exogenous TNFa in the SFO in Lewis animals, as reflected by the trend
towards a strain effect with TNFo microinjections on MAP (110 = 10 mmHgeminutes vs 11 + 6
mmHgeminutes, Lewis vs LPK average response to 300pg/50nl TNFa dose, P=0.06). A time-
course of the MAP response in LPK animals to the highest dose of TNFa (300pg/50nl) is presented
in Figure 3.10B, demonstrating only a slight decrease in MAP over the 25-minute recording
period. As the peak response to TNFa was identified to occur at 10 minutes post injection in Lewis

animals, we compared the change in BP at 10 minutes post TNFa microinjection between Lewis
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and LPK animals. This analysis showed that TNFa microinjection in LPK animals lead to a small
reduction in MAP that is significantly different from the increase in MAP in Lewis animals (-3 £
1 mmHg vs 7 £ 2 mmHg, LPK vs Lewis change from baseline 10-minutes post-microinjection,
P=0.03). Similar to the onsite microinjections of TNFa, in offsite controls there was a small
decrease in MAP 10-minutes post-microinjection of the 300pg dose of TNFa (-3 £ 1 mmHg vs -4
+ 3 mmHg, offsite vs onsite TNFo microinjection).
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Figure 3.10 Tumour necrosis factor-a (TNFa) microinjected into the subfornical organ (SFO) did not cause a change
in (A) mean arterial pressure (MAP) in Lewis polycystic kidney disease (LPK) animals (n=4). Data is panel (A) is
presented in area under the curve (AUC)=SEM. Grouped data of the changes in (B) MAP in LPK animals (n=4) in
response to microinjection of TNFa (300pg/50nl) into the SFO. Data in panel (B) is presented as mean+SEM. BPM:
beats per minute.

Unlike the tendency towards a tachycardia response observed in Lewis animals, microinjection of
increasing doses of TNFa did not cause a change in HR in LPK animals (P=0.30, Figure 3.11A).
This is reflected in the time-course of the HR response to the highest dose of TNFa (300pg/50nl)
which is presented in Figure 3.11B, demonstrating no observable changes in HR from baseline at

any time point over the 25-minute recording period (P=0.30).
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Figure 3.11 Tumour necrosis factor-o (TNFa) microinjected into the subfornical organ (SFO) did not elicit a change
in (A) heart rate (HR) in Lewis polycystic kidney disease (LPK) animals (n=4). Data in panel (A) is presented in area
under the curve (AUC)=SEM. Grouped data of the changes in (B) HR in LPK animals (n=4) in response to
microinjection of TNFa (300pg/50nl) into the SFO. Data in panel (B) is presented as mean+SEM. BPM: beats per
minute.

3.4.1. Microinjection of TNFRI Ab and minocycline into the SFO did not acutely
alter MAP in LPK animals

To determine if endogenous TNFa or generalised proinflammatory cytokines act to drive the
increase in activity in the SFO and therefore contribute to the development of hypertension in LPK
animals, TNFRI Ab and minocycline were microinjected into the SFO. Representative traces
demonstrating the acute effect in a LPK animal of microinjection of vehicle, TNFRI Ab and
minocycline into the SFO on HR and MAP is provided in Figures 3.12A, 3.12B and 3.12C,

respectively.

A time-course of the MAP response to microinjection of vehicle, TNFRI Ab and minocycline into
the SFO of LPK animals is provided in Figure 3.12D. Two-way ANOVA of the changes in MAP
to microinjection of vehicle, TNFRI Ab and minocycline indicated an overall significant treatment
effect (P=0.03). Post-Hoc analysis on the treatment effect identified that there was a significant
difference between the vehicle and TNFRI Ab (P=0.05), however this is likely due to the different
baseline values for MAP between the vehicle cohort and TNFRI Ab treated cohort as demonstrated
in Figure 3.12D. Furthermore, given there was no significant overall time effect (P=0.99) or
treatment by time interaction (P=0.99), therefore it can be determined that there was no significant
effect of microinjection of TNFRI Ab or minocycline on MAP in LPK animals. This result is
similar to what is observed in Lewis animals, as indicated by the lack of strain effect for HR in

TNFRI Ab microinjection (1 £ 1 mmHg vs -1 £ 1 mmHg, Lewis vs LPK average change from

34



baseline, P=0.95) and minocycline microinjection (-2 £ 1 mmHg vs -4 £ 1 mmHg, Lewis vs LPK

average change from baseline, P=0.18).
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Figure 3.12 Representative traces demonstrating the effect of microinjection of (A) vehicle (phosphate buffered
saline, PBS), (B) tumour necrosis factor receptor 1 antibody (TNFRI Ab, 1ng/50nl) and (C) minocycline (0.5ug/50nl)
into the subfornical organ (SFO) on heart rate (HR) and mean arterial pressure (MAP) in Lewis animals (n=7, n=4
and n=5, respectively). Grouped data demonstrating the change in (D) MAP and (E) HR in response to microinjection
of vehicle, TNFRI Ab and minocycline into the SFO. Data is presented as mean+SEM. BPM: beats per minute

A time-course of the MAP response to microinjection of vehicle, TNFRI Ab and minocycline into
the SFO of LPK animals is provided in Figure 3.12D. Two-way ANOVA of the changes in MAP
to vehicle, TNFRI Ab and minocycline indicated an overall significant treatment effect (P=0.03).
Post-Hoc analysis on the treatment effect identified that there was a significant difference between
the vehicle and TNFRI Ab (P=0.05), however this is likely due to the different baseline values for
MAP between the vehicle cohort and TNFRI Ab treated cohort as demonstrated in Figure 3.12D.
Furthermore, given there was no significant overall time effect (P=0.99) or treatment by time
interaction (P=0.99), it can be determined that there was no significant effect of microinjection of
TNFRI Ab or minocycline on MAP in LPK animals. This result is similar to what is observed in
Lewis animals, indicated by the lack of strain effect for MAP in TNFRI Ab microinjection (1 £ 1

mmHg vs -1 £ 1 mmHg, Lewis vs LPK average change from baseline, P=0.95) and minocycline
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microinjection (-2 £ 1 mmHg vs -4 £ 1 mmHg, Lewis vs LPK average change from baseline,
P=0.18).

A time-course of the HR response to microinjection of vehicle, TNFRI Ab and minocycline into
the SFO of LPK animals is provided in Figure 3.12E. Two-way ANOVA of the changes in MAP
to vehicle, TNFRI Ab and minocycline indicated no significant overall treatment effect (P=0.23),
time effect (P=0.97) or treatment by time interaction (P=0.99), therefore it can be determined that
there was no significant effect of microinjection of TNFRI Ab or minocycline on HR. This result
is similar to what is observed in Lewis animals, indicated by the lack of strain effect for HR in
TNFRI Ab microinjection (6 = 1 bpm vs 7 £ 3 bpm, Lewis vs LPK change from baseline, P=0.95)
and minocycline microinjection (3 £ 3 bpm vs 14 + 1 bpm, Lewis vs LPK change from baseline,
P=0.18).

In a small subset of LPK animals, RSNA was recorded. While preliminary, these recordings
demonstrate that microinjection of the TNFRI Ab into the SFO causes a moderate increase in
RSNA (17% change from baseline 30-minutes post-microinjection; n=1 LPK), similarly
microinjection of minocycline produces a moderate increase in RSNA (4 + 31% change from
baseline 30-minutes post-microinjection; n=2 LPK).

In n=2 LPK animals, microinjection of TNFRI Ab was determined to be outside of the SFO and
were therefore considered to be offsite controls. Similar to the onsite TNFRI Ab microinjections,
the offsite microinjections did not induce any observable changes in MAP during the 30-minute
recording period (-1 £ 1 mmHg vs -1 + 2 mmHg, change from baseline onsite vs offsite TNFRI
Ab microinjections). Similarly, in n=2 LPK animals, microinjection of minocycline was
determined to be outside of the SFO and were therefore considered to be offsite controls. Similar
to the onsite minocycline microinjections, the offsite microinjections did not elicit any observable
changes in MAP during the 30-minute recording period (-4 £ 1 mmHg vs -2 + 1 mmHg, change

from baseline onsite vs offsite TNFRI Ab microinjections).

3.4.1 Microinjection of TNFRI Ab and minocycline did not alter the tonic
activation of the SFO in LPK animals

A representative trace illustrating the effect of a GABAa agonist microinjection into the SFO on
HR and MAP in LPK animals with no prior inhibitors, prior microinjection of TNFRI Ab and prior
microinjection of minocycline is provided in Figures 3.13A, 3.13B and 3.13C, respectively.

Analysis of previous data from our research group demonstrated that microinjection of a GABAa
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agonist leads to a significant depressor response (-12 = 2 mmHg peak change from baseline post-
microinjection of GABAa agonist, P=0.02), confirming the findings of previous studies that have
identified that in LPK animals, the SFO is tonically active and contributing to the hypertension

present (Underwood et al., In Preperation).
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Figure 3.13 Representative traces demonstrating the effect of microinjection of a GABA, agonist (10mM isoguvacine)
into the subfornical organ (SFO) on rate (HR) and mean arterial pressure (MAP) in Lewis polycystic kidney (LPK)
animals with (A) no prior inhibitors, (B) prior microinjection of tumour necrosis factor receptor 1 antibody (TNFRI
Ab, 1ng/50nl) and (C) prior microinjection of minocycline (0.5ug/50nl). BPM: beats per minute.
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To determine if pre-microinjection with either TNFRI Ab or minocycline alters the tonicity of this
brain region, the peak depressor response to microinjection of a GABAa agonist into the SFO after
either TNFRI Ab or minocycline was compared to the acute response without prior microinjection
of an inhibitor. One-way ANOVA indicated that the acute depressor response to microinjection of
a GABAaagonist into the SFO in LPK animals was not altered by prior microinjection with TNFRI
Ab or minocycline (-12 £ 2 mmHg vs -13 £ 5 mmHg vs -23 = 4 mmHg, no inhibitor vs prior
TNFRI Ab microinjection vs prior minocycline microinjection, P=0.11, Figure 3.14). However,
given the small sample size and as the depressor response between LPK animals with no prior
inhibitor and LPK animals with prior minocycline microinjection appeared to be different, we
examined this data set further. T-test analysis demonstrates that prior minocycline microinjection
significantly increased the depressor response when compared to the response observed with no
prior inhibitors (P=0.04), therefore demonstrating that acute minocycline administration increased
the tonicity of the SFO in LPK animals.
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Figure 3.14 Grouped data demonstrating the acute peak change in mean arterial pressure (MAP) after microinjection
of a GABA; agonist (10mM isoguvacine) into the SFO in Lewis Polycystic Kidney (LPK) animals without prior
microinjection of inhibitors (n=6), with prior tumour necrosis factor receptor 1 antibody (TNFRI Ab, 1ng/50nl)
microinjection (n=4, 0.5pg/50nl)) and minocycline microinjection (n=5). Data is expressed in peak change from
baseline preceding microinjection. Values are presented as mean=SEM. *P<0.05.

Finally, preliminary analysis was undertaken to determine the specificity of the small depressor
response to activation of GABAa receptors within the SFO by comparing the response to
microinjection of a GABAa agonist within the SFO to microinjection of a GABAa agonist outside
the region of the SFO. Offsite microinjections of a GABAa agonist were performed in two LPK
animals and preliminary comparisons show that there is no observable decrease in MAP in these
animals compared with the consistent and reproducible depressor response observed when the
microinjections were targeted at the SFO in LPK animals (-1 £2 mmHg vs -12 + 2 mmHg, offsite
GABA: agonist microinjection vs onsite GABAa agonist microinjection peak change from

baseline 5-minutes post microinjection).

3.5 Preliminary analysis indicated that microglial activation is present in LPK
but not Lewis control animals

A representative image of an SFO from a Lewis and LPK stained with anti-Ibal antibody is

provided in Figures 3.15A and 3.15B, respectively. Preliminary observation of the microglia in

the SFO of both animals suggests that LPK animals may have more activated microglia than Lewis

animals, however further analysis is required to confirm this.
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Figure 3.15 Representative microscopy images (5x magnification) of the subfornical organ (SFO) of a (A) Lewis
animal and a (B) Lewis polycystic kidney disease animal stained with anti-1bal antibody. Surveillant microglia are
indicated by green and activated microglia are indicated by blue arrows. 3V: third ventricle. Scale bar = 100um.
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4. Discussion

An increase in glutamatergic input from the SFO to the PVN is, in part, responsible for the
development of hypertension in the LPK model of PKD (Underwood et al., 2019, In Preparation),
however what is driving this increase in activity of the SFO is unknown. Proinflammatory
cytokines, namely TNFa, increase neuronal excitability in the SFO (Wei et al., 2015; Simpson and
Ferguson, 2017). As such, we hypothesised that endogenous TNFa may be driving this increase
in activity of the SFO in LPK animals and thus contributes to the development of hypertension.
The purpose of this thesis was to 1) identify the role that endogenous proinflammatory cytokines
play in the control of BP under normotensive conditions and from that 2) examine the hypothesis
that endogenous proinflammatory cytokines act on the SFO to increase its neuronal excitability in
LPK animals.

The major findings of this thesis are: (1) TNFa produces a dose-dependent increase in MAP in
Lewis but not LPK animals; (2) acute specific blockade of TNFa does not change MAP in either
strain; (3) general blockade of all microglial activation does not change MAP in either strain; (4)
microinjection of minocycline reveals an increase in tonicity of the SFO in LPK animals; and (5)
preliminary observation suggests that LPK animals have considerably higher levels of microglial
activation in the SFO when compared to Lewis animals. These data suggest that the short-term
actions of endogenous proinflammatory cytokines in the SFO do not contribute to the control of
BP in normotensive conditions or the SFO overactivity in LPK animals. However, this thesis
cannot exclude the role that proinflammatory cytokines may play in the long-term control of BP,

therefore further long-term inhibition of proinflammatory cytokines is warranted.
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4.1. Study 1: Proinflammatory cytokines in the SFO do not contribute to the
control of BP in normotensive conditions

4.1.1. Microinjection of TNFa into the SFO causes a dose-dependent increase in BP,
but not HR, in normotensive animals

Microinjection of TNFa into the SFO elicits an increase in BP and HR in normotensive animals
(Wei et al., 2015), however if this response to TNFa is dose-dependent and how this contrasts to
actions immediately outside of the SFO is unknown. As such, changes in MAP and HR in response
to microinjection of increasing doses of TNFa into the SFO and cortical regions outside the SFO
were recorded. In Lewis animals, microinjection of increasing doses of TNFa causes a dose-
dependent increase in MAP that was not observed in offsite controls. Upon microinjection of the
highest dose of TNFa (300pg/50nl), the peak MAP response was observed approximately 10-
minutes post-microinjection, a response consistent with the onset observed in previous studies
(Wei et al., 2015). This rapid or acute response to TNFa is likely triggered by an alteration in
glutamate transmission in the SFO, as in other brain regions TNFa causes an increase in the release
of glutamate from neurons and microglia (Bezzi et al., 2001; Takeuchi et al., 2006) and a decrease
in astrocytic uptake of glutamate from the synaptic cleft (Han and Whelan, 2010). Thus, to clarify
the underlying mechanisms of this rapid pressor response, further experiments involving the
microinjection of kynurenic acid, a non-specific ionotropic glutamate receptor antagonist, prior to

TNFa microinjection are required to determine if it is mediated by glutamate transmission.

Despite the similar onset of the pressor response, the duration and magnitude observed in this
thesis varies considerably to Wei et al. (2015). We observed a peak increase of approximately
7mmHg that lasted 20-30minutes before returning to baseline, whereas Wei et al. (2015) observed
an increase of approximately 20mmHg that was reported to remain above baseline for more than
five hours post-microinjection. This longer response may be explained by a range of longer-term
adaptive changes induced by TNFa microinjection. Four hours post-microinjection of TNFa in the
SFO, Wei et al. (2015) demonstrated an upregulation in mRNA expression of angiotensin
converting enzyme, angiotensin Il type 1 receptor and cyclooxygenase-2 which may make the
SFO more susceptible to excitatory inputs. Prior microinjection with the angiotensin Il type 1
receptor inhibitor losartan, angiotensin converting enzyme inhibitor captopril or the
cyclooxygenase-2 inhibitor NS-398 were all shown to blunt the response to microinjection of
TNFa individually (Wei et al., 2015). However Wei et al. (2015) did not examine if this pressor
response is mediated by the activation of TNFRI by TNFa. As such, further studies involving the
microinjection of TNFRI Ab and combinations of the range of inhibitors are required to elucidate

the contributions of each mechanism to this longer-term pressor response and if these mechanisms
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are combinatory. Additionally, it is possible that this pressor response could be contributed to by
off-target actions of angiotensin I1. Therefore, future studies with systemic inhibition of the renin-
angiotensin system are required to definitively confirm if this response is contributed by the local
actions of angiotensin Il (Lind et al., 1983) and not systemic effects that act to raise BP (Fyhrquist
etal., 1995).

These data suggests that there might be two types of changes that occur within the SFO in response
to TNFo microinjection; (1) acute changes in glutamate transmission that bring about the rapid but
short-lasting pressor response that was observed in this thesis and (2) longer term adaptive changes
that trigger the sustained pressor response observed in the study by Wei et al. (2015). One
difference that may account for the conflicting results is that Wei et al. (2015) used a substantially
larger concentration of TNFa (25ng of TNFa per microinjection) when compared to the dose of
TNFa used in this thesis (300-600pg of TNFa per microinjection). We elected to use a lower dose
range of TNFa (1pg to 300pg) for microinjection as research has already been undertaken in
normotensive animals at the nanogram dose range (Wei et al., 2015) and studies that examine the
role of TNFa in other circumventricular organs have shown success in the lower concentration
ranges (Korim et al., 2019). Furthermore, this lower dose range was chosen as it more accurately
represents the levels of TNFa in the bloodstream as PKD patients typically have a blood
concentration of TNFa in the picogram range (Gardner et al., 1991; Kocyigit et al., 2012). As this
thesis has demonstrated that TNFa increases MAP in a dose-dependent manner, this could explain
this discrepancy between the two studies. Furthermore, this indicates that higher doses of TNFa
may be required to induce the longer-term adaptive changes. Therefore, future studies could
dissect the mechanisms behind the pressor response observed at each dose through the
microinjection of inhibitors of the actions of TNFa (TNFRI Ab or etanercept), glutamate
transmission (kynurenic acid), the renin angiotensin system components (losartan and captopril)
and cyclooxygenase-2 (NS-398). Understanding the underlying mechanisms by which TNFa acts
in the SFO to increase BP is important as it may reflect the mechanisms by which hypertension

develops in the presence of high plasma TNFa.

Another difference between this thesis and the study by Wei et al. (2015) is that this thesis used a
smaller volume of the vehicle (100nl vs 200nl) to deliver the drug to the SFO. However, as this
thesis demonstrates that off target microinjection of low dose TNFa does not trigger a significant
pressor response, therefore even if the drug did spread to offsite cortical regions, it is unlikely that
this would account for the difference in responses. Furthermore, it is unlikely that the difference

in response is a result of diffusion through the ventricular system as, although Wei et al. (2015)
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used a larger volume, the volume required for intracerebroventricular microinjections is
considerably larger (Emanueli et al., 1999; Miller et al., 2002; DeVos and Miller, 2013). Finally,
Wei et al. (2015) did not provide an anatomical map of their distribution of microinjection sites,
therefore it remains a possibility that these differences in response might be due targeting of
different regions of the SFO, as it has been suggested that there may be different subpopulations
of neurons in the SFO that each play a distinct physiological role (Hindmarch and Ferguson, 2016).

The 300pg dose was chosen for further experiments in this thesis as, unlike lower doses, it led to
a significant and reproducible response that returns to baseline in the acute setting. We opted to
not use a higher dose as Korim et al. (2019) reported a plateau in the response to TNFa in the area
postrema at similar doses to that used in this thesis and, as such, higher doses would not be
necessary to demonstrate the acute response of TNFa in the SFO. Although, future dose-curve
studies with the inclusion of higher doses will be required to further elucidate the mechanisms
underlying the pressor response at all doses and to understand our findings better within the context

of what has already been discovered around the role of TNFa in the SFO on cardiovascular control.

Unlike previous reports that demonstrate a significant increase in HR after microinjection of TNFa
into the SFO (Wei et al., 2015) or the area postrema (Korim et al., 2019), this thesis did not identify
a significant dose-dependent increase in HR after TNFo microinjection. Although these results
need to be validated in a larger cohort, the differences in dose of TNFa (Wei et al., 2015) likely
account for the lack of significant tachycardia response as the dose of TNFa used in this thesis
may not have been high enough to elicit a significant increase in HR, especially if changes in HR

are brought about only by the longer term adaptive changes.

The SFO is a key brain region that is more involved in the control of BP than HR, likely due to its
direct neural connections to the PVN, an important hypothalamic nuclei involved in the control of
BP via the autonomic nervous system and endocrine system (Ishibashi and Nicolaidis, 1981; Lind
et al., 1983; Ferguson and Renaud, 1984; Ciriello and Gutman, 2011). On the other hand, the area
postrema has direct neural connections to the nucleus of the solitary tract, a key nuclei that directly
alters HR, and the rostral ventrolateral medulla, a nuclei that has a small role in indirectly
controlling HR (Shapiro and Miselis, 1985; Tan et al., 2007; Kumagai et al., 2012). Therefore, this
difference in the roles and afferent connections between the SFO and the area postrema may

account for these differences observed.
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Additionally, differences in surgical preparation in regards to the vagus nerve may account for the
discrepancy in HR responses to TNFo microinjection, as the vagus nerve supplies parasympathetic
innervation to the heart acting to reduce HR (Liu et al., 2012). This thesis used a surgical
preparation where the vagus nerve remained intact and used a non-vagolytic paralytic agent
(cisatracurium) (Kandukuri et al., 2018). Therefore, in this thesis the vagus nerve would be able
to blunt any changes in HR elicited upon TNFa microinjection. On the other hand, Korim et al.
(2019) used pancuronium bromide, a paralytic agent that has been shown to have a significant
vagolytic action (Punnen et al., 1984). Therefore, this would allow for the sympathetic nervous
system to more easily drive an increase in HR upon TNFa microinjection as there was no opposing
parasympathetic input to the HR via the vagus nerve. However, it is not clear if Wei et al. (2015)
used vagolytic paralysing agents or if they disrupted the vagal input into the heart in their study,
as such this makes it challenging to compare results. Therefore, further studies are required to
determine the sympathetic contribution to tachycardia response upon TNFo microinjection,
especially as it is speculated that the response observed upon TNFa microinjection is mediated, in
part, by the activation of the sympathetic nervous system. However, this is based only upon the
observation of a significant increase in RSNA (Wei et al., 2015). As such, future studies should
aim to record sympathetic nerve activity from multiple beds including the renal nerve and
administer hexamethonium to ensure that it attenuates the pressor response to microinjection of

TNFa, before we can definitively confirm that this response is sympathetically mediated.
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Figure 4.1 Tumour necrosis factor-o. (TNFa) in the central nervous system leads to a range of physiological changes
in neurons, microglia and astrocytes that increases neuronal excitability. ACE: angiotensin converting enzyme, ATI:
angiotensin Il receptor type 1, COX-2: cyclooxygenase-2. Created with Biorender.com.
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4.1.2. TNFRI Ab, but not minocycline, inhibits the acute pressor response to TNFa
microinjected into the SFO of Lewis animals

Here we extend on previous observations that TNFa acts on the TNFRI subtype to increase BP in
other brain regions (Bardgett et al., 2014; Korim et al., 2019), however this thesis is the first to
identify that the pressor response elicited by TNFa in the SFO is driven by TNFRI. This is
consistent with the observation that TNFRI is the only TNFa receptor subtype present in the SFO
(Nadeau and Rivest, 1999; Hindmarch et al., 2008) and whilst this needs to be confirmed in a
larger sample size, this demonstrates that our observations of a dose-dependent increase in BP are
driven by the actions of TNFa on TNFRI rather than off-target actions, such as an upregulation of

angiotensin Il signalling.

In this thesis, microinjection of minocycline did not completely inhibit the pressor response to
TNFa. This contrasts previous reports that show the complete inhibition of the actions of TNFa
by minocycline microinjection into the PVVN. However it should be taken into consideration that
in this thesis TNFa was microinjected 30-minutes after minocycline, whereas Bardgett et al.
(2014) reported the complete inhibition of the actions TNFo when TNFa was microinjected five
minutes after minocycline. As the half-life of minocycline is approximately 17 hours (Agwuh and
MacGowan, 2006), it is unlikely that these differences in time frame would account for the lack
of complete inhibition observed in this thesis. Interestingly, Bardgett et al. (2014) reported no
significant increase in BP upon microinjection of TNFa into the PVN despite using a considerably
higher dose than used in this thesis (5ng vs 300-600pg). These differences in results suggest that
TNFa may have different mechanisms of action in different brain regions. This could be further
examined by measuring the mRNA levels of the range of mechanisms that have been implicated
in the development of the pressor response by TNFa in the PVN after microinjection of TNFa.
Minocycline, an inhibitor of microglial activation, acts to inhibit protein kinases and other major
downstream signalling molecules within microglia activated by proinflammatory cytokines (Pi et
al., 2004; Nikodemova et al., 2006). Although microglia are therefore a major target for TNFa in
the central nervous system, TNFa has also been shown to cause altered glutamate transmission in
astrocytes and neurons (Takeuchi et al., 2006; Han and Whelan, 2010). As we postulate that the
acute response to the 300pg dose of TNFa is mediated by this alteration in glutamate transmission,
this may account for the lack of complete inhibition of this response by minocycline. This could
be examined further by measuring the excitability of dissociated SFO neurons and astrocytes
exposed to TNFa with and without the presence of kynurenic acid, as has been applied to identify
that astrocytes and an alteration of glutamate transmission are responsible for the excitability of
neurons in PVN exposed to angiotensin 11 (Stern et al., 2016). Overall, these data demonstrate that
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the pressor response observed upon microinjection of TNFa into the SFO is likely mediated by
activation of the TNFRI subtype on multiple neuronal cell types, not just microglia.

4.1.3. Ongoing activation of the TNFRI by TNFa in the SFO does not contribute to
the control of BP in normotensive conditions

Basal levels of TNFa have been detected in the blood stream (Arican et al., 2005; Noori et al.,
2017) and in cortical brain regions (Barichello et al., 2009), therefore it is possible that normal
physiological levels of TNFa act in the SFO to contribute to the ongoing control of BP. This thesis
was the first to demonstrate that ongoing activation of TNFRI in the SFO does not contribute to
the control of BP in normotensive conditions, as we observed no changes in MAP over the 30-
minute recording period post-microinjection of TNFRI Ab. This result is reflected in previous
studies which identified that microinjection of TNFRI Ab into the area postrema (Korim et al.,
2019) and etanercept, a TNFa inhibitor, into the PVN (Bardgett et al., 2014) did not change BP in
normotensive animals. As the SFO has unique access to the bloodstream (Gross, 1991; Petrov et
al., 1994), it is likely that there are more dominant peripheral signals, such as angiotensin Il and
plasma sodium (Simpson and Routtenberg, 1973; Anderson et al., 2000), that override the effects
of physiological levels of TNFa acting in the SFO. Finally, this thesis can only account for the
acute effects of TNFa in the SFO on the ongoing control of BP. As TNFa likely produces longer-
term adaptive changes (Wei et al., 2015), further studies involving the long-term inhibition of
TNFa are required to completely exclude the actions of TNFa in the SFO on the control of BP

under normotensive conditions.

4.1.4. Ongoing microglial activation does not contribute to the control of BP in
normotensive conditions

Microglia play an important role in ensuring that homeostasis is maintained within the central
nervous system and, when a threat to homeostasis is detected, they become activated in order to
remove this threat (Kreutzberg, 1996). In this process of activation they release a plethora of
substances including proinflammatory cytokines, chemokines and reactive oxygen species
(Colonna and Butovsky, 2017). As such, given that minocycline is an inhibitor of microglial
activation we aimed to establish if microglia contribute to the SFO’s ability to control BP under
normotensive conditions. This thesis identified that the inhibition of the acute actions of microglial
activation did not change BP. This result reflects the findings of Bardgett et al. (2014), as they also
report no change in BP 30-minutes post-microinjection of minocycline into the PVN. This
demonstrates that in two key BP control regions microglial activation has no major impact upon
the ongoing control of BP, although long-term inhibition of microglia will be required to

definitively confirm these results.
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Although further replicates are required to definitively confirm this observation, preliminary data
showed that microinjection of minocycline led to a large and sustained increase in RSNA despite
no observable changes in either MAP or HR. As an increase in RSNA typically produces an
increase in BP (DiBona and Kopp, 1997), this suggests that minocycline might cause the
underlying changes in the physiological control of BP under normotensive conditions. The SFO
can direct outflow to multiple blood pressure regulators including the autonomic nervous and the
neuroendocrine system (Bankir, 2001; Sabban et al., 2009), as such microinjection of minocycline
could lead to differential outflow in these regulators that could counteract the increase in RSNA,
therefore leading to no net effect on BP. This could be examined by measuring sympathetic
nervous activity from multiple nerve beds, hexamethonium administration to remove the effects
of the autonomic nervous system and the systemic administration of inhibitors to the BP regulating
hormones that the SFO can induce the release from the PVVN (vasopressin, corticotropic releasing

hormone and adrenocorticotropic hormone).

4.1.5. Prior microinjection of TNFRI Ab and minocycline do not alter the
physiological response to microinjection of a GABAa agonist into the SFO under
normotensive conditions

To confirm that microinjection of TNFRI Ab and minocycline did not alter the physiological
functioning of the SFO, a GABAa agonist was microinjected into the SFO. Activation of the
GABA:receptor subtype induces an influx of chloride ions thereby increasing the firing threshold
of neurons and causing neuronal inhibition (Olsen and DeLorey, 1999). Upon microinjection of a
GABA: agonist into the SFO of Lewis animals we observed a significant, but brief, decrease in
MAP. A significant alteration in this acute depressor response would indicate that endogenous
proinflammatory cytokines may contribute to the control of BP in the SFO. However, this
depressor response observed was not altered by prior microinjection of either TNFRI Ab or
minocycline. Above, we hypothesised that the acute pressor response to microinjection of TNFa
is mediated by an alteration in glutamate transmission, causing an increase in excitability of the
SFO (Pinheiro and Mulle, 2008), if this was the mechanism underlying the pressor response we
would expect a significantly greater depressor response to GABAa activation in animals treated
with TNFa only when compared to animals treated with either inhibitor, as the alteration in
glutamate transmission the neurons in the SFO should make it more excitable. However, this
response not observed in this thesis. An explanation of these results is that the GABAaagonist was
microinjected 30-minutes after the microinjection of TNFa. As the pressor response induced by
TNFa returned to baseline within 30-minutes, neuronal activity may have returned to baseline

levels before the GABAa agonist microinjection was performed. As such, further studies should
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microinject the GABAa agonist immediately following TNFo microinjection to confirm that the
pressor response is in fact caused by an increase in neuronal excitability. Overall, these data paired
with the lack of changes to BP upon microinjection of TNFRI Ab or minocycline indicate that in
the short-term, proinflammatory cytokines in the SFO do not contribute to the control of BP under

normotensive conditions.

4.2. Study 2: Proinflammatory cytokines do not act on the SFO in the short-
term to increase its activity and therefore do not contribute to the
development of hypertension in LPK animals

4.2.1. Microinjection of TNFa does not change MAP or HR in LPK animals

To the best of our knowledge, this is the first study to microinject TNFa into any brain region
involved in BP control of a hypertensive animal model, as previous studies only report the
responses to TNFa microinjection in normotensive animals (Bardgett et al., 2014; Wei et al., 2015;
Korim et al., 2019). This thesis identifies that microinjection of TNFa into the SFO of LPK animals
does not elicit any changes in BP, contrasting the dose-dependent pressor response observed in

Lewis animals.

Long term incubation of TNFa has been shown to increase the basal firing rate and excitability of
SFO neurons (Simpson and Ferguson, 2017), therefore one explanation for the lack of pressor
response in LPK animals is that the basal firing rate of SFO neurons is already at maximal levels.
Preliminary studies have identified that TNFa is elevated in the kidneys of LPK animals (Ta et al.,
2016), similar to what is observed in human patients with PKD who have higher levels of TNFa
in their kidneys (Gardner et al., 1991) and bloodstream (Menon et al., 2011). As such, it could be
reasoned that LPK animals may have higher levels of circulating TNFa which could possibly
already be acting in the SFO to increase its activity. This hypothesis could be examined by
recording the effect of TNFa incubation on dissociated LPK neurons to determine if TNFa has the

ability to increase their excitability.

We have already identified that the SFO is overactive in LPK animals (Underwood et al., In
Preparation), which implies that there may already by an increase in excitability of this brain
region. As such, it is conceivable that this increase in excitability may be driven by an increase in
glutamate transmission. Therefore, as the short-term mechanisms of the pressor response of TNFa
IS postulated to be an alteration in glutamate transmission between neural cells, this may explain

the lack of pressor response in LPK animals as the low dose of TNFa used in this thesis may not
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cause a change in glutamate transmission that is large enough to overcome this alteration in
glutamate transport to produce a resulting pressor response. This could be examined by measuring
the glutamate levels in the SFO of LPK animals, the changes in BP in response to kynurenic acid

and staining for glutamate receptor density.

4.2.2. Ongoing activation of TNFRI by TNFa does not contribute to the
overactivation of the SFO in LPK animals

This is the first study to investigate the role of TNFa in the development of hypertension in a form
of CKD. Although this needs to be confirmed in a larger sample size, this thesis demonstrates that
acute specific blockade of TNFa did not acutely alter BP in LPK animals. We hypothesised that
LPK animals may already have too much TNFa in SFO and therefore we anticipated a drop in BP
upon microinjection of TNFRI Ab. One explanation that may justify these results is that TNFo
possibly isn’t tonically active in the SFO of LPK animals in the acute setting. This is likely, as
TNFa acts in the SFO to induce long term adaptive changes that increase neuronal excitability
(Wei et al., 2015; Simpson and Ferguson, 2017) and as such TNFa may be tonically active in the
long-term in the SFO, therefore longer inhibition may be required to elicit a reversal of these
mechanisms and therefore observe a decrease in BP. Furthermore, it has been identified that the
PVN, the target of the SFO’s increase in activity, is overactive in six week old LPK animals
(Underwood et al., 2019), therefore it is likely that the SFO is also overactive from this young age.
As such, this thesis may have inhibited TNFa too far in this disease state, therefore further
experiments inhibiting the actions of TNFa in the SFO at a younger age will be required to

examine the role that TNFa plays in the establishment of the disease.

This thesis cannot rule out the fact that in LPK animals TNFa may be the trigger that acts on the
SFO to prime it to undergo changes that result in its overactivation. In normotensive animals,
microinjection of TNFa leads to longer term adaptive changes which include an increase in the
mMRNA encoding for angiotensin converting enzyme, angiotensin Il type 1 receptor, and
cyclooxygenase-2 (Wei et al., 2015), as such similar changes could also be triggered in the SFO
of LPK animals. It is unlikely that the actions of angiotensin Il are the underlying causative factor
of the increase in SFO activity as systemic losartan treatment did not reduce the SFO-derived
glutamatergic tone in the PVN (Underwood et al., In Preparation), however long term

microinjections of losartan into the SFO are required to definitively confirm this.
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A currently unexplored pathway in the context of PKD is that if cyclooxygenase-2 plays a role in
the increase in activity of the SFO. Cyclooxygenase-2 acts in the central nervous system to produce
prostaglandins, which have been shown to increase the activity of the SFO through disinhibition
(Tabarean et al., 2004), therefore it is a possibility that they may play a mechanistic role in the
development of SFO overactivity. As such, future studies should examine the effect of
microinjection of NS-398 into the SFO of LPK animals to determine if cyclooxygenase-2 acts
within to SFO to increase its activity. Furthermore, previous studies show that the actions of TNFa
are partially dependent on the actions of prostaglandins in the PVN (Zhang et al., 2003). This hints
that the effects of TNFa and cyclooxygenase-2 may potentially be combinatory in causing the
SFO overactivity, therefore future studies should examine the effect of inhibiting both factors by
microinjections of TNFRI Ab and NS-398.

Finally, it needs to be noted that unlike the Lewis animals, we could not validate the actions of
TNFRI Ab and minocycline in the SFO of LPK animals due to a lack of response to TNFa, thus
limiting the conclusions that we can make from this study. Therefore, future studies should
undertake immunostaining for the TNFRI Ab in the SFO of LPK animals to ensure that it is still
normally expressed, as underlying pathologies can alter the expression and distribution of TNFa
receptor subtypes (Nadeau and Rivest, 1999). Furthermore, future studies should examine the
effect of microinjecting higher doses of TNFa into the SFO of LPK animals, as this might indicate
that there may be a change in the affinity and sensitivity of TNFRI in the SFO of LPK animals. As
such, if higher doses are shown to elicit a response in LPK animals, this will allow for us to validate

that the TNFRI Ab and minocycline adequately inhibits the response to TNFa..

4.2.3. Ongoing microglial activation does not contribute to the overactivation of the
SFO in LPK animals

This thesis identified that inhibition of microglial activation by minocycline did not reduce BP
over the 30-minute recording period. As preliminary immunohistochemistry staining for microglia
identified that activated microglia is present in LPK but not Lewis animals, we hypothesised a
reversal of this activation may lead to a decrease in MAP as activated microglia release a range of
excitatory substances that could possibly play a mechanistic role in the overactivation of the SFO.
A caveat is that the responses were only recorded for a short period of time after minocycline
microinjection, therefore this time period may not have been long enough to capture the reversal
of microglial activation and the upregulation of excitatory pathways. As such, longer term studies
are required before we can definitively confirm that microglial activation does not contribute to

the overactivation of the SFO.
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An alternative mechanism that may underpin the overactivation of the SFO, is that rather than just
being the effect of one cytokine, it might be the effect of multiple proinflammatory cytokines
acting on the SFO. Although TNFa is the most widely investigated proinflammatory cytokine,
other proinflammatory cytokines may act either alone or in unison to trigger this increase in SFO
activity. Other proinflammatory cytokines which are raised in PKD and have been shown to
increase neuronal activity include interleukin-1p, interleukin-6 and interleukin-8 (Gardner et al.,
1991; Merta et al., 1997; Viviani et al., 2003; Cui et al., 2012; Garcia-Oscos et al., 2012).
Additionally, all proinflammatory cytokines, not just TNFa, have been shown to reduce the
reuptake of glutamate by astrocytes (Hu et al., 2000) and therefore may be working synergistically
to increase the excitability of the SFO in LPK animals. This hypothesis would explain the lack of
change in BP upon inhibition of just one proinflammatory cytokine. Furthermore, as one of the
major effects of proinflammatory cytokines is to increase neuronal activity by affecting not only
microglia but astrocytes and neurons, this may explain the lack of change in BP in response to
microinjection of minocycline. As such, further studies should examine the effects of blocking

multiple cytokines at their respective receptors.

Alternative substances that may be driving the SFO overactivity are uraemic toxins, toxins that
accumulate in the bloodstream as a result of the progressive renal failure in CKD (Duranton et al.,
2012). Uraemic toxins have been shown to lead to a range of negative consequences in the body
including a higher risk of developing cardiovascular disease and a range of neurological
consequences (Moradi et al., 2013; Arnold et al., 2016). One uraemic toxin, indoxyl sulfate,
increases the activity of neurons (Oshima et al., 2015) making it a likely candidate of driving the
SFO overactivity. This could be examined by microinjecting indoxyl sulfate and its inhibitor,
CH22319, into the SFO of LPK animals (Asai et al., 2018).

Furthermore, reactive oxidative species act within the central nervous system to control BP and
consequently have been implicated in the development of multiple forms of hypertension, for
example the angiotensin Il infusion and Dahl-salt sensitive hypertension animal models (Datla and
Griendling, 2010) and therefore may play a role in driving the SFO overactivity. Activated
microglia have been shown to produce a large amount of reactive oxygen species, therefore as
microglia are likely activated in the SFO of LPK animals, they may be releasing significant
amounts of reactive oxygen species, which may be driving the SFO overactivity. This hypothesis
could be examined by measuring the levels of reactive oxygen species in the SFO, genetic

silencing of Nox2 and Nox4 genes to reduce the production of reactive oxygen species in the SFO
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and the administration of tempol, a superoxide dismutase mimetic which acts to scavenge reactive

oxygen species.

Although further replicates are required to confirm these preliminary results, an unexpected
finding of this thesis is that microinjection of TNFRI Ab and minocycline into the SFO of LPK
animals increased RSNA considerably from baseline, despite no observable changes to MAP or
HR throughout the recording period. The increase in RSNA upon minocycline microinjection was
also observed in the Lewis animals, therefore indicating that potentially this is a minocycline
specific response in the SFO, thus suggesting that microglia may play a role in regulating the
autonomic nervous system in alternative functions not related to BP. This could be examined
further by long term inhibition of microglia or by genetic knockdown of microglia in the SFO, to

further elucidate the SFO-specific roles of microglia.
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Figure 4.2 Summary of the proposed mechanisms underlying the overactivity of the subfornical organ (SFO) in Lewis
polycystic kidney disease animals. COX-2: cyclooxygenase-2. Created with Biorender.com.
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4.2.4. Microinjection of TNFRI Ab and minocycline does not alter the tonic
activation of the SFO in LPK animals

The SFO in LPK animals is tonically activated and, in part, responsible for the development of
hypertension (Underwood et al., 2019, In Preparation). This is indicated by the significant, but
short lasting, depressor response observed upon microinjection of a GABAa agonist into the SFO
of LPK animals. Although acute blockade of TNFa and microglial activation did not elicit an
observable alteration to MAP in LPK animals, either microinjection may have altered the tonicity
of this brain region, as indicated by a change in the acute depressor response upon microinjection
of a GABAa agonist. This would signify that TNFa or proinflammatory cytokines may have an
underlying role in the development of the overactivation of the SFO in these animals.

Microinjection of TNFRI Ab did not significantly alter the acute peak depressor observed upon
microinjection of a GABAa agonist in the SFO of LPK animals. This confirms our previous results
that indicate that it is unlikely that TNFa acts alone in the SFO to increase its activity.
Contrastingly, prior microinjection of minocycline significantly increased the peak depressor
response observed upon microinjection of a GABAa agonist in the SFO of LPK animals, therefore
revealing an increase in tonicity in the SFO of LPK animals microinjected with minocycline. This
may account for the lack of depressor response after minocycline microinjection, as the local
neural network could have increased it’s firing rate to compensate for any decrease in BP that
microinjection of minocycline may cause in the SFO. Another explanation of these results is that
activation of microglia in the SFO of LPK animals may be a protective adaptive change which is
triggered in an attempt to reduce the tonic activation of the SFO as activated microglia can prevent
excitotoxicity (Colonna and Butovsky, 2017). Activated microglia are able to detect neurons that
are at risk of excitotoxicity and wrap around the cell body to reduce its excitability and the risk of
damage to neurons (Kato et al., 2016). The role of microglia in the SFO could be further examined
by measuring the changes in the SFO neuron activity in brain slices after the ablation of microglia.
Therefore, if they do play a protective role by reducing neuronal excitability and cell death in the
SFO, an increase in activity and neuronal cell death may be observed upon the removal of

microglia.
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4.3. Preliminary observation indicates that microglial activation is present in
the SFO in hypertensive LPK animals but not normotensive Lewis
animals

To determine if proinflammatory cytokines may play a role in the long term in the overactivation

of the SFO, the activation levels of microglia were examined by immunohistochemistry staining

for Ibal in Lewis and LPK animals. Microglia are a major support cell of the central nervous
system and are involved in a range of processes including neuronal network maintenance, removal
of debris or pathogens and facilitation of the repair of neuronal tissue (Colonna and Butovsky,

2017). Although this dichotomy of microglial forms are still highly debated, microglia are

generally thought to have two major forms; 1) surveillant and 2) activated. Under normal

physiological conditions, microglia are surveillant, demonstrated by the ramified morphology of

a small cell body with multiple long processes which allow microglia to survey their local area

and thus identify threats to the central nervous system (Nimmerjahn et al., 2005; Helmut et al.,

2011). In the presence of any threat to the homeostatic functioning of the central nervous system,

for example infection or alteration of neuronal activity, microglia become activated, indicated by

the retraction of their processes to form a prominent, or amoeboid shaped, cell body. This change
in morphology allows microglia to undertake a range of processes to attempt to restore
homeostasis, including removal of pathogens or debris and promoting tissue repair (Kreutzberg,

1996). Although the activation of microglia is necessary to maintain homeostasis in the brain,

chronic activation of microglia can lead to a range of problems in the central nervous system,

including an increase in the release of cytokines and reactive oxygen species causing the
deterioration of the blood brain barrier, altered neuronal function and an increase in neuronal cell
death (Wolf et al., 2017). Therefore, if microglia in the SFO of LPK animals are shown to be more
activated than in the SFO of Lewis animals, this might indicate that long-term microglial activation

may contribute to the SFO overactivity (Underwood et al., In Preparation).

Ibal is a protein that is uniformly expressed on both the cell cytoplasm and processes and although
the specific function of Ibal has yet to be fully elucidated, it is thought that it has a role in the
reorganisation of the cytoskeleton of microglia during activation, as indicated by the significant
upregulation of MRNA encoding for Ibal in activated microglia (Daisuke et al., 1998; Korzhevskii
and Kirik, 2016). Ibal staining for microglia is advantageous over other microglial staining
antibodies as the binding of the anti-1bal is not affected by the fixative treatment of the tissue and
the ubiquitous expression allows for the easy detection of both surveillant and activated microglia
(Sukhorukova et al., 2012; Korzhevskii and Kirik, 2016).
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Preliminary observation indicated that LPK animals have considerably more activated microglia
than Lewis animals in the SFO. Although this needs to be confirmed in a larger cohort and through
semi-quantitative image analysis, this suggests that there may be a disturbance to the homeostasis
of the SFO in LPK animals (Kreutzberg, 1996). Although this thesis demonstrates that microglial
activation in the SFO likely doesn’t contribute to the development of hypertension in the short-
term, further studies are required to determine if long term inhibition of microglial activation
reduces BP, as previous studies have identified that long-term inhibition of microglial activation
was required to attenuate BP in the angiotensin Il infusion model of hypertension (Shi etal., 2010).
An alternative explanation that could account for the apparent increased activation of microglia in
LPK animals is that the accumulation uraemic toxins, particularly indoxyl sulfate, have been
shown to activate glial cells (Adesso et al., 2018). This could be examined further by determining
if the long-term inhibition of uraemic toxins, by treatment with AST-120 or CH22319 (Vaziri et
al., 2013; Asai et al., 2018), reduces the number of activated microglia in the SFO of LPK animals.

4.4. Methodological considerations

Although our preliminary results suggest that proinflammatory cytokines do not contribute to the
acute control of BP in normotensive Lewis animals and to the development of hypertension in
LPK animals, the small sample sizes of this study preclude definitive confirmation of our results,
and, as such, further replicates will be required. Some other important methodological
considerations needed when interpreting the results of this thesis include; the brain microinjection
technique, immunohistochemistry technique, bias towards males and the effect of urethane

anaesthesia.

4.4.1. Microinjection technique

Drug microinjection is a valuable technique that allows for the accurate delivery of a drug into
specific brain regions. It has allowed researchers to evaluate the functions of brain regions and to
gain valuable insights into the pathophysiological changes that occur in the brain in a range of
diseases. However, a limitation of this study that cannot be overlooked is that the microinjected
drug will diffuse through the brain parenchyma away from the original microinjection site. The
microinjections in this thesis had a volume of approximately 50-100nl and therefore will initially
spread through the extracellular space of the brain to form a sphere with a radius of approximately
485um (Nicholson, 1985), however depending on individual factors including the individual

properties of the brain parenchyma and the properties of the drug to be microinjected, the drug
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may spread differentially to cover a sphere of a different size radius (Nicholson et al., 2000;
Sykova and Nicholson, 2008).

Dorsally, the SFO is bordered by the ventral hippocampal commissure, a bundle of axons that
connect the two halves of the hippocampus (Wyss et al., 1980). This brain region plays a role in
memory rather than BP or HR (Jordan et al., 2018) therefore, even if the microinjected drugs did
spread outside of the SFO to this region it is unlikely to have affected the results. Ventrally and
laterally, the SFO is bordered by the third ventricle and although it is possible that a small amount
of the microinjected drug could have dispersed into the third ventricle below the SFO and therefore
may be detected by nuclei that border the ventricles that control BP and HR, the small volume that
is used in this thesis (100nl) makes this unlikely. Studies that involve intracerebroventricular
microinjections usually use a volume that is multiple magnitudes larger, ranging from 5ul up to
10pl (Emanueli et al., 1999; Miller et al., 2002; DeVos and Miller, 2013), to successfully reach
brain regions that border the ventricles, thus even if the microinjected drugs did move from the
SFO into the third ventricle, the small volume of the microinjection makes it is highly unlikely

that the drug would reach other brain regions in a concentration large enough to alter the results.

4.4.2. Free floating section immunohistochemistry

One caveat of this study is that due to challenges encountered during the anti-1bal staining process,
guantitative and statistical analysis of microglial activation and distribution was not possible.
Whilst undertaking the free-floating brain slice immunohistochemistry method, despite reducing
the agitation rate and maintaining care to ensure that the brain slices remain intact between washes,
the SFO was damaged in most sections, likely due to its vulnerable location at the dorsal border
of the third ventricle (Paxinos and Watson, 2006). As such, the limited number of intact SFO slices
allows for only a qualitative description of microglia and, although this still provides a valuable
insight into the morphological changes occurring with microglia in the SFO of both LPK and
Lewis animals, further Ibal staining using paraffin embedded slices to help maintain the integrity
of the SFO will be required to definitively confirm our preliminary results through image analysis
software that quantifies the amount of activated and non-activated microglia in a given area
(Hovens et al., 2014). Furthermore to help with analysis, additional immunohistochemistry
staining for Ibal should utilise diaminobenzidine staining as this may allow for better visualisation
of the number of dendritic processes (Hovens et al., 2014) as this was a problem encountered with
the fluorescence staining, this is important as the number and length of dendritic processes from

microglia is the measure used to analyse the level of microglial activation.

56



4.4.3. Bias towards male animals

One limitation of this thesis is that this study only included male animals. A major determining
factor when considering the use of only male animals was the fact that all preceding research was
undertaken only in males (Underwood et al., 2019, In Preparation), and although some of the
pathophysiological changes in male LPK animals are observed in female LPK animals, previous
research from our lab group has identified that the disease progression in females is moderately
slower and that the autonomic control of the cardiovascular system functioning is fundamentally
different when compared to male LPK animals (Phillips et al., 2007; Salman et al., 2014, 2015b).
Therefore, it is likely that the underlying pathophysiological changes that contribute to
hypertension in males may differ in female LPK animals, as such if the data from male and female
LPK animals were combined in this thesis, this would significantly confound the interpretation of

the results and may prevent the underlying pathophysiology from being uncovered.

Another reason why only male animals were chosen for this study is that the SFO is considerably
affected by circulating oestrogen as activation of the oestrogen receptor-o in the angiotensin II
infusion animal of hypertension, protects against the development of hypertension in female rats
(Xue et al., 2007, 2015). Additionally, there are distinct sex differences that have been identified
in the immune system during hypertensive states, as inflammation is more prominent in males,
whereas females have more anti-inflammatory mediators and proinflammatory cytokines (Gillis
and Sullivan, 2016), which may further confound the interpretation of data if both sexes were
included. Therefore, future studies should investigate if the pathophysiological factors underlying
the development of hypertension in female LPK animals is the same as in male LPK animals to
elucidate if there are any major differences between the two sexes, which in turn could demonstrate

the need to develop gender-based strategies to reduce BP.

4.4.4. Anaesthetic effects on BP, HR and RSNA recordings

Another experimental caveat that needs to be considered when interpreting these results is that this
study used a urethane-anaesthetised preparation. As this thesis investigated the short-term
contribution of proinflammatory cytokines to the control of BP in normotensive Lewis animals
and development of hypertension in LPK animals, undertaking anaesthetised non-recovery
surgeries was the logical technique to address this gap in knowledge. As although it is possible to
deliver drugs to the brain under conscious conditions via the implantation of a guide cannula, the
stress due to handling and constant fluctuation of BP in conscious animals would make it almost

impossible to accurately capture the responses to the drug in the short term (Poole et al., 2019).
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Urethane anaesthetic was used in this preparation as unlike other anaesthetics, for example
pentobarbital or isoflurane, it provides long acting anaesthetic and considerable analgesic effects
without a risk of severe respiratory depression (Field et al., 1993; Tremoleda et al., 2012). Previous
studies have not conclusively determined the effect of urethane on MAP, HR and RSNA as studies
have shown that urethane anaesthesia depresses central regulation of the cardiovascular system
(Field et al., 1993; Hildreth et al., 2012; Wang et al., 2014), whilst others have demonstrated that
urethane anaesthetic does not have a significant effect on these parameters (Holobotovskyy et al.,
2004). Another consideration of the use of urethane anaesthesia, is that it has been shown to cause
an imbalance in fluid and a decrease in circulating vasopressin (Severs et al., 1981), however as
the mechanisms behind the development of hypertension occurs independently from vasopressin
(Underwood et al., 2019), it is unlikely that these effects of urethane would significantly alter the
results of this study. Despite this, the effects of urethane must be considered when analysing the

translatability of these results to other models of PKD and the human condition.

4.5. Future directions

To allow for a more complete understanding of the role that proinflammatory cytokines have in
the SFO on the control of BP of normotensive animals and the development of hypertension in
LPK animals, additional replicates for each cohort are required. Furthermore, long term inhibition
of TNFa and microglial activation are required to definitively determine the role of
proinflammatory cytokines, as this thesis only allows for the conclusion on the role of
proinflammatory cytokines in the acute setting. Long term inhibition will also help to distinguish
if proinflammatory cytokines play a role in the establishment or maintenance of hypertension. This
Is important to examine as proinflammatory cytokines have been implicated in the establishment
rather than the maintenance of the underlying pathology (Feldmann, 2002; Thomas et al., 2013).
Finally, long term TNFRI Ab and minocycline administration will fill a gap in knowledge, as
although studies have previously looked at this long-term inhibition in PKD, no study measured
the changes observed in BP during treatment (Roix and Saha, 2013; Wu et al., 2016).

The unique anatomical properties of the blood brain barrier within the SFO make it an attractive
location to target pharmacologically as, unlike other regions of the brain that control BP, drugs
can easily access and act upon this brain region (Gross, 1991; Petrov et al., 1994). Therefore, if
we can determine what is driving this increase in activity of the SFO and thus causing the observed
hypertension, this may uncover a new method to treat hypertension in PKD. Overall, due to the
complex changes observed in PKD it is likely that the overactivation of the SFO arises as a result
of a combination of the proposed mechanisms throughout the discussion (Summary in Figure 4.2).
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As such, further analysis looking at the changes in proteins and receptors in the SFO could identify
which mechanisms are upregulated and therefore would be optimal targets in identifying what is

driving the SFO overactivity.
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5. Conclusion

In LPK animals, the development of hypertension is caused, in part, by the overactivity of the SFO
(Underwood et al., In Preparation). The underlying cause of this overactivity, however, is
unknown. This thesis investigated the hypothesis that endogenous proinflammatory cytokines are
acting within the SFO to increase its activity in LPK animals. This thesis demonstrates that
hypertension in LPK animals is not dependent on the short-term actions of endogenous
proinflammatory cytokines or microglial activation in the SFO, despite evidence of considerable
microglial activation in the SFO of LPK animals. Further studies involving the long-term
inhibition of proinflammatory cytokines in the SFO are required to definitively confirm our

findings.
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