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Abstract

Background: Vascular risk factors, particularly hypertension (HTN), are key contributors to the
development of Alzheimer’s disease (AD). Both conditions are linked to cerebral vascular dysfunction,
potentially disrupting processes such as vasomotion and neurovascular coupling (NVC). Vasomotion, a
low-frequency (~0.1 Hz) oscillation in vascular diameter, is thought to support tissue oxygenation,
perfusion, and solute clearance from the brain. NVC is a critical process for brain health, and its

impairment is believed to play a central role in AD pathophysiology.

Aims: This project aimed to (I) characterise vasomotion in vivo and explore its potential as an early
biomarker of vascular dysfunction in AD and HTN; (II) examine the relationship between vasomotion

and neuronal activity; and (III) assess how HTN affects brain vascular function.

Methods: Low-frequency oscillations (LFOs; 0.06—0.2 Hz) in cerebral arteries of AD (J20-AD), HTN
(angiotensin-II-induced), and healthy control mice were measured using 2D-optical imaging
spectroscopy and compared between groups. Simultaneously gathered multi-unit neuronal activity data
were used to assess whether LFOs were independent of neural activity. In HTN mice, neurovascular
function, cognition, and cellular changes were also evaluated through in vivo imaging,

electrophysiology, behavioural paradigms, and immunohistochemistry.

Results: LFO power was unchanged in AD mice but significantly reduced in male HTN mice versus
controls. This reduction preceded detectable changes in NVC, cognition, and histology, suggesting LFO
deficits as early indicators of HTN-related dysfunction. LFOs were also coupled to neuronal activity,
providing important insights into the interpretation of vasomotion signals in-vivo. While NVC was
largely preserved in HTN mice, a faster onset of haemodynamic responses were observed in HTN mice
compared to controls, suggesting that temporal features of NVC may offer a more sensitive index of
early vascular dysfunction. Sex significantly influenced both haemodynamic responses and LFOs,

emphasising the importance of sex-aware approaches in neurovascular research.
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Chapter Summary

The aim of this thesis is to explore vasomotion and neurovascular function in preclinical models
of Alzheimer’s disease and hypertension. This chapter begins with an overview of the
neurovascular unit, a critical component in the regulation of cerebral blood flow and
neurovascular coupling. It then introduces the pathophysiological features of Alzheimer’s
disease and hypertension, with a focus on their known effects on the brain vasculature. Given the
potential of vasomotion as an early indicator of vascular dysfunction, the chapter also examines
the mechanisms underlying vasomotion and its proposed physiological roles. Finally, relevant
methodological background is provided to contextualise the experimental approaches used in the

subsequent studies.
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1.1 The Neurovascular Unit and Brain Vascular Function

Complex interactions between neurons, endothelial cells, mural cells [pericytes, vascular smooth
muscle cells (SMCs)], and glia make up what is referred to as the neurovascular unit (NVU)
(Lecrux & Hamel, 2011; Zlokovic, 2011). The dynamic communication between these
components of the NVU contribute to processes such as the regulation of blood flow, delivery of
energy substrates to neurons, and clearance of waste metabolites from the brain (Presa et al.,
2020). These processes are crucial for ensuring that optimal brain function can occur, and thus,

the function of the NVU and its constituent cells is of utmost importance.

1.1.1 Vascular Cells

The endothelium consists of a monolayer of endothelial cells which line the inside of blood
vessels (arteries, veins, and capillaries) and is a major player in the regulation of vascular tone,
cellular adhesion, smooth muscle cell proliferation and vessel wall inflammation (Deanfield et
al., 2007; Félétou, 2011). The endothelium regulates vascular tone, and thus, cerebral blood flow
(CBF) via the release of vasoactive signaling molecules that relax or constrict blood vessels
(Deanfield et al., 2007), including nitric oxide (NO), prostacyclin, endothelin, and endothelial-
derived hyperpolarizing factor (Galley & Webster, 2004).

Endothelial cells (ECs) and mural cells are the two main cell types that make up blood
vessels (Siekmann, 2023). ECs form the vessel walls, and positioned on the abluminal surface of
the EC layer are mural cells (Daneman & Prat, 2015). Mural cells can be divided into SMCs and
pericytes, which vary in subtype along the vascular network (Grant et al., 2019; Muhl et al.,
2022) and enable control of vessel diameter and subsequent blood flow via their contractile
properties (Kisler et al., 2017). Vascular SMCs reside in the medial layer of major blood vessels
and regulate arterial and arteriolar vessel diameter, thereby maintaining vascular tone and
regulating both blood circulation and blood pressure (Grootaert & Bennett, 2021; Shen et al.,

2021). Pericytes line the walls of capillaries and support angiogenesis, maintenance of the blood-
15



brain barrier (BBB), and regulation of immune cell entry to the central nervous system (CNS)
(Attwell et al., 2016; Dalkara et al., 2011). Additionally, pericytes are important in the control of
brain blood flow (Attwell et al., 2016) via the ability to control/constrict capillary diameter
(Peppiatt et al., 2006).

1.1.2 Glia

Astrocytes play an important role in the neurovascular system by providing energy substrates,
supporting synaptic plasticity and function, and regulating regional CBF by inducing local
vasodilation or vasoconstriction responses (Volterra & Meldolesi, 2005). Astrocytes produce and
release various signaling molecules such as NO, prostaglandins, and arachidonic acid (AA) that
can modulate blood vessel diameter and thereby blood flow in the CNS (Sofroniew & Vinters,
2010). Astrocytes also adjust blood flow in response to synaptic activity via astrocytic processes
that are in contact with both blood vessels and synapses (Sofroniew & Vinters, 2010). Astrocytes
respond to pathologies in a process known as reactive astrogliosis, associated with an
upregulation of glial fibrillary acidic protein (GFAP) and morphological changes such as
hypertrophy, altered ramification, and outgrowth of long processes (Escartin et al., 2021;
Schiweck et al., 2018).

Microglia are considered to be the principal immune cells of the brain, involved in both
homeostasis and in the defense against pathogens and CNS dysfunction or damage (Hickman et
al., 2018; Kettenmann et al., 2011). In a homeostatic state, microglia survey the
microenvironment using their ramified processes, clearing cellular debris and responding to
injury or infection (Gao et al., 2023). Microglia secrete several soluble factors (e.g., cytokines
and neurotropic factors) that contribute to immune responses in the CNS as well as tissue repair
(Colonna & Butovsky, 2017). Injury or an inflammatory stimulus can induce a change in resting
microglia from a ramified to amoeboid morphological appearance (enlarged cell body and

shorter processes), which is reflective of a highly activated state associated with phagocytosis
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and proinflammatory function (Colonna & Butovsky, 2017) and is also associated with an

increased expression of ionised calcium-binding adapter molecule 1 (Ito et al., 1998).

1.2 The Blood-Brain Barrier

The BBB is a cellular membrane composed of a monolayer of endothelial cells linked by
complex, tight junctions that create a continuous barrier (Jagtiani et al., 2022; Knox et al., 2022),
astrocytes, and a basement membrane (BM) (Roberts et al., 2012). Cerebrovascular integrity is
maintained by the BBB through constant crosstalk between the cells of the NVU (endothelium,
mural cells, astrocytes, and neurons) (Sweeney et al., 2018). The BBB plays an essential role in
maintaining brain homeostasis by controlling the environment of the central nervous system
(CNS) via tightly regulating the movement of ions, molecules, and cells between the blood and
brain parenchyma (Daneman & Prat, 2015; Knox et al., 2022). The BBB controls both the
delivery of energy metabolites and nutrients into the central nervous system as well as preventing
the entry of neurotoxic molecules and pathogens (Scheffer et al., 2021; Zlokovic, 2011). Thus,
providing the brain with adequate nutrients to achieve optimal neuronal and synaptic function
(Zlokovic, 2011), while also protecting the CNS from pathogens, toxins, inflammation, injury,
and disease, which would otherwise lead to impairments in neuronal function and

neurodegeneration (Daneman & Prat, 2015; Knox et al., 2022).

1.3 Neurovascular Coupling

To ensure proper functioning of neurons in the brain, an adequate supply of blood is
required, which is delivered via a vast vascular network of veins, arteries, venules, arterioles and
capillaries (Sweeney et al., 2018). Neurovascular coupling (NVC) refers to the mechanism by
which changes in regional neural activity drive increases in CBF that are specific to the active
area. It has been postulated that increases in CBF in response to brain activity likely reflect the
need for oxygen and glucose delivery to areas of activation, as the brain lacks its own energy

reserves despite having a significantly high energy demand. This rapid redirection of blood flow
17



to areas of neuronal activation (i.e., NVC) ensures a targeted and uninterrupted flow of blood
that is essential for brain viability (Presa et al., 2020), as disruption of NVC may result in the
energy needs of neurons being unmet, which in the long term can lead to neuronal dysfunction
and cognitive impairment (Iadecola, 2013; Sweeney et al., 2018). Increases in blood flow in
response to neuronal activation depend on the collaborative actions of neurons, astrocytes, and

vascular cells through various types of molecular signalling (Iadecola, 2013).

Neurons and astrocytes respond to increases in extracellular glutamate to transmit
vasoactive signals to regulate CBF appropriately (Phillips et al., 2016). Glutamate is a
neurotransmitter that is released when the presynaptic neuron depolarises (Hiibel et al., 2017).
The release of glutamate from the synapse activates neuronal N-methyl-D-aspartate (NMDA)
receptors, which results in Ca®" entry into neurons and activation of neuronal NO synthase
(nNOS), leading to NO release and vessel dilation (Attwell et al., 2010). Additionally, synaptic
glutamate release activates metabotropic glutamate receptors (mGluR) on astrocytes, which also
increases cytosolic calcium concentrations (Phillips et al., 2016). Ca®" increases within astrocytes
activates phospholipase A> (PLA>), generating AA and thus epoxyeicosatrienoic acid (EET) and
prostaglandin E> (PGEz), which also lead to vessel dilation (Phillips et al., 2016). Though Ca?*
elevation in astrocytes can drive arteriole dilation to increase CBF, it is relatively unclear how
essential the role of astrocytes are in the NVC process. While it has been shown that direct
stimulation of astrocytes in rat brain slices has resulted in vasodilation, providing evidence that
astrocytes may play a role in activity-dependent increases in blood flow (Zonta et al., 2003),
others have determined that astrocytic signalling does not initiate neurovascular coupling
(Bonder & McCarthy, 2014; Nizar et al., 2013), at least via calcium-dependent mechanisms.
However, Institoris et al., (2022), found that clamping astrocyte Ca®* signalling in vivo reduces
sustained, but not brief, vascular responses to sensory stimulation (Institoris et al., 2022).
Further, antagonising NMDA -receptors or EET production reduced only the late component of
the NVC response but not initial increases in CBF to sensory stimulation (Institoris et al., 2022).
These findings suggest that a role of astrocytes in this context may be to amplify NVC responses
when neuronal activation is prolonged. Interestingly, Lind et al., (2024) found that astrocytic

contributions to NVC responses may be dependent on brain state; NVC responses to self-
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directed sensory processing in this study were confirmed to depend on noradrenaline and

astrocyte activity (Lind et al., 2024).

1.4 Alzheimer’s Disease

1.4.1 Introduction to Alzheimer’s disease

Alzheimer’s disease is the most common form of dementia, accounting for around 60-80% of
cases (Crous-Bou et al., 2017), followed by vascular dementia, dementia with Lewy bodies, and
frontotemporal lobe dementia (Uchida, 2022). Increased levels of amyloid-beta (Ap), which
aggregate and form into extracellular senile plaques, and hyperphosphorylated tau, which form
intracellular neurofibrillary tangles (NFTs), are histopathological hallmarks of AD (Cheignon et
al., 2018; Dubois et al., 2014; Hardy & Selkoe, 2002). A clinical onset of AD which occurs
before the age of 65 years is referred to as early-onset, or familial, AD (Mendez, 2019).
Mutations in APP and presenilin PS1 and PS2 are known to cause early onset AD and facilitate
AP deposition through increased production resulting in an elevated extracellular concentration
of AP (Scheuner et al., 1996). Late-onset AD occurs in individuals aged 65 or above and
progresses continuously from the preclinical stage in which there are no clinical symptoms to
pre-dementia, mild cognitive impairment and AD, in which the clinical symptoms impact daily
life (Uchida, 2022). In late onset AD, the elevated levels of AP are thought to be promoted by
faulty AP clearance, rather than increased production of AP (Nelson et al., 2016).

1.4.2 Amyloid Cascade Hypothesis

The amyloid cascade hypothesis centralises abnormal AP production and deposition in the brain
as the key trigger in AD pathogenesis (Hardy & Selkoe, 2002). According to this hypothesis,
disturbances in amyloid precursor protein (APP) metabolism can result in the overproduction and

faulty clearance of A, causing A build-up to occur in the CNS in the form of plaques,
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monomers, oligomers, or insoluble fibrils (Mawuenyega et al., 2010; Volianskis et al., 2010) in
addition to contributing to tau tangle formation (Fang et al., 2021). This aggregation of AP is
thought to trigger a cascade of pathological events which eventually lead to AD-linked
neurodegeneration (Chavez-Gutierrez & Szaruga, 2020; Hardy & Selkoe, 2002), such as
activation of glia, inflammation, synapse dysfunction, loss of neurons and eventual cognitive
decline (Hardy & Selkoe, 2002; Zhang et al., 2019). There has been a great deal of findings over
the years that support this theory (Coomans et al., 2023; Goate et al., 1991; Rogaev et al., 1995;
Sherrington et al., 1995), yet, therapeutics targeted at inhibiting AP production or removing A
from the brain have demonstrated limited clinical efficacy (Karran & De Strooper, 2022).
Although, recently, AB-based therapies are receiving encouraging results, such as monoclonal
antibodies (i.e., donanemab and lecanemab), in aiding in clearance of AP from the brain and
moderately improving cognitive decline (Kim et al., 2025; van Dyck et al., 2022; Zhang et al.,
2023). Despite being present in most patients with AD (90% of cases), AP plaque pathology
alone may not fully account for AD development, as studies have found that Af load is not
always correlated with dementia severity (Berlau et al., 2009; Hsia et al., 1999; Swerdlow et al.,
2014). Indeed, a large proportion of AD dementia patients exhibit a mixed pathology at autopsy,
in that AD pathology is observed alongside other pathologies, such as age-related

cerebrovascular disease and vascular pathologies (Fu et al., 2024; Jack & Holtzman, 2013).

1.4.3 Vascular Cascade Hypothesis

In addition to AD pathology, studies have observed vascular pathology in a large proportion of
individuals with AD (Launer et al., 2008; Schneider et al., 2009), suggesting the existence of a
vascular component to AD pathophysiology. In some cases, alterations in vascular function have
been observed decades before the onset of the disease, suggesting the earliest marker of AD
progression may be vascular dysregulation (Iturria-Medina et al., 2016). In addition, despite
decades of research based on the amyloid-hypothesis of AD, there has been a lack of success in
finding an effective treatment for AD using AB-based drugs. Thus, more interest has been given
to alternative theories of AD development, such as those that focus on the vascular contributions

to AD and AD progression. Vascular degeneration has been suggested to be associated with the
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onset or progression of AD and has been of interest in recent years. The two-hit vascular
hypothesis of AD, proposed by Zlokovic, postulates that initial damage to the microcirculation
(considered to be “hit one”), initiates neuronal dysfunction and injury leading to BBB
dysfunction and impairments in AP clearance, causing the promotion/accumulation of AP in the
brain (considered to be “hit two”) (Zlokovic, 2011). The two processes interact and can
independently or synergistically lead to the onset or worsening of AD dementia (Nelson et al.,

2016).

The vascular-driven theory of AD suggests that a functional deficit within the cells of the
neurovascular unit would provide inadequate oxygen and glucose to neurons, which may trigger
the onset of the disease or aid in its progression. AP peptides contribute to the dysregulation of
vascular tone and weakening of the BBB as well as inducing vascular inflammation due to their
vasculotoxic effects (Govindpani et al., 2019). AP may therefore be implicated in disease onset
and/or progression, as its overaccumulation has been found to be detrimental to the vascular
system. Lower resting CBF and impairments in vascular responses have been shown to be
associated with elevated levels of AP and AP deposits in rodent models (Kimbrough et al., 2015;
Niwa et al., 2001). In mouse models, tau has also been found to cause reductions in CBF
(Ahmad et al., 2021; Park et al., 2020) and cerebrovascular dysfunction (Park et al., 2020).
Impairments in neurovascular coupling have also been observed in AD, in both human patients
and animal models of the disease (Hock et al., 1997; Lacoste et al., 2013; Li et al., 2021; Park et
al., 2020; Royea et al., 2017; van Dijk et al., 2024). Although, interestingly, neurovascular
uncoupling and diminished haemodynamic responses have not been universal findings in AD
research. Studies have found intact neurovascular function (Munting et al., 2021; Sharp et al.,
2020), or even augmented haemodynamic responses (Kim & Jeong, 2013; Shabir et al., 2020) in
mouse models of AD. As vascular dysregulation is associated with AD development and
progression (Iturria-Medina et al., 2016), vascular risk factors, specifically hypertension (HTN),
have emerged as key pathogenic factors in vascular cognitive impairment and AD (Iadecola &
Gottesman, 2019). HTN may lead to cognitive decline or impairment through its detrimental

impacts on brain blood flow, neurovascular function, and AD pathology (Iadecola & Gottesman,
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2019), specifically, through the promotion of AP accumulation and tau phosphorylation (Faraco
et al., 2015; Iadecola & Gottesman, 2019; Schreiber et al., 2014).

1.5 Hypertension

Diseases involving the heart and blood vessels constitute what is referred to as cardiovascular
diseases (CVDs), such as stroke, heart failure, coronary artery disease, and cardiac arrest
(Donato et al., 2018). There are several major modifiable risk factors for CVD including
cigarette smoking, diabetes mellitus, lipid abnormalities and high blood pressure (Fuchs &
Whelton, 2020). Among these risk factors, high blood pressure is associated with the strongest
evidence for causation of CVD and early death (Mills et al., 2020), greatly increasing the risk of
detrimental renal, cardiovascular, and cerebrovascular events (Bolivar, 2013). HTN is a rise in
blood pressure (BP), more specifically, a systolic blood pressure (SBP) of >140 mmHg and/or a
diastolic pressure (DBP) >90 mmHg (Bolivar, 2013). Primary HTN accounts for 95% of cases of
HTN, and cannot be determined by a specific cause (Weber et al., 2014). Secondary HTN
accounts for the remaining 5% of HTN cases in which the underlying cause can be identified,
and can be attributed to factors such as chronic kidney disease, excessive aldosterone secretion,
renal artery stenosis, pheochromocytoma, and sleep apnoea (Weber et al., 2014). Primary HTN is
currently considered a multifactorial disease influenced by a combination of genetic,
environmental, and behavioural factors (Bolivar, 2013). Although the cause of primary HTN is
unknown, it is often associated with lifestyle risk factors such as obesity and diet, specifically, a
high dietary salt intake (Delacroix & Chokka, 2014). There is also a relationship to family
history, suggesting that some individuals may have a genetic predisposition to developing HTN
(Weber et al., 2014). Genetic factors may include abnormally high activity of the Renin-
Angiotensin-Aldosterone System (RAAS) and sympathetic nervous system, and a predisposition
to the effects of dietary salt on BP (Weber et al., 2014). HTN is becoming more prevalent
globally due to factors such as aging (Presa et al., 2020) and increases in lifestyle risk factors
such as high sodium intake/unhealthy diet, physical inactivity, obesity, and alcohol consumption
(Mills et al., 2020). Complications of high BP can result in both short-term and long-term

consequences, consisting of stroke, coronary heart disease, heart failure, atrial fibrillation,
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valvular heart disease, aortic syndromes, peripheral arterial disease, hypertensive

cardiomyopathy, and now recognised, dementia (Fuchs & Whelton, 2020).

1.5.1 The Renin-Angiotensin-Aldosterone System

The RAAS is an endocrine pathway that plays an integral role in regulating BP, extracellular
fluid volume, sodium balance and cardiovascular function (Ferrario & Strawn, 2006; Hussain &
Awan, 2018). Overactivation of the RAAS is associated with hypertension and ultimately, the
development of CVD (Hussain & Awan, 2018). The protein angiotensinogen, which is primarily
produced in the liver, is a key precursor molecule of the RAAS, and is cleaved to angiotensin-I
by renin, an enzyme produced in the kidney via the juxtaglomerular apparatus (Fournier et al.,
2012). Renin is involved in the regulation of cardiovascular homeostasis, and is secreted by the
kidneys in response to reduced arterial BP, ionic imbalance, or reduced glomerulus filtration rate
(Hussain & Awan, 2018). Angiotensin-converting enzyme (ACE) from the lungs cleaves
angiotensin-I to the active peptide angiotensin-II (ang-1I) (Fournier et al., 2012; Scott et al.,
2023). Ang-I1 is the central effector peptide of the RAAS, and regulates both renal function and
BP (Zain & Awan, 2014). Ang-II acts on the adrenal cortex to release the mineralocorticoid
hormone aldosterone, which influences water and salt regulation in the body (Scott et al., 2023).
When BP is low, ang-II plays an integral role in raising BP via promoting vasoconstriction,
decreasing NO production, and stimulating aldosterone production (Hussain & Awan, 2018).
Ang-II diffuses to tissues to bind to its receptors (ang-II type 1 receptor, ATi, and ang-II type 2
receptor, AT») to exert effects (Te Riet et al., 2015). Activation of AT, receptors induce
vasoconstriction, aldosterone release, salt retention and stimulation of the sympathetic nervous
system (Bader & Ganten, 2008), while activation of AT> receptors is thought to counteract these
effects, for instance, by promoting NO release and vasodilation (Hussain & Awan, 2018).
However, some studies have observed AT> receptor-mediated vasoconstriction in spontaneously
hypertensive rats (SHR) (Moltzer et al., 2010; You et al., 2005). The RAAS is implicated in the
pathogenesis of HTN (Ma et al., 2010), thus, medications that target and inhibit the RAAS are
frequently used to treat HTN, for instance, ACE inhibitors and angiotensin receptor blockers

(ARBs), which reduce the effects of ang-II and lower BP (Pacurari et al., 2014).
23



1.6 Hypertension and Cognitive Impairment

High BP is a well-established risk factor for age-related cognitive decline (Pacholko & Tadecola,
2024). Studies employing neuropsychological tests have shown that hypertensive BP levels
negatively affect cognitive function, as hypertensive patients have repeatedly shown mild deficits
in cognitive domains such as perceptual motor speed and executive function compared to
normotensive controls (Jennings et al., 2020). The Atherosclerosis Risk in Communities Study
evaluated the association between mid-life HTN and changes in cognitive performance over 20
years, finding that mid-life HTN and elevated mid-life systolic BP were associated with higher
levels of cognitive decline in the duration of the study, as determined by the Delayed Word
Recall Test, Digit Symbol Substitution Test and Word Fluency Test (Gottesman et al., 2014). This
decline in cognition was the case for elevated systolic BP in mid-life but not for elevations in BP
that occur in late-life (Gottesman et al., 2014). The Honolulu-Asia Aging Study investigated the
association between mid-life BP and late-life cognitive performance, finding that an increased
level of mid-life BP was related to poorer cognitive performance in later-life (Launer et al.,
1995). However, results indicated that mid-life diastolic BP was not associated with later-life
cognitive function (Launer et al., 1995). Similar findings have occurred in another study,
showing an association between heightened mid-life BP and cognitive decline in later life, in

addition to exhibiting larger volumes of white matter hyperintensities (Swan et al., 1998).

1.7 The Link Between Hypertension and Dementia

HTN is arisk factor for both vascular cognitive impairment and AD, which are the most
common causes of dementia, accounting for 85% of cases (Arvanitakis et al., 2019; Canavan &
O'Donnell, 2022). Many studies have reported an association between HTN and an increased risk
of cognitive decline and dementia (Abell et al., 2018; Gottesman et al., 2017; Skoog et al., 1996).
In these cohort studies, the strongest association was found between mid-life HTN and risk of
future cognitive decline and dementia. A reduced risk of cognitive impairment in older adults
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with HTN was observed following adequate BP control in a longitudinal study (Elahi et al.,
2023; Hughes et al., 2020), conversely, other studies have found no differences in the risk of
cognitive decline and dementia between patients receiving antihypertensive treatment and the
placebo group (Cunningham et al., 2021). Further, there have also been conflicting reports on
the effectiveness of antihypertensive treatment on preventing cognitive decline (Ding et al.,
2020). Therefore, this may highlight the importance of the identification of early biomarkers of
HTN-induced cerebrovascular dysfunction as therapeutic targets for the prevention of cognitive
decline and/or dementia. A longitudinal study examining the relationship between late-life BP
and cerebrovascular and AD neuropathology found that higher levels of late-life systolic BP and
diastolic BP were associated with a greater amount of brain infarcts (Arvanitakis et al., 2018).
There was also an association between systolic BP with AD pathology, specifically higher mean
systolic BP was associated with a higher number of neurofibrillary tangles (Arvanitakis et al.,
2018). However, there was no observed relationship between systolic or diastolic BP and
amyloid plaques (Arvanitakis et al., 2018). Conversely, the development of HTN at older ages
has been found to have a potential protective effect on the development of dementia (Qiu et al.,
2009). In a longitudinal study, participants who had an onset of HTN at age 80 or above
exhibited a lower dementia risk compared to those without HTN, this was particularly the case

for those with an onset age of 90 years or above (Corrada et al., 2017).

Preclinical models of HTN have found an increased permeability of the BBB in the
cortex and hippocampus, in addition to enhanced AP deposition (Gentile et al., 2009). The
acceleration of AD pathology has also been observed when preclinical models of AD are
hypertensive. The induction of chronic HTN in the TgSwDI mouse model of AD resulted in
cognitive deficits, microvascular amyloid deposition, vascular inflammation, BBB leakage, and
pericyte loss at an earlier age than the normotensive mice (Kruyer et al., 2015). Similar findings
were observed in other studies, where APP/PS1 mice with high BP exhibited increased levels of
cerebral AP accumulation (Cifuentes et al., 2015; de Montgolfier et al., 2019) and cognitive
decline (de Montgolfier et al., 2019). The findings of these studies suggest that HTN may
contribute to the acceleration of the development of AD-like pathology, potentially through

vascular damage (de Montgolfier et al., 2019) and/or reductions in nitric oxide production

25



(Cifuentes et al., 2015); as reductions in microvessel density and NOS1 and NOS3 were
observed in addition to the increased amyloid depositions in hypertensive APP/PS1 mice in this
study (Cifuentes et al., 2015). Endothelial NO has been found to play a role in maintaining A
levels in the brain, particularly via its ability to inhibit AP generation and secretion (Austin et al.,
2010). Therefore, reductions in NO bioavailability in hypertensive animal models may result in
the exacerbation of AD pathology. The exact mechanisms by which HTN may promote cognitive
impairment and enhance AD pathology remain to be fully understood, however, it is known that
HTN disrupts the structural and functional integrity of cerebral vessels (Pacholko & Iadecola,
2024), which may contribute to these findings.

1.8 Effects of Hypertension on the Brain and Neurovascular Function

1.8.1 Structural Changes

1.8.1.1 Damage to Cerebral Arteries and Arterioles

HTN has been found to result in changes in both the structure and function of the cerebral
vasculature. Changes in the microcirculation, such as decreases in vessel lumen diameter have
been found to occur in HTN, which result in increased energy dissipation and resistance to flow
in arteries and arterioles (Schiffrin, 2020). Vascular hypertrophy is also associated with HTN,
evidenced by patients with primary HTN whom have exhibited a significantly increased media-
to-lumen ratio of vessels compared to normotensive subjects (Rizzoni et al., 1996). These
changes in vascular morphology can be attributed to vascular remodelling; a process which has
also been found to occur in preclinical models of HTN as well, both in transgenic (Baumbach et
al., 2003; Halabi et al., 2008) and diet-induced hypertensive mice (Zhang et al., 2021). Vascular
remodelling is an active process depending on interactions between local growth factors,
vasoactive substances, and hemodynamic stimuli (Renna et al., 2013). This process may occur as

a response to chronic changes in haemodynamic conditions, but may also contribute to the
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pathophysiology of disorders involving vascular and/or circulatory systems (Renna et al., 2013),
such as HTN. In the hypertensive state, the remodelling of the structure of resistance arteries
(those of 100-300 um diameter) may occur, either through eutrophic remodelling or hypertrophic
remodelling (Schiffrin, 2020). Hypertrophic remodelling involves hypertrophy or hyperplasia of
smooth muscle cells and inward growth, resulting in an increased thickness of the vessel wall
and a reduction in lumen diameter (Iadecola & Davisson, 2008). Eutrophic remodelling involves
rearrangement of smooth muscle cells resulting in a reduction in lumen diameter without
changes to vessel wall thickness or vascular mass (Iadecola & Davisson, 2008). Capillary
rarefaction has also been observed in both hypertensive patients (Antonios et al., 1999; Bosch et
al., 2017) and animal models of HTN (Tarantini et al., 2016). A loss of capillaries has been
found to be associated with ischemia which impedes the delivery of energy substrates to neurons
and glial cells, contributing to oxidative stress and neuroinflammation (Presa et al., 2020).
Arterial stiffening is another change in the vasculature associated with hypertension, in which

collagen content is increased and vessel walls become rigid (Iadecola & Davisson, 2008).

Interestingly, some studies have observed arterial changes that occur prior to the
development of HTN. A study in Spontaneously Hypertensive Rats (SHRs) has observed
increased vertebrobasilar artery resistance and arterial remodelling (specifically, narrowing)
which occurred prior to the onset of HTN (Cates et al., 2011). Arterial stiffness was also found to
occur prior to the onset of HTN in a mouse model of diet-induced obesity (Weisbrod et al.,
2013). Vascular changes have been found to occur in individuals during ageing, such as
increases in large elastic artery stiffness, and are associated with the development of conditions
such as HTN and stroke, as well as increased CVD risk (Donato et al., 2018). As these arterial
changes often precede the development of CVD, it is suggested that age-related vascular

dysfunction may be a precursor to the diagnosis of CVD (Donato et al., 2018).

1.8.2 Functional Changes

1.8.2.1 Endothelial Function
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Endothelial dysfunction is associated with several CVD risk factors, including HTN (Gallo et al.,
2021; Vanhoutte et al., 2017), and is characterised by a shift towards reduced vasodilation, cell
proliferation, platelet adhesion and activation, and a proinflammatory and prothrombotic state
(Gallo et al., 2021). Damage to endothelial cells has been found to occur during HTN in various
vascular beds and in both small and large arteries (Park et al., 2001; Schiffrin et al., 2000).
However interestingly, it has been unclear as to whether HTN is a cause or consequence of this
damage. Endothelial dysfunction may manifest before the development of HTN, and may
contribute to the development of the disease through mechanisms that lead to increased
vasoconstriction and vascular remodeling of resistance arteries, specifically, through factors such
as activation of the RAAS, endothelin-1, catecholamines, and growth factors production, which
contribute to an increased resistance to blood flow and ultimately to an increased peripheral BP
(Gallo et al., 2021). Findings such as the fact that normotensive offspring of individuals with
HTN have displayed endothelial dysfunction (Zizek et al., 2001) supports the notion that
endothelial dysfunction may be a cause of HTN. Further, Panza et al., (1993) found that HTN
treatment did not restore endothelial function, suggesting that endothelial dysfunction is either
primary or possibly non-reversible after HTN occurs (Panza et al., 1993). On the other hand,
several studies have found that increases in blood pressure were associated with increases in
impairment of endothelial function (Benjamin et al., 2004; Dohi et al., 1990; Hermann et al.,

2006; Higashi et al., 2012).

1.8.2.2 BBB Dysfunction

HTN has been found to result in dysfunction of the BBB. Preclinical studies have shown that
oxidative stress in hypertensive mice resulted in increased inflammation in the cerebral
microvasculature and significantly higher BBB permeability than that of control mice (Zhang et
al., 2010). Similar to other studies, inducing HTN in mice has been found to result in disruptions
of BBB function in addition to neuroinflammation and cognitive impairment (de Montgolfier et

al., 2019; Kruyer et al., 2015; Toth et al., 2013). Gentile et al., (2009) found that chronic HTN in
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mice lead to an increase in AP deposition in addition to increased BBB permeability (Gentile et
al., 2009). Thus, suggesting BBB disruption may play a key role in the development of cognitive
decline and dementia. Indeed, breakdown of the BBB has been observed in human HTN
(Tadecola et al., 2016; Rosenberg, 2012), and AD (Montagne et al., 2017; Nelson et al., 2016;
Rosenberg, 2012), confirmed by post-mortem studies of human patients with AD (Nelson et al.,
2016). Additionally, BBB impairment has been found to be an early biomarker in the
development of cognitive dysfunction, however, BBB breakdown may also occur in the absence

of AD pathology (Nation et al., 2019).

1.8.2.3 Neurovascular Uncoupling

Cells within the neurovascular unit work in concert to ensure that brain homeostasis is
maintained, and that adequate energy and nutrients are available when required. In an altered
state, such as during disease or dysfunction, neurovascular coupling can become uncoupled. This
results in impaired delivery of oxygen and energy substrates in addition to impaired clearance of
metabolic by-products (Ungvari et al., 2021). Preclinical studies have demonstrated that
disruptions in NVC are associated with impairments in both cognitive and sensorimotor function
(Tarantini et al., 2015). HTN interferes with NVC through disturbances in vascular function, for
instance, through structural alterations of vessels (i.e., vascular hypertrophy and remodelling)
that facilitate vascular occlusions and compromise cerebral perfusion (Girouard & Iadecola,
2006). In addition, HTN impairs endothelium-dependent relaxation of vessels (Faraci & Heistad,
1998) and has been found to alter cerebrovascular regulation (Strandgaard & Paulson, 1989).
However interestingly, Machado et al., (2020), have found that hypertensive patients under
treatment, regardless of their BP control, exhibit intact cerebral autoregulation (Machado et al.,
2020). Neurovascular uncoupling has also been observed after administration of ang-II in mice,
attenuating sensory-evoked CBF increases to whisker stimulation without reducing resting CBF
(rCBF) (Kazama et al., 2003). It has been suggested that ang-II, a peptide involved in human
HTN, activates ang-II type 1 (AT1) receptors on blood vessels inducing production of ROS
through the enzyme NADPH oxidase (Kazama et al., 2004). Subsequently, ROS-mediated

production of vasopressin occurs, acting on blood vessels to trigger endothelin-1 production,
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which alongside circulating ang-II induces oxidative stress (Iadecola & Gottesman, 2019).
Vascular oxidative stress produced by ang-II and endothelin-1 suppresses NVC and
endothelium-dependent responses, ultimately resulting in cerebrovascular dysfunction (Capone
et al., 2012). However, exactly how oxidative stress alters cerebrovascular function remains

unclear (Iadecola & Gottesman, 2019).

1.8.2.4 Reductions in CBF

In addition to detrimental effects on NVC and endothelium-dependent responses, HTN also
reduces resting cerebral blood flow (rCBF) (Iadecola & Gottesman, 2019), and is one of the
major risk factors of chronic cerebral hypoperfusion (Zhao & Gong, 2015). Several studies have
reported focal or global reductions in rCBF in patients with HTN (Dai et al., 2008; Fujishima et
al., 1995; Wang et al., 2024). Further, larger declines in parenchymal CBF have been observed in
patients with high BP or with untreated or poorly controlled HTN compared to nonhypertensive
patients (Muller et al., 2012). A study examining the regional CBF (rCBF) rates of cognitively
normal subjects with HTN using arterial spin-labeled MRI found that the hypertensive subjects
had lower rates of rCBF compared to normotensive controls in several brain regions, including
subcortical regions in addition to limbic and paralimbic structures of the brain (Dai et al., 2008).
Similar decreases in rCBF have been observed in other studies examining the rate of CBF in
older hypertensive patients (Beason-Held et al., 2007), in which greater rCBF decreases were
observed in prefrontal, anterior cingulate, and occipital areas (Beason-Held et al., 2007).
Interestingly, Wang et al., (2024) found a CBF decrease in the basal ganglia in patients with
high-risk HTN, while the moderate-risk group exhibited an increase in CBF in some regions
such as the white matter, putamen, globus pallidus, lentiform nucleus, and amygdala (Wang et
al., 2024). Although, CBF values in both the midbrain and cerebellum were still lower in the

moderate-risk group compared to the control group (Wang et al., 2024).

1.8.2.4.1 Implications of Hypoperfusion. Clinical symptoms from hypoperfusion arise

when the level of hypoperfusion exceeds the ability of the cerebral vasculature to autoregulate
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and meet the metabolic demands of neurons (Rajeev et al., 2022). Chronic cerebral
hypoperfusion activates and prolongs mechanisms in the brain such as inflammation, oxidative
stress, endoplasmic reticulum stress and mitochondrial dysfunction, leading to extensive and
accumulating damage in addition to downstream structural changes (Rajeev et al., 2022).
Chronic cerebral hypoperfusion has been found to play an important role in the development of
vascular dementia, AD, and subcortical arteriosclerotic encephalopathy (Zhao & Gong, 2015). In
rodent models, inducing chronic hypoperfusion has been found to cause atrophy in the
hippocampus and enlargement of lateral ventricles, resulting in AD-like deficits in cognitive
function (Zuloaga et al., 2015), and impairments in short-term memory (Zhao et al., 2014;
Zuloaga et al., 2015) and long-term spatial memory (Zhao et al., 2014). Hypoperfusion also
induces the dysregulation of synaptic proteins and insulin signalling (Zhao et al., 2014), selective
neurodegeneration (Zhao et al., 2014), and white matter lesions (Nakaji et al., 2006; Shibata et
al., 2004; Yoshizaki et al., 2008), which contribute to impairments in cognition and motor
dysfunction (Nakaji et al., 2006). In addition to functional deficits caused by reductions in CBF,
evidence has shown that hypoxia is closely involved in promotion and or worsening of AD
pathology (Tao et al., 2024), encouraging the accumulation of AP (Zhang & Le, 2010), and
hyperphosphorylation of tau (Zhang & Le, 2010; Zhao et al., 2014).

1.8.2.5 Impairments in Waste Clearance

It may be possible that HTN can reduce the clearance of proteins, as HTN has been found to be
associated with amyloid and tau pathology (Iadecola & Gottesman, 2019). Enlargement and
distortion of perivascular spaces has been observed in HTN, which may negatively affect waste
clearance (Brown et al., 2018). This widening of the perivascular space may indicate obstruction
by waste products and reductions in fluid clearance (Brown et al., 2018). This can have
detrimental effects on the brain, as it has a very high metabolic rate, yet lacks conventional
lymphatic vessels to assist in the clearance of interstitial metabolic waste products (Jessen et al.,
2015; Plog & Nedergaard, 2018). In order to maintain brain homeostasis, and thus, optimal brain
and cerebrovascular function, the removal of waste products from the brain is essential (Kaur et

al., 2021), therefore, adaptations have been developed to allow for the regulation of fluid balance
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and removal of excess products. The CSF and vascular systems are two distinct systems involved
in this regulation, helping the transport of waste products from the parenchyma to outside of the

cranium (Kaur et al., 2021).

Waste products are removed through CSF pathways via perivascular and
periaxonal/perineural routes or through the vascular pathway via the BBB (Kaur et al., 2021).
While there is an agreement among researchers regarding the use of periaxonal or perineural
routes of CSF-driven clearance, there is some debate regarding which perivascular route is
undertaken in this process; two of the most supported pathways are intramural periarterial
drainage (IPAD) and the glymphatic system. Disruption of these pathways can have adverse
effects on brain health. The glymphatic system has been found to be impaired or dysfunctional in
several neurological conditions, including hypertension and diabetes (Benveniste & Nedergaard,
2022), small vessel disease (Mestre et al., 2017; Xue et al., 2020), stroke (Mestre et al., 2020;
Toh & Siow, 2021), and AD (Harrison et al., 2020; Reeves et al., 2020). Impairment or
dysfunction of either the glymphatic system or IPAD results in the inability to clear soluble
metabolites (Aldea et al., 2019), which can account for vascular depositions of AB. Thus, this
faulty clearance has the potential to induce and/or advance AD pathology. Interestingly, a study
by van Veluw et al. (2020), found that vasomotion (a low-frequency arteriolar oscillation) may
aid in paravascular clearance of AP from the brain, as increasing amplitudes of vasomotion using
visually evoked vascular responses were found to increase paravascular clearance of fluorescent
dextran from the visual cortex of awake mice (van Veluw et al., 2020). Further, in mice with
cerebral amyloid angiopathy, and thus impaired vascular reactivity, clearance rates were slower

(van Veluw et al., 2020).

1.9 Vasomotion

Vasomotion is a phenomenon that can be described as a spontaneous oscillation or rhythmic
constriction and dilation of small vessels that can be observed in several microvascular beds

(Pradhan & Chakravarthy, 2011; Rivadulla et al., 2011). The rhythm of vasomotion oscillations
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can vary both temporally and spatially, ranging from almost sinusoidal to chaotic or irregular in
rhythm (Griffith & Edwards, 1994). This oscillation has been thought to characteristically peak
around 0.1 Hz or 6 cycles per minute (Mayhew et al., 1996). Flow motion recorded from laser
Doppler flowmetry has also shown the existence of “slow wave” and “fast wave” vasomotion,
with oscillations of 1-3 cycles per minute and 10-25 cycles per minute, respectively (Pradhan &
Chakravarthy, 2011). Slow wave vasomotion arises from large arterioles (50-100pum), while fast

wave vasomotion arises from terminal arterioles (Intaglietta, 1990).

1.9.1 Vasomotion as a Biomarker for Disease

The underlying mechanisms and functional implications of vasomotion remain relatively
unclear, despite decades of research. It has been suggested that vasomotion does not occur in
healthy, normal physiological conditions (Schmidt-Lucke et al., 2002), and that it seems instead
to be a mechanism most prominent under conditions of metabolic stress (Pradhan &
Chakravarthy, 2011). A higher incidence and magnitude of vasomotion has been observed in
conditions associated with compromised oxygen delivery, for example, low blood pressure and
hypoperfusion (Intaglietta, 1991; Nilsson & Aalkjaer, 2003), suggesting that the role of
vasomotion may be of a protective nature (Di Marco et al., 2015). Theories regarding the
purpose of vasomotion have suggested that better tissue oxygenation may be achieved via the
oscillatory flow produced by vasomotion than what is obtained from steady blood flow (Nilsson
& Aalkjaer, 2003). A study by Salvi et al., found that prolonged hypobaric-hypoxia exposure
resulted in an increase in slow-wave vasomotion, and that the amplitude of vasomotion increased
even further after the induction of ischemia (Salvi et al., 2018). Thus, as vasomotion often
appears to be most prevalent under abnormal or compromised oxygen conditions, it seems that
vasomotion may be a reaction of the vascular system to improve blood circulation and oxygen

delivery to hypoxic areas of tissue.

Impairments in vasomotion, specifically reductions, have been observed relatively early

in the disease course of diabetes, preceding parasympathetic neuropathy (Meyer et al., 2003).
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These reductions in vasomotion may be an early indicator of sympathetic dysfunction, as these
reductions were found more often in diabetic patients whom displayed disturbances in cardiac
autonomic tests (Meyer et al., 2003). Alterations in vasomotion have also been observed in HTN.
An increased amplitude of vasomotion has been observed in patients with primary HTN
compared to normotensive individuals (Hollenberg & Sandor, 1984). Further, enhanced
vasomotion has been observed in isolated arteries from women with preeclampsia, a
hypertensive disorder which may occur in pregnancy, compared to the arteries of normotensive
pregnant women (Pascoal et al., 1998). Enhanced vasomotion has been observed in
spontaneously hypertensive rats (SHR) (Boonen & De Mey, 1990; Holloway & Bohr, 1973;
Lefer et al., 1990; Liu et al., 2017), DOCA-salt hypertensive rats (Holloway & Bohr, 1973),
renal sensitive rats (Holloway & Bohr, 1973), and Dahl salt-sensitive (DSS) rats (Boegehold,
1993) compared to normotensive controls. The amplitude of vasomotion in hypertensive animals
can vary considerably from normotensive controls, in the latter aforementioned study, the
average amplitude of vasomotion was 93% greater in hypertensive DSS rats than normotensive

DSS rats (Boegehold, 1993).

Although, interestingly, in a study by Fujii et al., 1990, moderate HTN (evoked by
phenylephrine) or vasoconstriction in the anaesthetised rat increased the frequency of
vasomotion whilst more severe HTN, hypotension, or vasodilation was observed to completely
abolish the presence of vasomotion (Fujii et al., 1990). In hypertensive rats treated with ACE
inhibitors, the prevalence of vasomotion was decreased (Sada et al., 1990; Watts et al., 1994).
Thus, an elevated BP appears to be able to promote or induce vasomotion oscillations. Studies
investigating vasomotion in the context of AD have been relatively limited, however
interestingly, both enhancements (Kotliar et al., 2022; van Beek et al., 2012) and impairments
(Rivera-Rivera et al., 2020) in vasomotion have been reported in humans, and in mice possessing
the APOE4 allele, considered to be a significant risk factor for AD, impaired vasomotion has

also been observed (Bonnar et al., 2022).

1.9.2 Vasomotion as a Clearance Mechanism
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A concept of recent interest is the idea that vasomotion could be a potential driver of perivascular
clearance. Arterial pulsation was thought to be the major driving force behind clearance from the
brain (Hadaczek et al., 2006; Iliff et al., 2013); however, it has been postulated that it alone is not
sufficient to drive perivascular clearance (Diem et al., 2017). Further, as reported by van Veluw
et al. (2020), inducing vasomotion oscillations through a visual stimulus resulted in increased
clearance of fluorescent dextran from the visual cortex of mice, suggesting that this process may
be a major driving force of paravascular clearance (van Veluw et al., 2020). Another study has
found that the clearance of fluid and soluble metabolites from the brain via [IPAD could be a
potential role of vasomotion (Aldea et al., 2019). The IPAD pathway is postulated to conduct
interstitial fluid (ISF) and solutes along the basement membranes (BM) of capillaries, arterioles
and arteries towards the cervical lymph nodes in the neck via the BM cerebral arteries (Diem et
al., 2017; Gouveia-Freitas & Bastos-Leite, 2021). The vasomotion-driven IPAD hypothesis
suggests that IPAD is driven by contractile vascular SMCs of cerebral arteries which induce BM
deformations, thus inducing net intramural fluid flows which occur in the same direction of the
vasomotion wave (Aldea et al., 2019). These studies taken together suggest that vasomotion may
play a key role in the clearance of solutes from the brain via perivascular clearance along blood
vessels. Other studies have confirmed that vasomotion appears to play a role in enhancing tissue
perfusion. By evoking vasomotion in rabbit ear skin through electrical stimulation, it was found
that the clearance rate of a tracer injected into the ear tissue was significantly greater with

vasomotion present than in tissue without vasomotion (Sakurai & Terui, 2006).

1.9.3 Mechanisms Underlying Vasomotion

There are three types of cellular oscillations that have been suggested to be responsible for
vasomotion: the cytosolic oscillator model, the membrane oscillator model, and the metabolic
oscillator model (Aalkjaer & Nilsson, 2005). Based on the cytosolic oscillator model,
vasomotion is thought to be initiated when asynchronous oscillations in intracellular Ca?*

([Ca?*]i) concentration become synchronised within vascular SMCs (Aalkjaer et al., 2011).
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Global oscillations in [Ca?*]i then occur, as a uniform [Ca®*]; increase has occurred throughout
the entirety of the cell (Aalkjaer et al., 2011). This increase in [Ca?"]; opens intermediate
conductance potassium channels, leading to hyperpolarisation of the membrane, and then closing
of voltage-dependent [Ca?*]i channels and vasodilation follows (Di Marco et al., 2015). The
cytosolic oscillator is responsible for “slow wave” vasomotion oscillations (Pradhan &
Chakravarthy, 2011). The membrane oscillator model suggests that vasomotion is initiated by an
oscillation originating in the sarcolemma (Aalkjaer & Nilsson, 2005). The membrane oscillator is
responsible for “fast wave” vasomotion (Pradhan & Chakravarthy, 2011). The metabolic
oscillator model suggests that oscillations in membrane voltage may occur due to oscillations in
glycolysis and subsequently, ATP concentrations, which may then cause oscillations in the

electrogenic sodium-potassium pump (Pradhan & Chakravarthy, 2011).

1.9.4 Investigating Vasomotion In-Vivo and In-Vitro

Methods used to study vasomotion have included use of vital microscopy, pressure
measurements, blood-cell velocity measurements, Laser-Doppler flow measurement, and the
study of isolated vessels (Nilsson & Aalkjaer, 2003). Differences in vasomotion in vivo have
been observed, seemingly dependent on differences in study methodology, for instance, in the
use of anaesthesia. Vasomotion has been observed under awake conditions in animals, but has
been found to become depressed or even disappear completely with the use of anaesthesia
(Colantuoni et al., 1984; Hundley et al., 1988). Yet, some studies have reported the presence of
vasomotion under anaesthetised conditions (Dirnagl et al., 1989; Fujii et al., 1990), or even
observed that vasomotion is inducible by anaesthetic use (Rivadulla et al., 2011). Inspired
oxygen content has also been found to alter patterns of vasomotion. Arteriolar vasomotion was
observed to increase in frequency under conditions of hypoxia, whilst hyperoxia (100% O2)
resulted in a reduction in the frequency of vasomotion (Bertuglia et al., 1991). To study the
cellular mechanisms underlying vasomotion, isolated vessels have been used, however, these
studies have typically used large, isolated arteries, and thus it has been debated whether the
observed oscillations in vitro have the same origin as vasomotion seen in the microcirculation
(Nilsson & Aalkjaer, 2003). Yet, oscillations have been observed in vitro in several preparations,
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such as rabbit mesenteric artery (Omote et al., 1993) and small arteries in the ear (Griffith &
Edwards, 1993), rat tail (Lamb et al., 1985) and mesenteric small arteries (Gustafsson et al.,
1993), in addition to human pial (Gokina et al., 1996) and coronary arteries (Kawasaki et al.,
1981).

1.10 Investigating Brain Vascular Function in Animal Models

1.10.1 Hypertension Models

Animal models enable experimental strategies that would otherwise not be possible in human
studies, making these models vital in the investigation of disease pathogenesis (Lerman et al.,
2019). HTN models exist in several species; however, rodent models offer significant advantages
such as readily available techniques for genetic manipulation, in addition to a shorter gestation
period and greater cost-effectiveness than larger animal models (Lerman et al., 2019). Inducing
HTN in animal models can be carried out via methods such as dietary manipulation, surgical
procedures, or use of pharmacological agents (Jama et al., 2022). The manipulation of the diet to
include high salt or fat has been used to induce HTN (Carlson et al., 2002; Gros et al., 2002; Yu
et al., 2004; Zhang et al., 2021), however, the onset of HTN after diet manipulation has been
found to vary (Mills et al., 1993; Yu et al., 2004; Zhang et al., 2021), or not occur at all
(Monassier et al., 2006), while others have observed increased oxidative stress and changes in
cognition independent of SBP and DBP (Liu et al., 2014). Surgically induced HTN includes
procedures such as constriction of the aorta by extravascular banding, implantable occluders in
the suprarenal aorta or renal arteries, or intravascular devices in the renal arteries (Lerman et al.,
2019). Others have used chronic administration of Nw-Nitro-l-arginine methy] ester
hydrochloride (L-NAME) (Chen et al., 2019; Kruyer et al., 2015; Ribeiro et al., 1992) which can
be dissolved in drinking water to obtain a NO-deficient HTN, which has been associated with
marked endothelial dysfunction and smooth muscle dysfunction of large conduit arteries (Kiing

et al., 1995).
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1.10.2 Angiotensin-II Model of Experimental Hypertension

A widely used method for inducing HTN in animal models is through the administration
of ang-II infused via a subcutaneously implanted osmotic minipump (Capone et al., 2012;
Duchemin et al., 2013; Foulquier et al., 2018; Gomolak & Didion, 2014; Gonzalez-Villalobos et
al., 2008; Kawada et al., 2002; Ling et al., 2018). HTN can be induced at different severities
using exogenous ang-II infusion, thus various doses have been used based on the experimental
needs. The ang-1I model resembles some forms of human HTN, as the RAAS is broadly
activated in human HTN; and the doses of ang-II commonly used in mice achieve BP elevations
that are on par with those seen in uncontrolled stage 2 HTN (Lerman et al., 2019). Kawada et al.
(2002) investigated BP responses of mice to graded ang-II doses, finding that SBP increased at
day 3 with a high dose of ang-II (1000/ng/kg/min), while a lower dose of ang-II (400 ng/kg/min)
resulted in a slow-pressor response, showing a delayed rise in BP by days 9-13 (Kawada et al.,
2002). A dose of 600 ng/kg/min of ang-1I is a commonly used “slow pressor” dose used to
investigate the development of HTN and its effects on the cerebrovasculature (Cao et al., 2012;

Capone et al., 2011; Youwakim et al., 2023).

1.10.2.1 Angiotensin-II and Cognition

Ang-II infusion has been found to impair cognitive function, however, conflicting findings have
been reported on how and when memory deficits manifest. A study by Meissner et al. (2017)
found that ang-II infusion along with L-NAME administration resulted in short term memory
deficits after 4 weeks, and in mice treated with an additional daily ang-II bolus (0.5 ug/kg BW
s.c.) from week 2 onward displayed both short and long term deficits at the 4 week point
(Meissner et al., 2017). Effects of ang-II on cognition may be age-related, as some studies have
found learning (Toth et al., 2013) and spatial memory (Csiszar et al., 2013) deficits in aged (24
month old) but not young (3 month old) mice after 4 weeks of ang-II infusion. Conversely,
Duchemin et al. (2013) have found learning and spatial memory impairments in young (eight

week old) mice after 21 days of ang-II infusion at a rate of 1900 ng/kg/min (Duchemin et al.,
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2013), which was higher than the 1000 ng/kg/min dosage used by the aforementioned studies.
Short-term memory impairments have also been observed in young (3-4 mo) mice after 3 months
of ang-II infusion, however, no deficits in working memory were observed (Foulquier et al.,
2018). Using an ang-II daily injection (1mg/kg/day), Gao et al., (2021) have found cognitive
deficits in mice after just 14 days (Gao et al., 2021).

1.10.2.2 Angiotensin-II and Cerebral Blood Flow

In 10 month old mice, ang-II infusion for 2 months increased SBP in both WT and AD mice, but
resulted in a greater increase in SBP for AD mice in addition to decreased hippocampal and
thalamic CBF (Wiesmann et al., 2015). Antihypertensive treatment after the first month of ang-II
infusion was less effective on AD mice in reducing the ang-II-induced HTN than it was on their
WT counterparts (Wiesmann et al., 2015). Both acute and sustained ang-II administration has
been found to impair the neurovascular coupling response to whisker stimulation without
reducing resting CBF (Capone et al., 2011; Kazama et al., 2003). An attenuated CBF response to
whisker stimulation and acetylcholine has also been observed in Girouard et al.’s (2008) study
which included both male and female mice, and interestingly, this attenuated response was
observed in male mice only (Girouard et al., 2008). However, in female mice, after ovariectomy,
protection against the cerebrovascular effects of ang-II were no longer present, yet, the
administration of estrogen was found to reinstate this protection (Girouard et al., 2008). The
administration of estrogen to male mice was also found to prevent ang-II from affecting CBF
responses (Girouard et al., 2008). Some studies have indicated that ang-1I administration may
impact neurovascular coupling independent of its effects on BP. Ang-II infusion with the
prevention of increased arterial pressure has still resulted in NVC impairments (Kazama et al.,

2003).

1.11 Two-Dimensional Optical Imaging Spectroscopy
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Functional magnetic resonance imaging (fMRI) is a method that has been used to map neural
activity in the human brain by measuring changes in the Blood Oxygen Level Dependent
(BOLD) response that are associated with changes in neural activity. Two-dimensional optical
imaging spectroscopy (2D-OIS) is a method that can be used to investigate the haemodynamic
basis of the fMRI signal in more detail, through the measurement of changes in remitted light
from cortical tissue, which then can be used to estimate aspects of the haemodynamic response
(Berwick et al., 2005). Thus, 2D-OIS can provide concurrent measures of changes in
oxyhaemoglobin (HbO), deoxyhaemoglobin (Hbr), and total haemoglobin (HbT) concentrations,
that are akin to changes in cerebral blood volume and oxygenation (Kennerley et al., 2005).
Using this method, several different vascular compartments can be assessed in terms of their
contribution to the overall haemodynamic response, specifically, the whisker barrel cortex
(WBC), artery, vein, and parenchyma. Our laboratory amongst others has used OIS to investigate
haemodynamic responses to sensory stimulation (Berwick et al., 2005; Eyre et al., 2022;
Malonek & Grinvald, 1996; Nemoto et al., 1997; Shabir et al., 2020; Sharp et al., 2020). The
thinned skull preparation used for 2D-OIS is the preferred method for imaging experiments, as it
is minimally invasive to parenchymal tissue compared to other methods (Helm et al., 2009;
Klohs et al., 2014). In this preparation, the skull is thinned to translucency using a dental drill
over the somatosensory cortex, allowing for the animal to undergo in-vivo imaging with 2D-OIS.
The somatosensory pathway from the whisker to the topographically organised barrel cortex is
well-defined, making it a commonly used pathway of study in neurovascular research (Lecrux &
Hamel, 2011; Sharp et al., 2015). With the installation of a thinned cranial window, chronic 2D-
OIS imaging can be used to obtain measures of blood volume and oxygenation in both the
anaesthetised and awake mouse over multiple imaging sessions with high temporal and spatial
resolution (Kennerley et al., 2012). This measure can also be combined with multi-channel
electrophysiology, which can be difficult with other methods such as fMRI, to gain a detailed

understanding of neurovascular function in the animal model (Kennerley et al., 2012).

1.12 Thesis Aims and Hypotheses
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The overarching objective of this thesis is to elucidate the impact of preclinical disease on
cerebrovascular function. This work will first investigate alterations in vasomotion within
preclinical models, aiming to better characterise this process in vivo and assess its potential as a
biomarker for early vascular function in disease. In addition, the influence of HTN on brain
vascular function will be examined, to better understand the impact of HTN on the pathogenesis
of AD. Although the association between HTN, vascular dysfunction, and dementia is
increasingly recognised, the underlying mechanisms remain poorly defined. Advancing
knowledge in this domain may facilitate the identification of novel therapeutic targets for the

prevention or treatment of dementia.

H1: Vasomotion will differ in a mouse model of AD compared to healthy control mice.

H2: Vasomotion will differ in a mouse model of ang-II-induced HTN compared to healthy

control mice.

H3: Vascular function will differ in a mouse model of ang-II-induced HTN compared to healthy

control mice.
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Chapter 2 - Haemodynamic and neuronal contributions to low-frequency vascular

oscillations in a preclinical model of Alzheimer’s disease

This chapter is a published research paper (O’Connor et al., 2025. Neurophotonics, 12(S1),
S14615).

42



Chapter Summary

This chapter investigates vasomotion as a potential early biomarker for Alzheimer’s disease. The
study involved analysis of haemodynamic and neural data collected from a preclinical model of
Alzheimer's disease (J20-AD mice) and healthy wild-type controls using 2D-OIS and
electrophysiology. The primary aim was to characterise vasomotion in vivo and assess its
potential to differentiate between Alzheimer’s disease and healthy control mice. In addition, the

study examined the relationship between vasomotion and neuronal activity.
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2.2 Introduction

Vascular dysfunction is a commonly observed occurrence in both Alzheimer’s disease (AD)! and
aging®. In some cases, alterations in vascular function have been observed decades before the
onset of AD, suggesting the earliest marker of AD progression may be vascular dysregulation?.
The neurovascular degeneration hypothesis of AD postulates that neurovascular dysfunction can
lead to the onset or worsening of AD dementia through factors such as blood-brain barrier
dysfunction and impaired cerebral blood flow (CBF), which can result in the development of tau-
related pathology and a build-up of amyloid-beta peptide (AB)*>, considered to be
neuropathological hallmarks of AD®,

To ensure proper functioning of neurons in the brain, an adequate supply of blood is
required, which is delivered via a vast vascular network of veins, arteries, venules, arterioles and
capillaries. Neurovascular coupling (NVC), or functional hyperaemia, refers to the relationship
between neuronal activity and cerebral blood flow (CBF), whereby increases in neuronal activity
drive an increase in CBF to the active area. This rapid redirection of blood flow to areas of
neuronal activation ensures a targeted and uninterrupted flow of blood that is essential for brain
viability’. Despite a need for a continuous supply of glucose and oxygen, the brain lacks fuel
stores® and therefore relies on the concerted action of the cells within the neurovascular unit to
maintain brain homeostasis and ensure that adequate energy and nutrients are available when
required. It has been reported that deficits in NVC are present in AD, in both human patients and
preclinical models of the disease®!%!11:12.13 "but there remains some uncertainty over whether

NVC deficits are present in mouse models used in the study of AD!41516,

Another aspect of vascular function that may be altered in disease and aging is
vasomotion. This is a rhythmic oscillation in vascular diameter which peaks around 0.1 Hz!7!819,
The physiological importance of vasomotion remains somewhat unclear, however, higher
amplitudes and prevalence of vasomotion have been reported in conditions associated with

compromised oxygen delivery?%?12223 suggesting that the role of vasomotion may be of a
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protective nature?*. It has been postulated that the oscillatory blood flow produced by
vasomotion may achieve better tissue oxygenation than that obtained from a steady flow of
blood?. Further, it has been reported that hypoxic conditions have resulted in an increase in
arteriolar vasomotion in an un-anaesthetised hamster skinfold preparation, while inducing
hyperoxia (using 100% O>) resulted in a reduced frequency of vasomotion?S. Studies
investigating vasomotion in the context of AD have been relatively limited, however, both
enhancements?’?® and reductions? in vasomotion have been reported in human patients, as well
as impairments observed in mice expressing APOE4, a genetic risk factor for AD*°. Vasomotion
has also been theorised to contribute to the driving force of solute clearance from the brain3!-32,
and thus, impairments in this process might contribute to or aggravate progression of pathology
in AD by hindering the removal of AB. Thus, a better understanding and characterization of
vasomotion in AD is of significant importance. Classically defined vasomotion (i.e., of a purely
vascular origin) can occur in any tissue of the body?*232627 and Hudetz et al. among others have
shown the same oscillation in the brain*!8, The term “vasomotion” has been used to describe
two separate phenomena, a 0.1 Hz oscillation originating from intrinsic vascular mechanisms, or
a mixture of neural-induced and neural-independent mechanisms. For the current study, we refer

to vasomotion resulting from vascular-only derived activity as “neural-independent” vasomotion.

To enable the investigation of vasomotion and its physiological basis in health and
disease, various in vivo mesoscale imaging studies have converted blood volume changes into
the frequency domain and categorised blood volume change occurring around 0.1 Hz as
vasomotion (for a review on this issue, see Das et al., 2020°*). However, this categorization may
not be accurate when investigating cerebrovascular vasomotion, as neural activity also occurs at
0.1 Hz. Consequently, the low-frequency vascular oscillation may represent a blend of
vasomotion and spontaneous NVC (i.e., neurally-induced blood volume changes that are distinct
from vasomotion). Furthermore, the role of neural activity in low-frequency oscillation remains
largely unknown. Mateo et al. (2017) found that the pial vessel diameter covaries with slow
changes in the amplitude of high-frequency LFP (gamma band: 30-80 Hz) in the vibrissa area,
and activation of layer 5b pyramidal neurons at the same frequency leads to pial vessel diameter

change at 0.1 Hz*. Winder et al. (2017) also found blood volume change correlated with
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gamma-band LFPs in the somatosensory cortex*¢. However, when local neural activity was
substantially suppressed by muscimol, no significant changes in low-frequency vessel diameter

were observed compared to the control group.

Existing studies thus provide evidence for both neural-induced and neural-independent
low-frequency blood volume oscillations in wild-type (WT) mice, while the neural basis of low-
frequency blood volume oscillations in mouse models of AD remains largely unexplored. The
current study uses data collected from the transgenic J20-AD mouse model, a widely used model
in preclinical studies of Alzheimer’s disease. The J20-AD mouse model overexpresses human
APP with familial AD mutations?” and recapitulates AD-like phenotypes such as synaptic loss3®,

impairments in cognition®’, and plaque pathology from 6 months of age onward*.

As vasomotion could potentially be a biomarker of the vascular dysfunction that may
occur in AD, the current study aimed to investigate low-frequency hemodynamic oscillations
(LFOs) occurring in anaesthetised J20-AD mice compared to WT C57Bl/6 controls, and to
determine whether these oscillations are independent of neural activity. We tested the hypothesis
that a respiratory challenge in the form of an inspired gas transition from 100% oxygen to

medical air (21% O2) will be sufficient to drive increases in vasomotion oscillations.

2.3 Materials and Methods

To assess whether LFOs in cerebral blood volume differ between diseased and healthy
states, data from experiments in which the hemodynamic responses and neurovascular function
of mice were recorded using 2-dimensional optical imaging spectroscopy (2D-OIS) and
electrophysiology were analysed. 2D-OIS offers measurements of changes in total haemoglobin
(HbT), akin to changes in cerebral blood volume and oxygenation, with high temporal and
spatial resolution*!. When used alongside electrophysiology, this approach offers a concurrent

measurement of hemodynamic and neural activity. Previously we developed a chronic mouse
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preparation in which a thinned cranial window implant enabled repeated hemodynamic imaging
followed by a single acute experiment in which 2D-OIS and electrophysiological silicon-probe
recording were performed simultaneously. Data from these experiments have been published

previously!>!® (see Shabir et al., 2022; Sharp et al., 2020), however, no analysis was performed

to explore LFOs or vasomotion in data collected from these animals.

2.3.1 Animals and Experimental Paradigm

Changes in the blood volume and oxygenation of anaesthetised 9-12 month-old J20-AD
(MMRRC Stock No: 34836-JAX) and WT C57BI/6 controls [N =23 mice, (n = 13 J20-AD, n =
10 WT), males] were analysed. Plaque pathology and impairments in long-term memory have
been confirmed to be present by 9 months of age in this mouse model using an age-matched
sibling cohort*’ to the animals in the current study. All animals were anaesthetised with
fentanyl-fluanisone (Hypnorm, Vetapharm Ltd), midazolam (Hypnovel, Roche Ltd), and sterile
water (ratio of 1:1:2 by volume; 7mL/kg, i.p.) for surgery and imaging, in addition to 0.3-0.8%
isoflurane in 100% oxygen for maintenance'é, as described previously by Sharp et al., 2020. Our
established anaesthetic regime has been determined to enable evoked hemodynamic responses

resembling those in the awake state*.

All animals underwent three chronic imaging sessions, beginning approximately one
week after thinned cranial window surgery. Each session was separated by ~30 days. The
animals then underwent a final acute (4th) imaging session, in which a 16-channel electrode
(100 um spacing, site area 177 um2, 1.5-2.7 MQ impedance; Neuronexus Technologies, Ann
Arbor, MI, USA) was inserted into the right whisker barrel cortex (WBC) which allowed for
simultaneous measurement of neural activity and hemodynamic function. Each 2D-OIS session

consisted of 8 experiments performed in the same order.
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Exp1: Sensory stimulation while breathing 100% oxygen. Experiment consisted of 30 trials of
25s each, with whisker stimulation administered S5s after the start of each trial. Whiskers were
mechanically deflected using a plastic T-shaped stimulator for a 2s duration to evoke a

hemodynamic response in the somatosensory cortex of the mouse. 2D-OIS lasted 750s.

Exp2: Repeat of experiment 1 to ensure preparation and recording stability.

Exp3: Mild gas challenge: transition of breathing gas from 100% oxygen to normal air. 2D-OIS

lasted 750 seconds with the transition to air occurring after 105 seconds.

Exp4: Sensory stimulation while breathing air. Paradigm is the same as experiment 1, except the

animal was breathing air rather than oxygen.

Exp5: Long-duration sensory stimulation while breathing air. Experiment consisted of 15 trials
of 70s each, with whisker stimulation administered 10s after the start of each trial. 2D-OIS lasted
1050s.

Exp6: Mild gas challenge: transition of breathing gas from air to 100% oxygen. 2D-OIS lasted

750 seconds with the transition to air occurring after 105 seconds.

Exp7: Long-duration sensory stimulation while breathing oxygen. Paradigm is the same as

experiment 5, except the animal was breathing oxygen rather than air.

Exp8: Major gas challenge in the form of hypercapnia. Animal was switched from breathing

100% oxygen to 90% oxygen and 10% carbon dioxide. Duration of challenge was 250s.
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The current study analysed data from experiments 3 and 6, in which mice underwent a
mild gas challenge in which inspired gas was switched from 100% O to medical air (21% O2)
during the course of the experiment'® (see Sharp et al., 2020 for more detailed experimental
outline). In acute sessions, in which electrophysiology occurred alongside 2D-OIS, imaging
experiments started 30 minutes after the electrode had been inserted. All animal procedures were
performed with approval from the UK Home Office in accordance with the guidelines and
regulations of the Animal (Scientific Procedures) Act 1986 and were approved by the University

of Sheffield ethical review and licensing committee.

2.3.2 Measurement of Arterial LFOs

Recordings of changes in HbT were used to obtain a measure of LFOs occurring in four regions
of interest (whisker barrel cortex [WBC], artery, vein, and parenchyma, Fig. 1). WBC location
was determined based on the HbT activation map from a stimulation experiment in which
whiskers were mechanically deflected using a plastic T-shaped stimulator to evoke a
hemodynamic response in the somatosensory cortex of the mouse. Data were imported to
MATLAB (R2022a; MathWorks*®) for analysis. HbT data from 375-750s of experiments 3 and 6
were used to assess LFOs in each inspired gas condition. A high-pass filter with a cutoff
frequency of 0.01 Hz was applied to remove low-frequency noise. A fast Fourier transform
(FFT) was conducted to obtain the data in the frequency domain for analysis. Oscillations within
0.06 - 0.2 Hz, a range typically associated with vasomotion***  were summed for each animal in
both the oxygen-breathing condition (Exp 6) and the air-breathing condition (Exp 3). As the
strongest response was expected to occur in the artery, the main focus of the current study was

on this region.
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Fig 1. Region of Interest Selection and HbT Response to Whisker Stimulation. A reference image of the thinned
cranial window over the somatosensory cortex with four regions of interest (ROIs) selected: whisker region (blue),

artery (red), vein (pink), and parenchyma (green) for (al) WT, (a2) WT in the acute session (i.e., with electrode
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present), (a3) J20-AD, and (a4) J20-AD in the acute session (i.e., with electrode present). The corresponding HbT

spatial response to a 2-second mechanical whisker stimulation of (b1) WT, (b2) WT in the acute session, (b3) J20-
AD, and (b4) J20-AD in the acute session. HbT time series for (c1) WT, (c2) WT in the acute session, (c3) J20-AD,
and (c4) J20-AD in the acute session. Whisker stimulation occurred at 0 seconds (after a 5-second baseline) for a 2-

second duration. Colour bar represents fractional change.

2.3.3 Downsampling Multi-Unit Activity (MUA)

Neural activity was recorded using a 16-channel electrode implanted in the whisker barrel cortex,
concurrently with 2D-OIS HbT measurements. Signals from channels 3—8 were high-pass
filtered, and events exceeding 1.5 standard deviations from the mean were identified and counted
as spikes. Then, MUA was downsampled to match the 8 Hz sampling frequency of the HbT
recordings. Downsampling was achieved by identifying the MUA timestamps that were closest
to the HbT timestamps and calculating the total MUA activity within each 0.125-second interval.
This approach preserved temporal alignment between MUA and HbT data.

2.3.3.1 Kernel analysis of MUA and HbT

The linear relationship between MUA and HbT, representing NVC, was modelled using a

kernel-based approach*®. The relationship is expressed as:

H(t) = K * M(t) (1)

where H(t) is the predicted HbT, M(t) is the MUA, * denotes the convolution operator, and K is
the kernel.

The correlation between the measured HbT and the predicted HbT was computed to
evaluate how effectively MUA explains HbT fluctuations. The kernel was normalised and five

key parameters were defined to describe the shape of the kernel (see Fig.2):
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Peak: The maximum value of the kernel occurring after time Os, representing the highest HbT

response following neural activity.

Slope to Peak: The best-fit line between time Os and the peak, reflecting how rapidly HbT

changes in response to neural activity.

Slope to Baseline: The best-fit line between the peak and when the kernel intersects with the

baseline, representing how quickly HbT returns to baseline after neural activity.

Region Before: The area under the kernel curve before the intersection between kernel and

baseline, indicating the amount of HbT decrease preceding neural activity.

Region After: The area under the curve after time Os, capturing the total HbT increase associated

with neural activity.

(a) Kernel Shape Parameters

Normalised Change

Fig 2. Kernel Shape Parameters. An example of a kernel. The red and blue region highlights the region before and
after, respectively. The grey dashed line represents the slope to peak (from time Os to the peak), while the black
dashed line represents the slope to baseline (from the peak to the x-axis). The black dot represents the peak.

2.3.3.2 Peak-triggered analysis

To confirm the kernel analysis result, we conduct an additional analysis. For both WT and AD
groups in air and oxygen we manually selected HbT peaks and then extracted the hemodynamic
time series [i.e., HbT, oxyhaemoglobin (HbO), and deoxyhaemoglobin (HbR)] 10s prior and 10s
post this peak [WT oxy (n=10, average number of peaks = 38+2.9sem), WT air (n=10, average
number of peaks 37+2.1sem), AD oxy (n=12, average number of peaks=4743.5sem), AD air
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(n=12, average number of peaks 514+4.5sem)]. All trials were averaged to create a mean

hemodynamic time series across animals. To understand if there was a neural component to

vasomotion we took all the time points used to create these hemodynamic vasomotion trials to

extract time matched neuronal responses from the MUA data.

2.3.4 Statistical Analysis

2.3.4.1 Analysis of HbT data

Analysis was conducted to determine the effect of group (J20-AD or WT C57B1/6 control) and
inspired gas (oxygen or air) on the power of LFOs in HbT in the artery ROI. Analysis of the
chronic sessions included N =21 mice (n = 11 J20-AD and n = 10 C57B1/6 controls), and each
mouse contributed between 1 to 4 sessions to the analysis. To account for multiple measurements
taken from the same subject, data were analysed using a linear mixed model (LMM) (R version
2024.04.2+764, Ime4 package, Bates et al. 2015%7) to account for random (animal ID, session ID)
and fixed (group) effects on LFO power in the oxygen and air breathing conditions. Where post-

hoc tests were performed, Tukey's method for multiple comparisons was applied.

Previous literature has shown that the electrophysiological preparation can affect the
cerebral hemodynamic responses due to a cortical spreading depression (CSD) as a result of
electrode insertion into the cortex, resulting in a sustained reduction in HbT!3. Therefore, acute
sessions in which an electrode was in place were analysed separately. Two additional mice
underwent acute imaging, resulting in N =23 (n = 13 J20-AD and n = 10 C57B1/6 control) mice,
with each animal contributing one session for each inspired gas condition. However, one acute
session was removed from the analysis due to noise which was impacting the quality of HbT and
MUA measurements. All other sessions from all animals were included in the analysis.
Therefore, N=22 (n =12 J20-AD and n = 10 C57B1/6 control) mice were included in the
analysis. A mixed analysis of variance (ANOVA) was conducted to determine the effect of

group (J20-AD or WT C57Bl/6 control) and inspired gas (oxygen or air) on the power of LFOs
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in HbT in the artery ROIL. An a-level of 0.05 was considered to be statistically significant for
both analyses.

2.3.4.2 Analysis of HbT and neural data

Analysis was then conducted to explore the relationship between MUA and HbT. An electrode
implant was present only in the final terminal experiment for each animal, thus, each animal only
contributed one imaging session to the analysis. A mixed model ANOVA was conducted on LFP
band power, parameters of kernel shape and kernel prediction across groups and inspired gas
conditions (R 2024.04.2+764, rstatix package; Kassambara, 20214%). The assumptions of
normality and homogeneity of variance were assessed using Q—Q plots, and Levene’s test, as
implemented in the rstatix package (Kassambara, 20214%). The assumption of homogeneity was
violated for the increasing slope. Therefore, a robust ANOVA (WSR2 package; Mair & Wilcox,
2020%) was used for increasing slope. An a-level of 0.05 was considered to be statistically
significant. A simple effects test was conducted for any variables with a significant interaction,
and a Bonferroni correction was applied to correct for multiple comparisons for the 5 kernel

parameters and 5 LFP power bands.

For both analyses, preliminary screening of the data indicated a skewed distribution of
LFO power, and as such a log transformation was performed to improve normality of the
distribution to increase the robustness of the applied statistical model and meet required
assumptions. Researchers were blinded to animal group information (J20-AD or WT control)
while statistical tests were performed. Where possible, the same arterial segment of each animal

was used for both chronic and acute analyses.

2.4 Results

2.4.1 Arterial Low-Frequency Oscillations are Unchanged in J20-AD Mice Compared to

WT Controls (Chronic Imaging Sessions)
55



An FFT was conducted on HbT data from WT and J20-AD mice in the oxygen and air-breathing
conditions (Fig. 3), after which the power of the signal occurring in the range of 0.06-0.2 Hz was
summed and used as a measure of LFOs occurring in the artery. Data were sorted into 4 groups
for analysis using linear mixed modelling: J20-AD oxygen, J20-AD air, WT oxygen, and WT
air. The LMM analysis revealed a significant difference in LFO power between these groups
[F(3,30.20) =9.05, p <.001], specifically, there was a significant difference in LFO power
between J20-AD mice in the oxygen condition compared to the air condition, as well as a
significant difference in LFO power between WT mice in the oxygen condition compared to the
air condition, as determined by pairwise comparison (see Supplementary Materials, Table S1). In
both J20-AD and WT mice, LFO power was found to be significantly increased when mice were
breathing air compared to breathing oxygen (Fig. 4). However, no significant differences were

observed in LFO power between J20-AD and WT mice.
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Fig 3. Time series and FFT of arterial HbT. (a) depiction of a single session, involving 8 experiments. The black
dotted lines indicate where inspired gas had been changed. The current study used data from experiment 3 and
experiment 6 (marked in bold). The blue highlighted area indicates the portion of the experiment used for the
analysis of HbT in each inspired gas condition. Time series of arterial HbT occurring in a WT mouse in (b) an
experiment in which the inspired gas was switched from 100% oxygen to medical air, and (c) an experiment in
which the inspired gas was switched from medical air to 100% oxygen. Time series of arterial HbT occurring in a
J20-AD mouse during (d) an experiment in which the inspired gas was switched from 100% oxygen to medical air,
as well as (e) an experiment in which the inspired gas was switched from medical air to 100% oxygen. The grey
dotted line indicates when the inspired gas was changed (105s), and blue highlighting indicates the portion of data
used for the measurement of HbT for each inspired gas condition. Mean FFTs of HbT in the artery for both the
oxygen (black) and air-breathing (red) conditions are shown for (f) WT and (g) J20-AD mice, the grey dotted lines

indicate the 0.06 - 0.2 Hz range summed and used for analysis.
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Fig 4. Power of LFOs in the artery of J20-AD and WT mice in oxygen and air-breathing conditions. Log-

transformed powers of LFOs occurring in the 0.06-0.2 Hz range in the arterial region of J20-AD (n=11) and WT (n

= 10) mice in each inspired gas condition (oxygen and air). Each mouse contributed no more than 4 sessions. Each

data point represents the summation of power occurring between 0.06-0.2 Hz in a session, with mean + standard

deviation (SD) for each group and inspired gas condition.

2.4.2 Arterial Low-Frequency Oscillations are Impaired in J20-AD Mice Compared to WT

Controls in the Acute Imaging Session (with Electrode Implanted)

As we wanted to investigate whether HbT LFOs are driven by neural activity, data from mice

during the acute session in which an electrode was in place were analysed. First, these data were

analysed to determine the effect of group (J20-AD or WT C57Bl/6 control) and inspired gas
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(oxygen or air) on the power of HbT LFOs in the artery ROI. A mixed ANOVA revealed that in

the acute dataset, group differences were more pronounced. Specifically, we observed a

significant main effect of group [F(1,20) = 5.43, p = 0.030)], such that J20-AD mice exhibited

overall lower power of LFOs than WT controls (Fig. 5a). Similar to the chronic dataset, a

significant effect of inspired gas was observed [F(1,20) = 5.30, p = 0.0320], in that LFOs were

found to increase as inspired oxygen was reduced (Fig. 5b, Table S2).
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Fig 5. Power of LFOs in the artery of J20-AD and WT mice (with electrode implant) in oxygen and air-breathing

conditions. Log-transformed powers of LFOs in HbT occurring in the 0.06-0.2 Hz range in the arterial region of (a)

each group [J20-AD (n = 12) and WT (n = 10) mice], and (b) in each inspired gas condition (oxygen and air).

Animals contributed one session to each of the inspired gas conditions. Each data point represents the summation of
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power occurring between 0.06-0.2 Hz in a session, with mean + standard deviation (SD) for each group and inspired
gas condition. Log-transformed powers of low-frequency MUA oscillations occurring in the 0.06-0.2 Hz range in
the somatosensory region of (a) J20-AD and WT mice (with electrode implant), and (b) power of MUA in the
somatosensory region of J20-AD and WT mice (with electrode implant) in each inspired gas condition (oxygen and

air). Data are plotted as individual values with mean + standard deviation (SD).

2.43 MUA

In the ideal case, changes in inspired gas would affect only neural-independent vasomotion,
without altering neural activity. Under such conditions, LFOs in MUA would be expected to
remain consistent across breathing conditions. However, a mixed ANOVA on low-frequency
MUA revealed significantly higher MUA power during the oxygen condition compared to the air
condition (F(1,20) = 6.864, p = 0.891), with no significant differences observed across groups
(Table S2, Fig. 5). These findings suggest that the LFOs observed in Fig. 5 may result from
spontaneous neurovascular coupling (NVC), or from a combination of NVC and neural-

independent vasomotion.

2.4.3.1 Neurovascular coupling

Variations in neural activity across different breathing conditions complicated the interpretation
of LFOs in HbT. To address this, we investigated how inspired gas and group influence the

relationship between neural activity and hemodynamic responses.

To quantify this relationship, we computed a kernel to model the linear relationship
between the HbT signal and MUA (i.e., NVC; Fig. 6b). Predicted HbT was obtained by
convolving the kernel with MUA data and then correlated with measured HbT (Fig. 6a). Five
features of the kernel shape were defined (see Fig. 2), and a mixed ANOVA was applied to
analyse these data. To correct for multiple comparisons, a Bonferroni-corrected a-level of 0.01

was applied.

60



The kernel shape represents the linear relationship between HbT and MUA, that is, the
NVC. If the inspired gas or disease group alters NVC, significant differences in kernel shape
parameters would be expected. The air breathing condition decrease slope to baseline (F(1,20) =
9.279, p = 0.006) and region before (F(1,20) = 12.278, p = 0.002), and increase region after
(F(1,20) = 9.428, p = 0.006) were significantly different across breathing conditions. The kernel
prediction reflects the extent to which changes in HbT can be explained by MUA. If the LFOs in
HbT observed under air are primarily driven by neural-independent vasomotion—or a mixture of
spontaneous NVC and vasomotion—then kernel prediction would be expected to be lower in the
air group. Interestingly, a significant interaction was found in the correlation between predicted
HbT and measured HbT (F(1,20) = 6.643, p = 0.018), although the main effects of group and
inspired gas were not significant (Table S2). A follow-up simple effects test revealed that the
group mean of kernel prediction for oxygen in the WT condition was significantly higher
compared to the AD condition (Table S4; Oxy-WT, M = 485, SD =.159; Oxy-AD, M = .304,
SD = .231). Importantly, no significant differences in kernel prediction were found across
breathing conditions in either the WT or AD group, suggesting that LFO HbT changes across

breathing conditions are likely neurally driven.
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To further confirm that LFOs in HbT are driven by neural activity, we conducted an
additional analysis. We manually identified HbT peaks in WT and AD animals under air and
oxygen conditions, extracting corresponding hemodynamic time series for HbT, HbO, and HbR
(averaged across animals; Fig. 7). MUA aligned to these hemodynamic peaks was subsequently
extracted for neural correlational analysis. If vasomotion was independent of MUA the
expectation would be that the MUA time series would be flat. As can be seen across all groups
the MUA data peaks approximately 2s prior to the peak in HbT. Spatially the MUA data also
arises from the middle cortical layers from around the depth of the whisker barrels in layer IV.
This data supports the results from the kernel analysis suggesting in this study vascular
oscillations were driven by coherent spontaneous neural responses and did not arise

independently.
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Fig 7. Alignment of spontaneous hemodynamic peak responses and MUA activity across all groups. Column (a)
depicts average time series responses from the WBC in (al) WT animals under oxygen (n = 10), (a2) WT animals
under air (n = 10), (a3) AD animals under oxygen (n = 12), and (a4) AD animals under air (n = 12). Column (b)
depicts extracted MUA data aligned from the peak Hbt response at 10s for (b1) WT animals under oxygen, (b2) WT
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animals under air, (b3) AD animals under oxygen, and (b4) AD animals under air. The largest increase in MUA
activity can be seen at 8s. Colour bar represents fractional change. Column (c) depicts MUA time series taken from
channels 4 to 8 in (c1) WT animals under oxygen, (¢2) WT animals under air, (c3) AD animals under oxygen, and

(c4) AD animals under air. HbT = total haemoglobin, HbO = oxyhaemoglobin, HbR = deoxyhaemoglobin. Error

bars=standard error of the mean.

2.4.3.2 Brain state

To examine whether brain states differ across groups and air-breathing conditions, we employed
mixed ANOVA to assess the effects of breathing conditions and group differences on local field
potential (LFP) band power across five frequency ranges: delta (0.5—4 Hz), theta (4—8 Hz), alpha
(8-12 Hz), beta (12-30 Hz), and gamma (30-100 Hz). LFP band power was log-transformed to
meet normality assumptions. The Bonferroni correction was applied and the significant level was

reduced to 0.01 to account for multiple comparisons.

Significant differences were observed across breathing conditions in the delta, alpha, and
gamma bands (Table S5). Delta and gamma band oscillations are associated with anaesthetic state
and low-frequency hemodynamic fluctuations, respectively®’. Additionally, alpha and beta band

LFPs differed significantly between groups, consistent with previous findings>'.

All experiments were conducted in the same order (see Methods section and Fig. 3a).
Therefore, it is crucial to determine whether changes in LFP band power reflect the effects of time
or breathing condition. To further examine this, a follow-up ANOVA was performed on LFP
power recorded at the beginning of Experiment 3 and the end of Experiment 6— the two
experiments used for analysis in this study (Fig. 8). The results revealed no significant differences
in delta-band power between the beginning of Exp. 3 and the end of Exp. 6 (Fig. 8a, grey and
orange; Fig. 8b), indicating that anaesthetic depth remained stable throughout the recording
sessions included in the current analysis. Similarly, delta power in the two air-breathing conditions
(Fig. 8a, blue and yellow; Fig. 8b) remained unchanged. This suggests that although breathing
condition may influence delta-band power and, by extension, anaesthetic depth, there was no time-
dependent effect on anaesthetic depth. Furthermore, Fig. 8d shows that LFP power in the three
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frequency bands significantly modulated by gas condition was not correlated with kernel

prediction.
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Fig 8. Anaesthesia depth remains constant throughout experiments and kernel prediction is independent of
anaesthesia depth. a: Illustration of the experimental setup following electrode implantation. In Experiment 3, the
breathing condition was switched from oxygen to medical air; in Experiment 6, it was switched from medical air to
oxygen. The final 450 seconds of Experiments 3 and 6 were used, corresponding to the air and oxygen conditions,
respectively. Two 100-second segments from each condition—oxygen (grey and orange) and air (blue and
yellow)—were selected for further analysis. The black line represents the oxygen level. b & ¢: LFP power across
frequency bands in the two oxygen and air conditions. d: Log-transformed delta, alpha, and gamma power plotted

against kernel prediction.

2.5 Discussion

The current study found no differences in cortical arterial LFOs between J20-AD and WT mice.
These results suggest that measurements of arterial LFOs may not be a suitable metric to
distinguish J20-AD males from healthy male controls, as differences between diseased and
healthy mice were not detected. Further, in line with our hypothesis that a mild respiratory
challenge would drive vasomotion oscillations, we found a significant increase in arterial LFO
power when inspired oxygen was reduced. It was determined that these LFOs were not entirely
independent of neural activity, suggesting that our LFO measurement potentially reflects

spontaneous low-frequency NVC rather than vascular-only derived activity.

There were no significant differences in arterial LFOs in HbT in the 0.06-0.2 Hz range
observed between J20-AD and WT mice in the chronic condition. This aligns with previous
findings from our laboratory and others which found no differences in the neurovascular function
of AD mice'+!>16, However, when an electrode was inserted into the cortex, group differences
were more pronounced. It was revealed that in acute sessions, J20-AD mice exhibited
significantly lower powers of arterial LFOs than WT mice when an electrode implant was
present in the brain. This aligns with previous literature reporting impaired neurovascular
responses after electrode implantation'>!6, This is a result of a cortical spreading depression
(CSD) which is a wave of depolarization of neurons and thus silencing of synaptic activity which

may result from electrical or mechanical perturbation of the brain®? and is followed by a
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spontaneous return to normal function after time. The effects of CSD have been reported to be
more severe in J20-AD mice, resulting in a larger reduction in HbT and slower hemodynamic
recovery than that seen in WT controls'>. Thus, group differences in the acute experimental
setting of the current study, in which mice underwent intracranial surgery (for electrode
insertion) immediately prior to measurements taken of neurovascular function, may have become
apparent due to differential effects of CSD on AD and WT mice, in that the J20-AD mice likely
exhibited a reduction in HbT that was more prolonged and sustained than that of WT controls.
For a more comprehensive report on the differential effects of CSD on J20-AD and WT mice,

please see Shabir et al., 2022.

The electrode present for acute sessions allowed for the simultaneous measurement of
neural activity alongside measurements of changes in cerebral haemodynamics, and this was
investigated to see whether the LFOs were driven by neural activity. Significantly higher LFOs
in HbT and lower LFOs in MUA were observed under air-breathing conditions. This finding
suggested that the manipulation of oxygen concentration influenced neural activity in addition to
LFOs in HbT. In the air-breathing experiment (Exp. 6), which always followed the oxygen-
breathing experiment (Exp. 3), the observed increase in HbT LFOs may reflect mice recovering
from CSD or the presence of neural-independent vasomotion. Furthermore, the MUA power
differences suggest the LFOs in HbT across inspired gas conditions could be a result of
spontaneous NVC and/or neural independent vascular movement, therefore, further analysis was
undertaken to explore the relationship between HbT and neural activity to assess whether any of
the hemodynamic LFO increase in air is due to neural-independent vasomotion. Analysis
revealed that there were no differences in kernel shape between the groups, consistent with
previous studies which reported that average HbT response to whisker stimulation (i.e., NVC)
does not change significantly in J20-AD mice'>!6. Since kernel shape reflects the linear
relationship between neural activity and the subsequent hemodynamic response, manipulations
which evoke changes solely in neural-independent vasomotion should not affect kernel shape.
Additionally, neural-independent vasomotion is unpredictable based on neural activity, thus
kernel prediction accuracy should decrease with increased neural-independent vasomotion. In the

current study, significant differences in kernel shape were found across inspired gas conditions.
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Analysis revealed a significant interaction between group and inspired gas on kernel prediction
despite no significant main effect of group or inspired gas being found. If the breathing condition
induces neural-independent vasomotion in both AD and WT mice, we should observe lower
kernel prediction in the air compared with the oxygen condition. However, a simple effects test
indicated that the mean predictive power in the oxygen-breathing condition is significantly
higher in the WT group compared to the J20-AD group, and no significant differences in the
kernel prediction across breathing condition were found. Our additional peak-triggered analysis
demonstrated that hemodynamic LFOs consistently followed neural activity (i.e., NVC), as
indicated by MUA peaks occurring approximately 2 seconds prior to HbT peaks across all
groups and conditions. Collectively, these results suggest the LFO HbT change induced by
oxygen level change is at least partially neurally induced. While our findings suggest a linear
relationship between LFOs in HbT and MUA, we acknowledge that this approach provides only
an indirect assessment of NVC. The NVC responses of the same animals to whisker stimulation

have been reported in our previous work!>!°,

Interpretations of relationships between neural activity and hemodynamic response data
between the WT and J20-AD groups must be approached with caution, as electrode implantation
induces differential CSD effects in WT compared to J20-AD mice, in that the effects of the CSD
appear to be more profound in the J20-AD model than WT mice!>. Future research should
prioritize less invasive techniques, such as the use of single-fluorophore genetically encoded
calcium indicators (GEClIs), such as GCaMP. This allows for in-vivo imaging of brain activity
without the need for an electrode, thus, next steps may be to investigate LFOs in HbT using this
technique. This would allow for a better assessment of differences in neural activity and kernel

prediction between WT and J20-AD groups.

Classically, vasomotion has been defined as an ~0.1 Hz oscillation in vessel diameter that
occurs independently of neuronal activity'®33. However, studies in mice have reported instances
of entrainment or coupling between vasomotion and neuronal signals®>-°, suggesting a more
intricate relationship. In the current study, changes in our LFO signal were seemingly induced by

neural activity, contributing to the understanding of the connection between vasomotion and
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neuronal activity in the mouse. The current study found no differences in LFO power between
WT and J20-AD mice, results which contrast with studies reporting changes in vasomotion in
several disease states, such as hypertension???* and AD?*°, A better understanding of
vasomotion in AD is of significant importance, as it has been postulated that this process may aid
in the clearance of AB from the brain®'-32, and thus, could be a key therapeutic target for the
prevention or treatment of AD. It has also been suggested that the oscillatory blood flow
produced by vasomotion can help achieve better tissue oxygenation?, which aligns with studies

reporting higher amplitudes of vasomotion in conditions associated with hypoperfusion?%2!,

We had hypothesised that a mild respiratory challenge (inspired gas transition from 100%
02 to 21% O») would drive vasomotion oscillations, however, this does not seem to be the case,
as significant changes in low-frequency MUA and kernel shape were detected across the
different inspired gas conditions. Vasomotion oscillations might have been more prominent
using methods such as changing arterial pressure’? or administering L-NAME?>?, rather than
changing inspired gases, although the aforementioned methods were implemented successfully
in rat models, and thus it may be possible that cerebral vasomotion is more difficult to induce or
measure successfully in the mouse. Further research is needed to characterize vasomotion both in

the mouse and in the AD-state.

Methods such as blood-oxygen level dependent (BOLD) fMRI have been used to study
brain activity in AD in both humans®*3 and in animal models¢>7 of the disease. It is known that
factors such as motion, respiratory and cardiac cycles, and vasomotion can confound BOLD
signals*®, thus, highlighting the importance of investigating the role of non-neuronal factors such
as vascular fluctuations, to better understand how these signals may impact the interpretation of
resting-state fMRI data. Our study found that LFOs in arterial HbT were coupled to neuronal
activity. This may contribute to the understanding of the resting-state BOLD signal as used in
functional connectivity mapping, strengthening the interpretation of the relevant low-frequency
vascular oscillations as reflective of underlying neuronal activity. It has been suggested that a
dynamic relationship between vasomotion and neuronal activity may exist, in that vasomotion

has been reported to be influenced by or tied to underlying neural activity in awake mice3>>,
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thus an avenue for future research may be to explore this relationship further. A study by Ma et
al. (2016) investigating the relationship between resting-state haemodynamics and underlying
neural activity using Thy1-GCaMP mice and wide-field optical mapping has found that Thy1-
GCaMP signals were coupled to multiunit activity>?, providing further evidence that resting-state

haemodynamics may reflect underlying patterns of neural activity.

There are some limitations of the current study to address, one being that the
measurements of neurovascular function were taken in animals under anaesthesia. It is known
that cerebral haemodynamics, neural activity, and NVC in anaesthetised animals is different
from that of awake animals®*¢!, and thus the state produced by anaesthetics does not reflect
normal physiological conditions. However, previous research from our laboratory has indicated
that the anaesthetic combination used in the current study results in a magnitude and speed of
evoked hemodynamic responses to physiological whisker stimulation that resemble those found
in the awake state*?. Although, the impact that our anaesthetic regime may or may not have on
LFOs specifically has not yet been determined. Further, the current experiments did not include
the collection of additional physiological monitoring data (such as breathing rate, heart rate, and
movement) during anaesthesia, making it challenging to accurately quantify the anaesthetic state.
However, we have shown previously that baseline hemodynamic values remain stable
throughout the duration of the experiments, apart from time points where an intervention took
place to change the baseline state (i.e., gas challenges or hypercapnia), (see fig.5 in Sharp et al.,

2020).

To further investigate the anaesthetic state of the animals in the present study, LFP power
was analysed. Among the frequency bands, delta-band activity (0.5-4 Hz) has emerged as the
most reliable indicator of anaesthetic depth in the experimental setting®?. There was significant
difference in delta-band LFP in air compared to oxygen breathing condition, but no significant
differences were observed in the delta band LFP power in the beginning and end of the
experimental data that were used in the current study (i.e., the beginning of Exp. 3 and end of
Exp. 6). Thus, while breathing condition may influence brain state, no evidence of a time-

dependent change in brain state was observed. Furthermore, no significant correlation was found
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between the fraction of LFO HbT explained by neural activity (as assessed by kernel prediction)
and changes in LFP bands across different breathing conditions. Therefore, we suggest that the
observed LFP variations across breathing conditions do not undermine the conclusions drawn.
Nevertheless, future studies employing anaesthetised models should incorporate anaesthetic state

monitoring and adopt a counterbalanced experimental design.

The current study also cannot quantify whether mice experienced different sleep states
while under anaesthesia. This may be an interesting avenue for future research as Hauglund et
al., 2025 has demonstrated that norepinephrine-mediated vasomotion occurs during NREM sleep
and may also aid in driving glymphatic clearance®. Another limitation of the current study is that
the measurements taken for neurovascular function in the oxygen and air-breathing conditions
were taken at different points of time following electrode insertion (i.e., experiment 3 and
experiment 6 of 8§ total experiments). This means that recovery after electrode insertion will vary
slightly, in that measurements taken in the later session would have been after the animals had
more time to recover following the CSD, and thus NVC responses may not be as diminished as
those observed in the earlier experiment (i.e., in experiment 3). All animals experienced one
CSD event immediately following electrode insertion, the hemodynamic effects of which
persisted for some time before recovery!® (see Shabir et al., 2022). However, electrode insertion
occurred 30 minutes prior to experiment 1, meaning that experiment 3 took place ~1 hour after
insertion, which should be sufficient time to allow for hemodynamic recovery, at least in healthy
mice!3. In addition, it should be noted that all mice included in the current study were male, thus
our findings do not account for any potential sex differences. As female mice often exhibit a
more severe AD phenotype®®3, an investigation into arterial LFOs in female mice would be an
important avenue for future research. Future work may also benefit from use of an imaging
apparatus with greater spatial resolution and depth specificity than that which can be achieved by
OIS imaging, such as two-photon microscopy, to potentially provide more precise insights into
the relationship between cerebral haemodynamics and neural activity. This could also allow for
the quantification of diameter fluctuations in cerebral arterial vessels, which would be valuable

in the investigation of cerebral vasomotion in vivo.
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2.5.1 Conclusion

The current study found no differences in arterial LFOs of J20-AD and healthy WT mice, except
for in our acute preparation in which an electrode implant was present, likely due to the effects of
a CSD from electrode insertion. Thus, measurements of LFOs in the artery may not be a feasible
biomarker to distinguish between diseased and healthy states in male J20-AD mice. We had
hypothesised that a mild respiratory challenge would drive vasomotion oscillations, and we
observed an increase in LFO power as inspired oxygen was reduced. Upon further analysis, it
was revealed that these LFOs were not independent of neuronal activity. Our results suggest that
low-frequency vascular oscillations may be driven by spontaneous neural activity, thus adding to
the understanding of how vascular fluctuations may contribute to the resting-state BOLD
response. The current study also revealed that hemodynamic oscillations occurring within the
same frequency range as vasomotion were coupled to neuronal activity, providing evidence that
a dynamic relationship might exist between vasomotion and neuronal activity in the mouse.
Further work in this area is needed, both to obtain a better understanding and characterization of
vasomotion in AD and to find potential vascular biomarkers for the early detection of the

disease.
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2.6 Supplementary Material

Table S1. Linear Mixed Model - Pairwise Comparisons

b SE t p
AD Air vs. AD 02 0.5076 0.146 3.485 0.0057*
AD Air vs. WT Air -0.0367 0.279 -0.131 0.9992
AD Air vs. WT O2 0.5506 0.279 1.974 0.2255
AD O2 vs. WT Air -0.5442 0.279 -1.951 0.2342
AD 02 vs. WT 02 0.0431 0.279 0.154 0.9986
WT Airvs. WT O2 0.5873 0.152 3.874 0.0018*

Note. significant terms are denoted with an asterisk. P-values are Tukey-adjusted for

multiple comparisons.

Table S2 ANOVA
Inspired Gas Group Inspired Gas*Group
O Ai

(Oxygen vs Air) (J20-AD vs WT)

F(1,20) P n F(1,20) p n F(1,20) p n
HbT 5.30 .032* 209 543 .030* 213 3.62 072 153
(Acute)
MUA 6.864 .016* 052 .562 462 023 .007 934 056
Kernel 019 .891 .000 775 389 026 6.643 .018* .091
Prediction

Note. ‘“HbT’ in the table refers to power of LFOs in HbT within the 0.06-0.2 Hz range. Significant

terms are denoted with an asterisk.



Table S3 ANOVA with Multiple Comparison on Kernel Shape Parameters

Inspired Gas Group Inspired Gas*Group
Oxygen vs Air

(Oxyg ) (J20-AD vs WT)

F(1,20) p n? F(1200 p n F(120) p Uk
Slope to 9.279 .006* 162 .056 815 .002 2.969 .100 058
Baseline
Region 12278 .002* 194 119 733 .004 0.189 668 .004
Before
Region 9.428 .006* 150 117 736 .004 931 346 017
After
Peak 1.437 245 025 0.145 707 .005 0.219 .645 .004

Q(1,20) p n2 Q(1,20) p n2 Q(1,20) P n2
Slope to 029 .869 .003 2.101 173 151 .051 .825 .005
Peak

Note. significant terms are denoted with an asterisk.

Table S4 Simple Effects Test on Kernel Prediction

Contrast  estimate p t- ratio

J20-AD Inspired  .126 125 1.566
Gas

WT Inspired  -.113 207 -1.284
Gas

Air Group .058 499 .682
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Oxygen Group

-.182

.037%*

-2.152

Note. significant terms are denoted with an asterisk.

Table S5 ANOVA with Multiple Comparison on LFP Band Powers

Inspired Gas Group Inspired Gas*Group
Oxygen vs Air|

(Oxyg ) (J20-AD vs WT)

F(1.20) p n? F(1200 p n F(1200 p n
Log-delta 9.851 .005* .033 2.950 .101 121 <.001 994 <.001
Log-theta 6.818 021 026 6.283 017 225 092 764 <.001
Log-alpha 14.188 .001* .047 8.139 .010* 275 161 692 <.001
log-beta 21.135 <.001* 075 11.771 .003* 352 029 .867 <.001
log-gamma  35.697 <.001*  .010 3.548 074 150 .609 444 <.001

Note. significant terms are denoted with an asterisk.
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Chapter 3 - Effects of angiotensin-II on cerebral haemodynamics and low-frequency

vascular oscillations in awake mice

This chapter is a research paper in preparation for publication.
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Chapter Summary

This chapter explores the impact of angiotensin II-induced hypertension on brain vascular
function. As discussed in Chapter 1, hypertension has emerged as a leading risk factor for
Alzheimer’s disease, yet the mechanisms linking the two conditions remain incompletely
understood. Given the growing recognition of vascular dysregulation as a contributing factor in
Alzheimer’s disease, this study aimed to investigate how hypertension may alter vascular

function, with a particular focus on neurovascular coupling and vasomotion.
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3.2 Introduction

Vascular risk factors, particularly hypertension (HTN), have emerged as key contributors to the
development of Alzheimer’s disease (AD) (O'Brien & Markus, 2014), the most common form of
dementia. Despite decades of research, AD remains without a cure or effective treatment.
Increasing evidence supports the vascular hypothesis of AD, which proposes that
cerebrovascular dysfunction may lead to the development or progression of AD via factors such
as blood-brain barrier (BBB) dysfunction and impairments in cerebral blood flow (CBF),
promoting the accumulation of amyloid-beta peptide (AP) and development of tau-related
pathology (Iadecola, 2010; Zlokovic, 2011), further exacerbating vascular impairment in a

detrimental feedback loop.

HTN is linked to deleterious changes to the structure and function of the cerebral
vasculature, as chronically elevated blood pressure is associated with vascular stiffening (Laurent
& Boutouyrie, 2020), remodeling (Intengan & Schiffrin, 2001), and rarefaction (Antonios et al.,
1999), all of which affect resistance to flow. Functionally, HTN is associated with endothelial
dysfunction and reduced nitric oxide availability (Bruno et al., 2018), impairing vasodilation and
increasing vascular resistance, ultimately reducing CBF. Additionally, HTN contributes to
blood-brain barrier (BBB) disruption through factors such as inflammation and oxidative stress
(Zhang et al., 2010), and is also associated with impairments in neurovascular coupling (NVC)
(Girouard & Iadecola, 2006). NVC is the process by which neural activity induces localised
increases in cerebral blood flow, allowing for the delivery of nutrients such as oxygen and
glucose, which are essential for optimal brain function. Impaired NVC is observed in various
pathological states, including HTN (Jennings et al., 2005; Kazama et al., 2003; Youwakim et al.,
2023) and AD (Girouard & Iadecola, 2006; Hock et al., 1997; Park et al., 2020; Tarantini et al.,
2017), and has been linked to cognitive decline (Tarantini et al., 2017).

Another vascular process affected by HTN is vasomotion (Hollenberg & Sandor, 1984;
Liu et al., 2017; Pascoal et al., 1998), a low-frequency oscillation in vessel diameter typically
centered around 0.1 Hz (Mayhew et al., 1996). Although its physiological role remains
incompletely understood, it has been postulated that the oscillatory blood flow produced by

vasomotion may achieve better tissue perfusion compared to that which can be achieved with
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steady blood flow (Nilsson & Aalkjaer, 2003). This theory is supported by findings of increases
in vasomotion in hypoxic conditions (Bertuglia et al., 1991; Colantuoni et al., 2001; Salvi et al.,
2018). In both animal models and human studies of HTN, alterations in vasomotion have been
reported, including changes in amplitude and frequency (Hollenberg & Sandor, 1984; Liu et al.,
2017; Pascoal et al., 1998). Interestingly, these changes may depend on the severity of HTN, as a
study by Fujii et al., 1990, reported an increase in the frequency of vasomotion in moderate
HTN, while marked HTN was found to abolish vasomotion (Fujii et al., 1990). As vasomotion
may contribute to solute clearance from the brain (Aldea et al., 2019; van Veluw et al., 2020), a
better understanding and characterisation of this process could reveal novel therapeutic targets

for the prevention or treatment of AD in terms of aiding in the clearance of AP from the brain.

Given the strong association between HTN and AD, the current study aimed to
investigate how chronic HTN affects brain vascular function. The current study used the
angiotensin-II (Ang-II) model of experimental HTN, a well-established approach that mimics the
gradual onset of HTN observed in humans. Wild-type (WT) C57B1/6 mice were treated with 600
ng/kg/min of Ang-II via subcutaneously implanted osmotic minipump. This model enabled the
assessment of neurovascular function using in vivo neuroimaging and electrophysiological
techniques, as well as the assessment of cognition and cellular changes through behavioural

paradigms and immunohistochemistry, respectively.

3.3 Materials and Method

3.3.1 Animals

The current study used 6-8 month old C57Bl16/J mice, both sexes, N = 14 (n = 8 males, n =6
females) obtained from Charles River UK. Of the 14 mice in the study, 8 were randomly
assigned to the experimental group and treated with ang-1I (n = 4 males, n = 4 females), whilst 6
were assigned to the control group (n =4 males, n = 2 females). Mice were housed in a
temperature-controlled room with ab libitum access to food and water. All animal procedures

were performed with approval from the UK Home Office in accordance with the guidelines and
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regulations of the Animal (Scientific Procedures) Act 1986 and were approved by the University

of Sheffield ethical review and licensing committee.

3.3.2 Thinned cranial window

To allow for in-vivo imaging of cortical haemodynamics, a thinned cranial window implant was
installed on all mice (Eyre et al., 2022; Shabir et al., 2020; Sharp et al., 2020). Surgery was
performed on the animals under sterile conditions. Mice were anaesthetised with isoflurane (5%
induction, 2-3% maintenance) and the depth of the surgical plane was repeatedly checked via the
pedal reflex. To control pain, mice were administered ~0.01ml Carprofen (s/c), in addition to
local anaesthetic (bupivacaine) applied to the scalp. Temperature was monitored using a rectal
probe and homeothermic blanket, and eye gel was administered. A thinned cranial window
(measuring ~3mm?) was installed over the somatosensory cortex using a dental drill and a thin
layer of cyanoacrylate glue was applied to reinforce the window and reduce specularities. Dental
cement (Super Bond C&B, Sun Medical, Shiga, Japan) was applied around the perimeter of the
window to attach a titanium head-plate to the skull, allowing for chronic imaging to take place.
Following surgery, mice were continuously monitored for signs of pain and abnormal behaviour
using MGS scoring (Langford et al., 2010). Mice were given analgesia (10mg/kg carprofen in

jelly) for several days following the procedure.

3.3.3 Induction of HTN

To induce experimental hypertension, osmotic minipumps (A/zet, model 2004) containing ang-II
(or saline for controls) were implanted into the mice subcutaneously, a method that has been
widely used in hypertension studies (Cifuentes et al., 2015; Csiszar et al., 2013; Gonzalez-
Villalobos et al., 2008; Kawada et al., 2002; Meissner et al., 2017; Toth et al., 2013). Osmotic
pump surgery was performed on the animals under sterile conditions. To control pain, a
subcutaneous injection of buprenorphine (0.05mg/kg s/c) was given before surgery in addition to
local anaesthesia (bupivacaine (50-100mcL) at the incision site. Animals were anaesthetised with
isoflurane (5% induction, 2-3% maintenance), and the flank of the animal was shaved and

sterilised with iodine. A sterile blade was then used to make a small incision on the flank of the
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mouse and a subcutaneous pocket was formed longitudinally across the side of the mouse. The

prefilled sterile minipump was then inserted into the mouse and the wound secured with vicryl

sutures (6-0). Mice were given analgesia (10mg/kg carprofen in jelly) for several days following
the procedure. The osmotic minipumps administered ang-II (600 ng/kg/min) (Cao et al., 2012;
Capone et al., 2011; Marques-Lopes et al., 2014; Youwakim et al., 2023; Zimmerman et al.,
2004) or saline for a total of 28 days.

3.3.4 Imaging

Chronic imaging was conducted using 2-dimensional optical imaging spectroscopy (2D-
OIS). 2D-OIS offers a measurement of changes in total haemoglobin (HbT), oxyhaemoglobin
(HbO), and deoxyhaemoglobin (HbR) that are reflective of changes in cerebral blood volume
and oxygenation. The right somatosensory cortex was illuminated with 4 wavelengths of light
according to the absorption profiles of each haemoglobin state (495 nm + 31, 559 nm + 16,

575 nm + 14 & 587 nm + 9) using a Lambda DG-4 high-speed galvanometer (Sutter Instrument
Company, US). A CCD camera (Dalsa 1M60) was used to capture remitted light from the
cortical surface. During 2D-OIS imaging sessions, awake mice were placed on a spherical
polystyrene foam treadmill with head-fixation. An optical motion sensor was attached to the
spherical treadmill, allowing for the collection and quantification of locomotion. Whisker
stimulation was used in somatosensory stimulation trials to evoke a neurovascular response, in
which a plastic T-shaped stimulator would mechanically deflect the whiskers of the mouse when
activated (Figure 9). Mice underwent two timepoints of awake imaging using 2D-OIS, one
approximately 5 days after osmotic pump implantation, and one in the final week of ang-II

infusion. The experimental paradigm used for awake imaging is outlined below:

Day 0 (Habituation) - Mice are given time to become acclimated to the awake imaging room and
to the spherical treadmill. Mice were placed on the treadmill, and allowed to explore/walk un-

headfixed for approximately 10 minutes each.

Day 1 - Experiment 1: Mice were headfixed and imaged using 2D-OIS. Experiment consisted of

30 trials, with a 2s mechanical whisker stimulation.

Day 2 - Repeat of experiment 1, followed by experiment 2. Experiment 2 is a spontaneous
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activity trial which consisted of 30 trials with no stimulation.

Day 3 - Repeat of experiments 1 and 2, followed by experiment 3. Experiment 3 consisted of 15

trials, with a 16s mechanical whisker stimulation.

Day 4 - Repeat of experiments 1, 2, and 3.

Day 5 - Second timepoint of awake imaging, which took place in the final week of ang-II

infusion (or saline). Consisted of a repeat of experiments 1, 2, and 3.

Day 6 - Second timepoint of awake imaging, which took place in the final week of angiotensin-II

infusion. Consisted of a repeat of experiments 1, 2, and 3.
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Fig 9. Regions of Interest and HbT Response to Whisker Stimulation. A reference image of the thinned cranial
window over the somatosensory cortex with four regions of interest (ROIs) selected: whisker region (blue), artery
(red), vein (pink), and parenchyma (green) for (al) saline-treated control, and (a2) ang-II-treated mice. The
corresponding HbT spatial response to a 2-second mechanical whisker stimulation of (b1) saline-treated control, and
(b2) ang-II-treated mice. HbT time series for (c1) saline-treated control, and (c2) ang-II-treated mice. Whisker
stimulation occurred at 0 seconds (after a 5-second baseline) for a 2-second duration. Colour bar represents

fractional change.
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3.3.5 Novel Object Recognition Test

Behavioural testing took place after approximately 2 weeks of ang-II infusion. The novel object
recognition (NOR) test was used to assess short and long-term memory of the mice. The test was
conducted in an open-field, square arena over the span of 4 days. On day one, mice were
habituated to the experimenter and the arena by being handled and allowed to explore the arena
freely for 10 minutes before being placed back into their home cage. On day 2, short-term
memory was assessed. Each mouse was placed into the arena with two identical objects and
allowed to explore freely for 10 minutes before being removed from the arena and placed back
into the home cage. The arena and objects were cleaned with ethanol (70%), and one of the same
objects was placed back into the arena along with one novel object. After 3 minutes, the mouse
was placed back into the arena with the familiar object and novel object, and allowed to explore
freely for 10 minutes before being placed back into the home cage. On day 3-4, long-term
memory was assessed. Each mouse was placed into the arena with two familiar objects and
allowed to explore for 10 minutes before being returned to the home cage as described above,
however, rather than a 3-minute interval, mice were placed back into the arena with one familiar
object and one novel object 24 hours later. During each trial, the arena was filmed by an
overhead camera to record the time spent exploring each object. Objects were counterbalanced
during the course of the behavioural experiments. Video tracking and analysis were done using

EthoVision XT, Noldus.
3.3.6 Anaesthetised imaging and electrophysiology

An acute imaging session took place at the end of the study period, in which mice were
anaesthetised [fentanyl-fluanisone, midazolam, and sterile water (ratio of 1:1:2 by volume; 7
mlL/kg, 1.p.) for induction, and 0.1-1% isoflurane for maintenance] and a 16-channel electrode
(100 um spacing, site area 177 um2, 1.5-2.7 MQ impedance; Neuronexus Technologies, Ann
Arbor, MI, USA) was inserted into the right whisker barrel cortex (WBC), allowing for the
simultaneous measurement of neural activity and haemodynamic function using 2D-OIS. Each
2D-OIS session consisted of 9 experiments performed in the same order as outlined below.

Electrode insertion took place during experiment 2.
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Exp1: Baseline measure. Sensory stimulation while breathing 100% oxygen. Experiment
consisted of 20 trials of 25s each, with whisker stimulation administered 5s after the start of each
trial. Whiskers were mechanically deflected using a plastic T-shaped stimulator for a 2s duration

to evoke a haemodynamic response in the somatosensory cortex of the mouse. 2D-OIS lasted

500s.

Exp2: Long-duration sensory stimulation while breathing oxygen. Experiment consisted of 15
trials of 70s each, with 16s whisker stimulation administered 10s after the start of each trial.

Electrode insertion occurred during trial 2 of 15. 2D-OIS lasted 1050s.

Exp3: Short-duration sensory stimulation while breathing 100% oxygen. Experimental paradigm

is the same as experiment 1.

Exp4: Long-duration sensory stimulation while breathing 100% oxygen. Paradigm is the same as

experiment 2 but included 10 trials instead of 15. 2D-OIS lasted 700s.

Exp5: Mild gas challenge: transition of anaesthetic carrier gas from 100% oxygen to medical air

(21% oxygen). 2D-OIS lasted 500 seconds with the transition to air occurring after 125 seconds.

Exp6: Short-duration sensory stimulation while breathing air. Paradigm is the same as

experiment 3, except the animal was breathing air rather than oxygen.

Exp7: Long-duration sensory stimulation while breathing air. Paradigm is the same as

experiment 4, except the animal was breathing air rather than oxygen.

Exp8: Mild gas challenge: transition of anaesthetic carrier gas from air back to 100% oxygen.

2D-OIS lasted 500 seconds with the transition to air occurring after 125 seconds.

Exp9: Major gas challenge in the form of hypercapnia. Animal was switched from breathing

100% oxygen to 90% oxygen and 10% carbon dioxide. Duration of challenge was 250s.
3.3.7 Immunohistochemistry

Following terminal experiments, mice were euthanised with an i.p. injection of sodium

pentobarbital (100 mg/kg) and transcardially perfused with saline, after which brains were
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dissected. Coronal slices were obtained (5 pm) and immunohistochemistry was performed using

an avidin-biotin complex (ABC) method, as described previously in Ameen-Ali et al., 2019.

Sections were deparaffinised, rehydrated, and endogenous peroxidase activity was blocked
through placing the sections in 3% methanol/12ml H>O» for 20 minutes. Immunolabelling for
GFAP, Ibal, and a-SMA underwent microwave antigen retrieval for 10 minutes (pH6 trisodium
citrate buffer). Following antigen retrieval, sections were incubated in blocking solution for 30
minutes, after which they were incubated in the primary antibody (GFAP — 1:200, ab68428; Ibal
—1:2000, ab178846; SMA 1:1000, ab5694; Abcam, UK) for 24 hours at 4°C. The horseradish
peroxidase avidin-biotin complex method (Vectastain Elite kit, Vector Laboratories, UK) was
used to visualise antibody binding, with 3,3-diaminobenzidinetetrahydrochloride (DAB) as the
chromogen (Vector Laboratories, UK; brown). Sections were then counterstained with
haematoxylin, dehydrated, and mounted in DPX. Negative controls (omission of primary
antibody) were included with every run. For each animal, all brain sections were inspected
manually, and slices with tissue damage or artefacts were excluded to ensure high-quality
staining and reliable quantification. Three coronal sections per animal were then selected, evenly
spaced along the rostro-caudal axis, and drawn from comparable anatomical levels. Slides were
imaged using a Nikon Eclipse ES00M microscope at x20 magnification of the section and x40

magnification of two (non-overlapping) regions in the hippocampus and cortex.

For each image, the area coverage of the stain was calculated as the percentage of the total
tissue area that showed positive immunoreactivity, representing the spatial extent of marker
expression. Resting percentage was also calculated to estimate the relative abundance of resting
versus activated cells, i.e., the proportion of cells exhibiting a morphologically resting phenotype
as opposed to activated or reactive forms. Images were imported into Fiji ImageJ and calibrated
using the scale bar. All images were converted to 8-bit greyscale, and a uniform, pre-determined
threshold was applied for each stain to ensure consistency across slices. Analysis settings were
configured to Area, Area Function and Limit to threshold to obtain results. For cell-based stains,
area coverage of the stain was assessed by calculating the percentage area above threshold. For
blood vessel markers, vessel density was quantified as the percentage of area positive for
staining. In all cases, analysis was restricted to consistently sized, anatomically matched regions
of interest. Images in which the threshold did not reliably detect the relevant structures were
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excluded to avoid skewing of the results. Astrocytes and microglia were assessed for reactive
versus resting phenotypes based on cellular morphology. Images of slices stained with GFAP
and IBA1 were acquired at 40x magnification to resolve cell bodies and processes. Reactive
astrocytes were identified by enlarged soma and thickened processes with altered branching
patterns. For microglia, reactive cells were characterised by enlarged, more amoeboid somata
and retracted or thickened processes. Resting phenotypes exhibited smaller somata with fine,

highly ramified processes.
3.3.8 Procedure

Mice were first fitted with a thinned cranial window implant as described above, after which they
were given ~1 week recovery time before the implantation of a subcutaneous osmotic minipump
containing either angiotensin-II or saline. The experimenter was blinded to the contents of each
minipump during surgery. Approximately 5 days after osmotic pump implantation, habituation to
the awake imaging apparatus occurred and the first sessions (timepoint 1; T1) of awake imaging
took place. Following this, mice underwent the NOR test. In the final week of angiotensin-II
infusion, mice underwent the second timepoint of awake imaging (timepoint 2; T2), before
undergoing a single terminal session in which mice were anaesthetised and 2D-OIS and
electrophysiology were performed simultaneously. At the end of this experiment, mice were
killed via cardiac perfusion, and brains were extracted for histology. See Figure 10 below for

experimental outline.
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Fig 10. Experimental outline. Diagram shows order in which experiments took place in the current study.

3.3.9 Statistical Analysis

3.3.9.1 HbT responses to sensory stimulation in awake mice

Analysis was conducted on 111 sessions from N = 14 awake mice [n = 8 ang-II treated (4
females, 4 males), n = 6 saline-treated control (2 females, 4 males)]. Linear mixed modelling
(LMM) (R version 2024.04.2+764, Ime4 package, Bates et al. 2015) was performed to examine
the effects of group [ang-II-treated vs control (saline)], sex, and timepoint (T1 vs T2) on
haemodynamic responses to sensory stimulation (2s and 16s whisker stimulation) while
accounting for animal ID, as each animal contributed multiple sessions to the analysis. The
LMM was used to explore 4 metrics of interest: maximum peak of HbT (in response to the
stimulation), HbT area under the curve, HbT time to peak, and HbT time to onset. This analysis
was conducted on 4 regions of interest (ROIs): artery, whisker barrel cortex (WBC), vein, and
parenchyma. Where post-hoc tests were performed, Tukey's method for multiple comparisons

was applied. An a-level of 0.05 was considered to be statistically significant.
3.3.9.2 Locomotion

Locomotion was assessed in the animals using walking data from experiment one (30 trials, 2s
stim) of each day of awake imaging. An LMM was used to assess the effects of group (ang-1I-
treated vs control) and sex on cumulative walking distance while accounting for inter-animal

variability by including animal ID as a random effect.
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3.3.9.3 Low-frequency oscillations in HbT

To assess whether LFOs in cerebral blood volume differ between ang-1I-treated mice and saline-
treated controls, data from experiments in which the cerebral haemodynamics of ang-II-treated
mice and healthy controls recorded with 2D-OIS were analysed. Analysis was conducted on
spontaneous sessions to assess low-frequency oscillations (LFOs) in HbT. HbT data from
experiment 2 of awake imaging sessions (30 trials, no stimulation) were used to assess LFOs at
two time points (T1 vs T2). 56 sessions were included in the analysis from N = 14 mice [n = §
ang-II treated (4 females, 4 males), n = 6 saline-treated controls (2 females, 4 males)]. Data were
imported to MATLAB (R2022a; MathWorks) for analysis. Data were high-pass filtered (0.01 Hz
cutoff frequency) to remove low-frequency noise, and a fast Fourier transform (FFT) was
performed to obtain the data in the frequency range for analysis (Figure 11). Oscillations within
the 0.06 - 0.2 Hz range were summed for each animal, as this is a range typically associated with
vasomotion (Aalkjaer & Nilsson, 2005; Stefanovska, 2007). As the strongest response was
expected to occur in the arterial region, data analysis was focused on this ROI. An LMM was
performed to examine the effects of group (ang-II-treated or saline-treated control), sex, and
timepoint (T1 vs T2) on arterial LFO power while accounting for animal ID as a random effect,

as each mouse contributed more than one session to the analysis.
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Fig 11. FFT of Arterial HbT. (a) Example FFT from a saline-treated control (indicated in black) and ang-II-treated
mouse (indicated in red) in the 0.06 - 0.2 Hz range used for analysis, and (b) mean FFT for each group in the same

frequency range.

3.3.9.4 Cognition

The preference index of the mice to the novel object compared to the familiar object was

calculated as follows:
Preference index (%) = (time exploring novel object / total exploration time) * 100

where the cumulative duration (seconds) spent exploring the novel object is divided by the total
exploration time (i.e., the cumulative time spent exploring both the familiar and novel object). A
t-test was conducted to assess whether the mean preference index (%) differed between ang-I1-

treated and saline-treated control mice. All required assumptions for the statistical test were met

and an a-level of 0.05 was considered to be statistically significant.
3.3.9.5 MUA

A repeated measures analysis of variance (ANOVA) (R 2024.04.2+764, rstatix package;
Kassambara, 2021) was conducted to assess whether group (ang-II-treated vs saline-treated
control) or sex had an effect on peak and sum (AUC) of MUA in two inspired gas-breathing
conditions [100% oxygen and medical air (21% oxygen)]. The assumptions of normality and
homogeneity of variance were assessed using Q—Q plots, and Levene’s test, as implemented in
the rstatix package (Kassambara, 2021). All required assumptions of the statistical test were met,

and an a-level of 0.05 was considered to be statistically significant.
3.3.9.6 IHC

An ANOVA (R 2024.04.2+764, rstatix package; Kassambara, 2021) was performed to assess the
effects of group (ang-Il-treated vs. saline-treated control) and sex on area coverage of each stain
(GFAP, Ibal, and a-SMA). An ANOVA was also performed to assess the effects of group and
sex on resting percentage of GFAP and Ibal.
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3.4 Results

3.4.1 HbT (Awake Mice)

Analysis was conducted on haemodynamic responses of awake mice to sensory stimulation [2s
whisker stimulation (Fig 12a) and 16s whisker stimulation (Fig 12b)] recorded by 2D-OIS.
Several metrics of the evoked response were examined: peak HbT in response to stimulation, the
area under the curve (AUC) of the HbT response, as well as the time to peak and time to onset of

the HbT response.

3.4.1.1 Peak HbT

An LMM revealed a significant main effect of sex on the peak of HbT (b = 0.00201, SE =
0.00294, p = 0.0216) in the artery ROI in response to a 2s whisker stimulation (Figure 13; Table
1). Specifically, male mice exhibited a greater peak of HbT than that observed in female mice.
There were no significant effects of treatment group (i.e., ang-11 or vehicle), or timepoint (T1 vs
T2) observed in response to a 2s whisker stimulation. There were also no significant effects of

sex, treatment group, or timepoint on peak arterial HbT in response to a 16s whisker stimulation
(Table 2).

In the other ROIs, a significant main effect of sex was also observed on the peak of HbT in
response to a 2s whisker stimulation [vein (b =0.000957, SE = 0.00174, p = 0.0445); WBC (b =
0.00195, SE = 0.00170, p = 0.0166); parenchyma (b = 0.00165, SE = 0.00142, p = 0.00436)],
with male mice exhibiting a greater peak of HbT. No other significant effects of group or

timepoint were observed on peak HbT in any of the ROIs.
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Fig 12. Time series of haemodynamic responses to whisker stimulation. HbT (green), HbO (red), and HbR (blue)

responses of ang-II-treated and saline-treated mice are shown in response to (a) a 2s whisker stimulation, and (b) a

16s whisker stimulation in T1 and T2. Dotted lines indicate start and end of stimulation period.
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Peak Arterial HbT by Sex

o
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Fig 13. Mean peak of arterial HbT response evoked by 2s whisker stimulation in female and male mice. Data points

represent peak HbT in a single session and are labelled by animal ID, with mean + standard deviation (SD) of each

sex displayed.

Table 1 HbT by Region (2s Stim)

Artery WBC Vein Parenchyma
HbT Peak (Males) 1.05(0.04) 1.03(0.02) 1.03(0.02) 1.02(0.02)
HbT Peak (Females) 1.04(0.04) 1.02(0.02) 1.02(0.02) 1.02(0.02)
HbT AUC (Males) 4.10(0.12) 4.06(0.07) 4.06(0.07)  4.05(0.06)
HbT AUC (Females) 4.09(0.11) 4.05(0.06) 4.05(0.06)  4.04(0.05)
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HbT Time to Peak (Males) 2.37(0.97) 2.36(0.96) 2.40(0.99) 2.37(0.98)
HbT Time to Peak (Females) 2.36(0.93) 2.36(0.94) 2.35(0.96) 2.36(0.96)
HbT Time to Onset(Males) 0.76(0.59) 0.72(0.57) 0.70(0.59) 0.67(0.55)
HbT Time to Onset (Females)  0.77(0.60) 0.74(0.57) 0.70(0.56) 0.69(0.56)
Note. Values are mean and SD
Table 2 HbT by Region (16s Stim)
Artery WBC Vein Parenchyma

HbT Peak (Males) 1.06(0.05) 1.04(0.03) 1.04(0.03) 1.03(0.02)
HbT Peak (Females) 1.06(0.04) 1.04(0.03) 1.04(0.03) 1.03(0.02)
HbT AUC (Males) 20.52(0.58) 20.36(0.40)  20.37(0.40) 20.32(0.34)
HbT AUC (Females) 20.50(0.54) 20.35(0.35)  20.37(0.42) 20.31(0.35)
HbT Time to Peak (Males) 9.87(6.29) 10.66(6.21)  10.86(6.16)  11.12(6.12)
HbT Time to Peak (Females) 10.02(6.28) 10.96(6.14)  11.37(6.18)  11.59(6.16)
HbT Time to Onset (Males) 1.65(2.44) 1.48(2.34) 1.50(2.37) 1.43(2.28)
HbT Time to Onset (Females)  1.85(2.99) 1.94(3.07) 1.62(2.63) 1.64(2.66)

Note. Values are mean and SD

3.4.1.2 Area under the curve of HbT

Analysis revealed a significant main effect of sex on the area under the curve (AUC) of the HbT
response in the artery (b = 0.00793, SE = 0.00888, p = 0.0427, Figure 14), WBC (b = 0.00621,
SE =0.00514, p = 0.0322), and parenchyma (b = 0.00535, SE =0.00431, p =0.0163) in response

to a 2s whisker stimulation. It was revealed that female mice exhibited a smaller AUC response

of HbT to sensory stimulation than that of male mice. There were no significant effects of

105



treatment group (i.e., ang-II vs control), or timepoint (T1 vs T2) observed in response to a 2s
whisker stimulation. There were also no significant effects of sex, treatment group, or timepoint

on AUC of the arterial HbT response to a 16s whisker stimulation.
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Fig 14. Mean AUC of arterial HbT response evoked by 2s whisker stimulation in each session in female and male
mice. Data points represent AUC of HbT in a single session and are labelled by animal ID, with mean + standard

deviation (SD) of each sex displayed.

3.4.1.3 Time to peak of HbT

There was a significant main effect of timepoint (T1 vs T2) observed on time to peak of the HbT
response in the artery (b = 0.574, SE = 0.948, p = 0.00108) and WBC (b = 0.400, SE=0.939, p =
0.0185) to a 16s whisker stimulation (Figure 15). Specifically, time to peak was lower at T1

compared to the time to peak in T2 in response to sensory stimulation. There were no significant
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effects of sex, treatment group, or timepoint on time to peak of the HbT response to a 2s whisker

stimulation in any of the ROls.

In the parenchyma, there was a significant interaction between sex and timepoint (b = 0.230,

SE =0.112, p = 0.0482), such that there was a significant difference in the time to peak of HbT

in female mice between T1 and T2 (Table 3; Figure 16).
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Fig 15. Depicted above is the mean time to peak of HbT response evoked by a 16s whisker stimulation in each

session in timepoint 1(T1) and timepoint 2 (T2). Data points are labelled by animal ID, with mean + standard

deviation (SD) of each timepoint provided.
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Table 3 Simple Effects Time to Peak of HbT Evoked by 16s Whisker
Stimulation (Parenchyma)

Contrast estimate P t- ratio
Tl Female - Male 0.0745 0.2266 1.234
T2 Female - Male -0.1106 0.1150  -1.609
Female T1-T2 0.126 0.0451* 2.005
Male T1-T2 -0.059 0.3390  -0.957

Note. significant terms are denoted with an asterisk.
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Fig 16. Shown above is the time to peak of HbT in time point 1 (T1) and time point 2 (T2) of female and male mice
in the parenchyma ROI. Data points represent the time to peak of HbT in a single session. Data points are labelled
by sex, with mean + standard deviation (SD) of each sex in T1 and T2 provided.
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3.4.1.4 Time to onset of HbT

In the WBC, a main effect of sex was observed on the time to onset of the HbT response evoked
by a 16s whisker stimulation (b = -0.340, SE = 0.495, p = 0.0279), in that male mice exhibited a
lower time to onset of HbT than female mice. In the parenchyma, there was a significant
interaction between group and timepoint (b = -0.0788, SE = 0.0755, p = 0.0452), such that the
time to onset differed significantly between ang-II treated and control mice at T1 (Table 4), with
ang-II-treated mice exhibiting a lower time to onset of HbT in the parenchyma in response to a
2s whisker stimulation (Figure 17). No other significant effects were observed on the time to

onset of HbT in any of the other ROIs.

Table 4 Simple Effects Time to Onset of HbT Evoked by a 2s Whisker

Stimulation (Parenchyma)

Contrast estimate p t- ratio
T1 Ang-II - Control -0.0743 0.0337* -2.208
T2 Ang-1I - Control 0.0337 0.3913  0.864
Ang-II T1-T2 -0.0586 0.0674 -1.831
Control T1-T2 0.0494 0.2203 1.226

Note. significant terms are denoted with an asterisk.
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Time to Onset by Timepoint and Group
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Fig 17. Depicted above is the time to onset of HbT in time point 1(T1) and time point 2 (T2) of ang-II-treated and
saline-treated control mice in the parenchyma ROI. Data points represent the time to onset of HbT in a single
session. Data points are labelled by treatment group (ang-II vs control), with mean + standard deviation (SD) of each

group in T1 and T2 provided.

3.4.2 Locomotion

As locomotion is known to affect haemodynamic responses (Eyre et al., 2022), potential
differences in locomotion between male and female ang-II-treated and control mice were
investigated. An LMM assessing the effects of group (ang-II-treated vs control) and sex on
cumulative walking distance revealed a significant main effect of sex (b =3158.26, SE =
1350.69, p = 0.04426). Specifically, it was found that males exhibited higher levels of

locomotion than female mice (Figure 18).
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Locomotion by Group and Sex
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Fig 18. Plot depicts cumulative walking distance of ang-II-treated and control mice from experiment one of each
awake imaging day. Data are plotted as cumulative distance walked by an animal in a single session, with mean +

standard deviation (SD) of male and female mice in each group (ang-II-treated vs control).

3.4.3 Low-frequency Oscillations

An LLM was used to explore whether group (ang-II-treated vs saline-treated control), sex, or
timepoint (T1 vs T2) had an effect on the power of LFOs in arterial HbT (0.06-0.2 Hz) while
controlling for animal ID. The model revealed a significant interaction between group and sex (b
=4294, SE = 1768, p = 0.0251). A post-hoc test revealed that male control mice exhibited higher
LFO power than male ang-1I-treated mice; additionally, male control mice exhibited higher LFO
power than female mice (Table 5). No significant main effects of timepoint on LFO power in the

artery were observed, as well as no other significant interactions (Figure 19).

Table 5 Simple Effects Group and Sex Interaction on LFO Power

Contrast estimate p t- ratio

Female Ang-1I - Control 826 0.4698 0.758
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Male Ang-II - Control -3031 0.0106* -3.080

Ang-II Female - Male 133 0.8864  0.147

Control Female - Male -3724 0.0094* -3.219

Note. significant terms are denoted with an asterisk.
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Fig 19. Power of LFOs in HbT by group. LFOs occurring in the arterial region of ang-II (n = 8) and control (n = 6)
mice are plotted. Each data point represents the summation of power occurring between 0.06 - 0.2 Hz in a session,

with mean + standard deviation (SD) for each group.
3.4.4 Multi-unit activity

Analysis revealed that there were no significant main effects of group (p = 0.691), sex (p =
0.364), or inspired gas (p = 0.322) on peak MUA in response to a 2s stimulation in the oxygen-

breathing condition (Figure 20), as well as no significant interactions. There were also no
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significant main effects of group (p =0.301), sex (p = 0.415), or inspired gas (p =0.126) on

AUC of MUA in response to a 2s stimulation in the air-breathing condition, as well as no

significant interactions between group, sex, or inspired gas.

There was also no significant main effect of group (p = 0.890), sex (p = 0.968), or inspired

gas (p = 0.359) on peak MUA in response to a 16s whisker stimulation in the oxygen-breathing

condition, as well as no significant interactions between group, sex, or inspired gas. Additionally,

in the air-breathing condition there was no significant main effect of group (p = 0.533), sex (p =

0.802), or inspired gas (p = 0.918) on AUC of MUA in response to a 16s whisker stimulation, as

well as no significant interactions.
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Fig 20. The average MUA response to a 2s mechanical whisker stimulation in saline-treated control mice (N = 14; n

=7 ang-11, n = 7 saline) when (a) inspired gas is 100% oxygen, and (b) when inspired gas is air. MUA responses to a

2s whisker stimulation in ang-II-treated mice are also shown in the (c) oxygen and (d) air-breathing conditions.

Colour bar represents fractional change. Whisker stimulation occurs from 0-2s.
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3.4.5 Novel Object Recognition Test

To obtain a measure of cognition, the NOR test was used. A t-test on preference index (%) by
group (ang-II-treated vs saline-treated control) revealed that there were no significant differences
between ang-II-treated mice and controls in terms of their short-term (p = 0.6713) and long-term

(p = 0.9325) memory as determined using the NOR test (Figure 21).
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Fig 21. Shown above is the preference index (%) of ang-II-treated mice and saline-treated control mice to a novel
object over a familiar one in (a) the short-term memory paradigm and (b) the long-term memory paradigm, with

mean + standard deviation (SD) for each group (ang-II-treated mice and control).

3.4.6 Immunohistochemistry

3.4.6.1 GFAP

GFAP staining was used to assess astrogliosis in the ang-II-treated and saline-treated control
mice (Figure 22a, 22b). An ANOVA was used to investigate whether area coverage of GFAP
staining or resting percentage differed between groups (ang-II vs control) or sex. Analysis
revealed that there were no significant main effects of group [F=(1,13) = 0.244, p = 0.629, partial
1n?=0.02] or sex [F=(1,13) = 1.828, p = 0.199, partial n> = 0.12] on GFAP area coverage (Figure

114



22c¢). There was also no significant interaction of group and sex on GFAP area coverage
[F=(1,13) = 0.622, p = 0.444, partial > = 0.05]. Analysis also revealed that there were no
significant main effects of group [F=(1,13) =2.906, p = 0.112, partial n* = 0.18] or sex [F=(1,13)
=0.063, p = 0.805, partial n> = 0.005] on GFAP resting percentage (Figure 22d), as well as no
significant interaction of group and sex [F=(1,13) = 3.718, p = 0.076, partial n> = 0.22].
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Fig 22. Depicted above is an example of a GFAP stain in an (a) ang-II-treated and (b) saline-treated control mouse
coronal hippocampal slice. (c) Area and (d) resting percentage of GFAP are plotted for each group.

Individual points represent a single animal with mean + standard deviation (SD) for each group.
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3.4.6.2 IBAI

Ibal staining was used to assess microglia area coverage and activation in ang-II-treated and
saline-treated control mice (Figure 23a, 23b). Analysis revealed that there were no significant
main effects of group [F=(1,14) = 1.106, p =0.311, partial n* = 0.07] or sex [F=(1,14) = 0.106, p
=0.750, partial n? = 0.007] on Ibal area coverage (Figure 23c). There was also no significant
interaction of group and sex on Ibal area coverage [F=(1,14) = 0.446, p = 0.515, partial n* =
0.03]. Analysis also revealed no significant main effects of group [F=(1,14) = 1.240, p = 0.284,
partial n> = 0.08] or sex [F=(1,14) = 4.449, p = 0.0524, partial n*> = 0.24] (Figure 23d), as well as
no significant interaction of group and sex on Ibal resting percentage [F=(1,14) =2.028, p =

0.1763, partial n* = 0.13].
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Fig 23. Shown above is an example of an Ibal stain in an (a) ang-II-treated and (b) saline-treated control mouse

coronal hippocampal slice. (c) Area coverage and (d) resting percentage of Ibal are plotted for each group.

Individual points represent a single animal with mean + standard deviation (SD) for each group.

3.4.6.3 a-SMA

a-SMA staining was used to assess smooth muscle cells in ang-II-treated and saline-treated

control mice (Figure 24a, 24b). Analysis revealed that there were no significant main effects of

group [F=(1,11) =0.486, p = 0.500, partial n> = 0.04] or sex [F=(1,11) = 1.689, p = 0.220, partial

1n?>=0.13] on a-SMA area coverage (Figure 24c). There was also no significant interaction of

group and sex on a-SMA area coverage [F=(1,11) = 0.331, p = 0.576, partial n> = 0.03].
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Fig 24. Depicted above is an example of an a-SMA stain in an (a) ang-II-treated and (b) saline-treated control
mouse coronal hippocampal slice. (c) Area coverage of a-SMA is plotted for each group. Individual points

represent a single animal with mean + standard deviation (SD) for each group.

3.5 Discussion

The aim of the current study was to assess the effects of a chronic ang-II-induced increase in
blood pressure on brain vascular function. Sensory-evoked haemodynamic responses were
assessed in awake ang-II-treated and control male and female mice, in addition to assessments of
cognition, MUA, and histology. While overall haemodynamic responses typically did not differ
significantly between ang-II-treated and control mice in the current study, we observed a notable
difference in the time to onset of HbT responses to a 2s whisker stimulation in ang-II-treated
mice compared to controls at early timepoints. The time to onset of the HbT response in the
parenchyma ROI differed significantly between ang-II-treated mice and saline-treated controls at
timepoint 1 of awake imaging (approximately days 5-8 of ang-II infusion), such that ang-I1-
treated mice exhibited a shorter time to onset of the evoked haemodynamic response than
observed in controls. However, this effect was not observed in sessions in which a 16s
stimulation occurred, or within the other ROIs (i.e., WBC, artery, vein). Further, no significant
differences were observed between ang-II-treated mice and controls in terms of the peak or
magnitude of MUA responses to whisker stimulation, suggesting intact NVC. Contrary to studies
reporting attenuated haemodynamic responses in ang-II-treated mice (Boily et al., 2021; Capone

et al., 2011; Kazama et al., 2003), the current study found limited treatment-dependent effects on

HbT responses to mechanical whisker stimulation. Interestingly, using a dosage of ang-II similar
to that of the current study (500ng/kg/min) Wiesmann et al. 2017, found decreased functional
connectivity between several brain regions in ang-Il-treated WT C57BL/6J mice, however,
HTN-induced impairments in CBF were only observed in ang-II-treated APP-PSI mice
(Wiesmann et al., 2017). However, attenuated CBF responses induced by whisker stimulation in
ang-II-treated (600 ng/kg/min) C57BL/6L mice were observed by Capone et al., 2011, an effect
that was observed before the elevation of arterial pressure as well as after HTN subsided

(Capone et al., 2011).

119



The current study also found that sex emerged as a key variable influencing haemodynamic
measures across groups. A significant main effect of sex was observed in the majority of
parameters investigated in each ROI, suggesting a sex-dependent difference in the evoked
haemodynamic responses of awake mice. Sex was found to significantly affect peak HbT
response in all investigated ROIs, with female mice exhibiting a lower peak of HbT to a 2s
whisker stimulation than that of male mice, regardless of treatment group. Additionally, sex was
found to have a significant effect on the magnitude of the HbT response in the artery, WBC, and
parenchyma ROls, in that female mice exhibited a smaller AUC of the HbT response to a 2s
whisker stimulation than that observed in male mice. Sex was also found to significantly affect
the time to onset of the HbT response in the WBC following a 16s whisker stimulation, in that
male mice exhibited a lower time to onset of HbT than female mice. A significant effect of
timepoint on time to peak of the HbT response was also observed in the artery and WBC, in that
time to peak of HbT was lower in T1 compared to T2 in response to a 16s whisker stimulation.
There was also a significant interaction between sex and time point on the time to peak of the
HbT response in the parenchyma. Female mice differed significantly in the time to peak of their
HbT response in T1 compared to T2, specifically, the time to peak of this response was found to
decrease from T1 to T2. Lastly, there was a significant effect of timepoint on time to peak of
HbT in the artery and WBC, such that time to peak was lower in T1 compared to T2. Overall,
while some impacts of timepoint were observed, the aforementioned findings suggest that
cerebral haemodynamic responses as measured in the current study were primarily influenced by

sex rather than treatment alone.

Interestingly, it was revealed that there were differences in locomotion, such that male mice
were found to exhibit higher levels of locomotion during 2s whisker stimulation experiments
than female mice during the awake imaging sessions. Locomotion has been found to alter the
amplitude of evoked haemodynamic responses in awake mice (Eyre et al., 2022), thus, it could
be possible that in the current study differential locomotor activity between male and female
mice may partially contribute to the observed sex-dependent differences in haemodynamic
responses. Further, others have reported that volitional whisker and body movements can

enhance CBV in awake mice (Huo et al., 2014; Winder et al., 2017).

As vasomotion has been postulated to undergo changes in response to increases in blood
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pressure, arterial LFOs were assessed. It was revealed that there was a significant interaction
between group and sex on LFO power in the artery, in that male saline-treated control mice
exhibited higher LFO power than ang-Il-treated male mice, and further, male control mice were
found to exhibit higher LFO power than female control mice. This effect was found to remain
consistent over time, as there was no significant difference seen in LFO power between each
group and sex from T1 to T2 of awake imaging. The finding of lower LFO power in ang-II-
treated males compared to male controls aligns with studies that have observed alterations in
vasomotion in hypertensive animal models (de Wit et al., 2003; Lefer et al., 1990; Liu et al.,
2017). However, rather than enhancement of LFOs in HTN as reported by Lefer et al., 1990, the
current study found LFO power to be lower in ang-II-treated males, aligning with the findings of
Liu et al., 2017, who reported impaired vasomotion in spontaneously hypertensive rats (Liu et
al., 2017). As lower LFO power in ang-II-treated males compared to controls was observed in
the absence of major changes in NVC in the current study, these findings suggest that LFO
deficits may represent an early pathophysiological event in HTN, occurring prior to overt
changes in neurovascular coupling. In humans, some alterations in vasomotion have also been
observed as a result of HTN. A study by Hollenberg & Sandor found significantly increased
normalised power of vasomotion in patients with primary HTN, but found no significant
differences in the frequency or cycle length of the oscillation between hypertensive and
normotensive patients (Hollenberg & Sandor, 1984). The current study also found that male mice
exhibited higher LFO power than female mice. As locomotion was found to differ between sexes

in the current study, and it is known that locomotion affects haemodynamic responses (Eyre et

al., 2022), it may be possible that locomotor behaviour contributed, at least partially, to the
differences seen in LFOs in addition to haemodynamic responses. A study by Ahmadi et al.,
(2020), reported that a period of exercise was found to improve endothelial function of coronary
arteries and thereby vascular vasomotion function (Ahmadi et al., 2020). Thus, while the current
study cannot say for certain why LFO power was lower in female mice, differences in walking
behaviour could possibly be a contributing factor. Further studies are needed to better
characterise vasomotion in HTN as well as to examine potential differences in this process
between sexes. As vasomotion may aid in the clearance of A from the brain (Aldea et al., 2019;
van Veluw et al., 2020), and HTN is one of the leading risk factors for AD, a better
understanding of this process in the hypertensive state could be beneficial in finding therapeutic
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targets for the prevention of AD.

The current study revealed that ang-II-treated mice and controls did not differ significantly
in terms of their short-term or long-term memory, as determined by the NOR test; aligning with
studies finding no difference in ang-II hypertensive mice and healthy mice in terms of cognitive
performance (Cifuentes et al., 2015; Wiesmann et al., 2017). The negative findings in terms of
changes in cognition might be related to the age of the mice in the current study, as some studies
have found learning (Toth et al., 2013) and spatial memory (Csiszar et al., 2013) deficits in aged
(24 month old) but not young (3 month old) mice after 4 weeks of angiotensin-II infusion.
However, conversely, Duchemin et al. (2013) have found learning and spatial memory
impairments in young (eight-week-old) mice after 21 days of angiotensin-II infusion at a rate of
1900 ng/kg/min (Duchemin et al., 2013). Although, this dosage of angiotensin-II was
significantly higher than that used in the aforementioned studies (1000 ng/kg/min), as well as
that used in the current study. Thus, another avenue for future research could be to further
explore the effects of aging on HTN-related changes, as age may play a role in the development
of HTN-mediated cognitive impairment; several studies have shown that mid-life HTN and
elevated mid-life systolic blood pressure were associated with cognitive decline (Gottesman et

al., 2014; Launer et al., 1995).

Contrary to previous studies, the current study also did not observe any significant
differences at the cellular level between ang-II-treated mice and controls in terms of glial and
vascular cells. This aligns with the findings of Milner et al. 2022, that found no differences in
GFAP or Iba-1 in the middle prefrontal cortex of ang-II-treated mice, regardless of sex.
However, in ang-II-treated male mice, an increase in the density of GFAP was observed in the
subgranular hilus and a decrease in the density of Iba-1 in the CA1 region (Milner et al., 2022).
In female ang-II-treated mice, an increase in the density of Iba-1 was observed in the dentate
gyrus and the CA2/3a region (Milner et al., 2022). These results suggest sex and region-specific
differences in glial activation as a result of ang-II treatment, and reveals the hippocampus as a
particularly vulnerable brain region to ang-II treatment. In the current study, there were no
significant differences in GFAP, Ibal, and SMA staining observed between groups or across

sexes in the hippocampus or cortex.
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While the current study did not observe significant differences in the markers associated
with gliosis, inflammation, and vascular alterations that have been reported in ang-II treated mice
after 4 weeks (Meissner et al., 2017), there does appear to be some inconsistency in the literature
regarding detectable changes in these markers. Iulita et al., 2018, reported that after 14 days of
infusion of a subpressor dose of ang-II (200 ng/kg/min), increased Iba-1 levels were observed
but not an increase in GFAP (Iulita et al., 2018). Further, a study by Wiesmann et al., 2016,
using a 500ng/kg/min dose of ang-II found no significant differences in the amount of activated
microglia in mice as determined using Iba-1 staining (Wiesmann et al., 2017). Similarly,
Cifuentes et al., 2014, also found no significant difference between ang-Il-treated hypertensive
mice (1000ng/kg/min) and control mice in terms of microglia activation (Iba-1) after 2.5 months
of infusion (Cifuentes et al., 2015). However, in APP mice and ang-II-treated APP mice, higher
levels of activated microglia were found, suggesting that microglia activation may be stimulated
by the presence of AP, regardless of ang-II-induced HTN, as differences in microglia activation
were not seen between ang-II-treated vs control mice (Cifuentes et al., 2015). Interestingly, Toth
et al., 2013, found no significant hypertension-induced changes in microglia activation in young
(3-month-old) ang-II treated mice (1000 ng/kg/min), but found an increase in microglia
activation in aged ang-II treated mice (24-month-old) (Toth et al., 2013). Therefore, age may
also play a role in levels of neuroinflammation in response to ang-Il-induced HTN, possibly due

to an impairment in the ability of the cerebral arteries of aged mice to functionally adapt to high

levels of pressure, leading to disrupted autoregulation, BBB dysfunction, and neuroinflammation
(Toth et al., 2013). As mice in the current study ranged from 6-8 months of age, it may be
possible that clearer differences in some of the markers would have emerged at an older age.
While differences in traditional markers of HTN-induced inflammatory and vascular changes
were not consistently observed in the current study, early haemodynamic changes may point to

potential sub-threshold alterations.

It may be possible that some effects were not detected due to limited statistical power when
analysing subgroups by sex, therefore subtle changes may exist below the threshold of detection
in the current design. Sex-specific physiological factors may also obscure typical ang-II effects.
It is known that ang-II differentially affects female and male rodents and humans (Costa et al.,

2016; Girouard et al., 2008; Sampson et al., 2008; Toering et al., 2015; Xue et al., 2005), with
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males exhibiting greater sensitivity to the cardiovascular effects of ang-II. While the renin-
angiotensin-aldosterone system (RAAS) intrinsically regulates cardiovascular function and blood
pressure in both sexes, a shift in this system towards cardioprotective pathways is observed in
females between puberty and menopause through modulation of vasodilator and vasoconstrictor
pathways by sex hormones such as oestrogen (Colafella & Denton, 2018). The lack of
confirmatory blood pressure data may also be a limitation of the current study. Ang-II-infusion is
associated with a pressor response that is dependent on both the dose and length of time of
infusion (Gomolak & Didion, 2014). Therefore, the timing of the assessments may not fully
capture the full disease course. However, it has been reported that while lower doses of ang-II
such as 200 ng/kg/min result in an increase in systolic pressure beginning at day 14 of infusion, a
dose of 400 ng/kg/min was found to increase systolic pressure by day 7 (Gomolak & Didion,
2014), which would fall during timepoint 1 of imaging in the current study. Although, Capone et
al. (2011), found no elevation in arterial pressure with a dose of 200 ng/kg/min, and an increase
in arterial pressure by day 9 in C57BL/6 mice using a dose of 600 ng/kg/min (Capone et al.,
2011), as used in the current study. As conflicting evidence exists regarding dose-specific
timings of ang-II infusion on arterial pressure, measurements taken at the time of imaging
experiments would aid in the interpretation and contextualisation of the current results. Future
work may also benefit from additional markers to better characterise endothelial and

inflammatory changes, for instance, assessing VCAM-1, ICAM-1, TNF-a or IL-1 using

immunohistochemistry or transcriptomics. Comparing ang-II-induced effects with other
hypertension models (e.g., DOCA-salt or genetically hypertensive mice such as BPH/2) could
also help clarify if the modest changes observed here are model-specific and could additionally

help further elucidate the effects of hypertension on brain vascular function.

3.5.1 Conclusion

In the current study we examined the effects of ang-II infusion on cerebrovascular function, low-
frequency vascular oscillations, cognition, MUA, and glial/vascular cells. While ang-II is widely
used to model HTN in rodents, our findings suggest that its effects may be more nuanced,
particularly when examining early functional outcomes in the brain. Some treatment-specific

effects were observed in the current study, notably, a shorter time to onset of the HbT response
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to a 2s whisker stimulation was observed in ang-II-treated mice at an earlier imaging timepoint.
Also, LFO power was found to be lower in ang-II-treated males compared to healthy male
controls. These findings suggest that early or subtle cerebrovascular changes may precede overt
changes in NVC responses, cognition, or widespread structural or inflammatory changes, in
addition to suggesting important sex differences. Indeed, sex had significant effects on
haemodynamic responses, LFOs, and locomotion in the current study, in that female mice
exhibited lower peak and magnitude of HbT responses to stimulation, lower LFO power than
male controls, and exhibited less locomotion during awake imaging sessions than male mice.
These results could suggest that differential locomotor activity may have partially contributed to
the observed sex-dependent haemodynamic differences. Therefore, our results highlight the
importance of considering sex as a biological variable in preclinical HTN research, as the
findings of the current study support the growing recognition that sex plays a critical role in the

pathophysiological profile induced by ang-II.
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4 Discussion

The primary aim of this thesis was to investigate the impact of disease on cerebrovascular
function. To investigate this, measures of neurovascular function obtained through in-vivo
imaging of preclinical models of AD (J20-AD) and HTN (ang-II-induced) using 2D-OIS and
electrophysiological techniques allowed for the exploration of the effects of disease (AD, HTN)
on brain vascular function. As alterations in vasomotion have been observed in both AD (Kotliar
et al., 2022; van Beek et al., 2012) and HTN (Hollenberg & Sandor, 1984; Pascoal et al., 1998),
the thesis also aimed to investigate vasomotion in health and disease, and assess the feasibility of

this process as a biomarker.

4.1 Overview of Findings

The first study included in the thesis (chapter 2), was a study investigating vasomotion in a
preclinical model of AD. As vasomotion could be a biomarker of vascular dysfunction in AD,
this study investigated LFOs (0.06 - 0.2 Hz) in HbT of anaesthetised J20-AD mice. The aim of
this study was to assess whether there were differences in arterial LFOs between J20-AD and
healthy mice, and further, to investigate the relationship of this signal to neural activity. An FFT
was conducted on arterial HbT recorded using 2D-OIS, and powers within the 0-06 - 0.2 Hz
range were summed and used as a measure of vasomotion for comparison within the groups. As
some mice underwent 2D-OIS imaging and electrophysiology simultaneously, a kernel analysis
was used to examine the relationship between LFOs and neural activity. The study found that
LFOs increased when inspired breathing gas was switched from oxygen to air in all animals
regardless of group, however, the power of LFOs did not differ significantly between J20-AD
mice and healthy C57BL/6 mice. LFO power was found to only differ between the groups in our
chronic preparation, in which an electrode implant had been inserted into the brain for
electrophysiology. Interestingly, this study revealed a strong temporal relationship between the
LFOs and MUA, suggesting that LFOs were being driven by underlying neuronal activity.
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The second study included in the thesis (chapter 3), was a study investigating the effects of
ang-II-induced HTN on cerebral haemodynamics and LFOs in awake mice. HTN has emerged as
a leading risk factor for AD, through detrimental effects on the structure and functionality of
cerebral vessels, ultimately leading to increased vascular resistance and impairments in CBF and
NVC. However, the mechanisms underlying how HTN can lead to AD are incompletely
understood. Therefore, the aim of this study was to further investigate the effects of HTN on
brain vascular function. Mice were treated with ang-II (600ng/kg/min) delivered through an
osmotic pump, or saline, for a 28-day period. Throughout the treatment period, mice underwent
awake imaging of cerebral haemodynamics using 2D-OIS, the NOR test, and
electrophysiological measurements. At the end of the 28 days, histology was performed on
dissected brains. The current study found a faster time to onset of the HbT response to whisker
stimulation in ang-II-treated mice, however, no other treatment-specific effects were observed on
NVC. Additionally, locomotion was found to differ between male and female mice in terms of
walking behaviour, in that male mice exhibited higher levels of locomotion than female mice.
LFO power was also found to differ between the groups, in that male control mice exhibited
significantly higher LFO power than ang-II-treated males. Interestingly, sex also emerged as a
key variable affecting haemodynamic responses and LFOs, in that female mice exhibited a
significantly lower peak and magnitude of their HbT response to whisker stimulation compared
to males, as well as lower LFO power compared to male mice. No significant histological

differences between ang-II-treated and saline-treated control mice were observed.

4.2 Vasomotion as a Biomarker for Disease

Despite the absence of disease-related differences in vasomotion observed in a preclinical model
of AD, differences in LFO power were observed between ang-II-treated males and male controls,
with ang-II-treated males exhibiting lower LFO powers. Contrary to initial hypotheses, the
current work found no differences in LFOs between healthy C57BL/6 mice and J20-AD mice.

This differs from several studies that have reported alterations in LFOs in AD (Bonnar et al.,
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2023; Kotliar et al., 2022; Rivera-Rivera et al., 2020; van Beek et al., 2012). However, findings
in this regard have also been quite conflicting, as both enhancements and impairments in
vasomotion have been described. The current study found lower LFO power in ang-II-treated
males than in male controls, aligning with studies finding alterations in vasomotion in HTN
(Hollenberg & Sandor, 1984; Liu et al., 2017; Pascoal et al., 1998), specifically those that have
reported deficits (Liu et al., 2017). The current study found impairments in vascular LFOs in
ang-II-treated male mice that preceded any major detectable changes in NVC, cognitive function,
and immunohistochemical profiles, suggesting that vasomotion deficits may represent an early
pathophysiological event in HTN. It has been suggested that vasomotion might increase tissue
perfusion (Nilsson & Aalkjaer, 2003), which could be why changes in the prevalence or
amplitude of vasomotion might be expected to be observed in conditions like AD and HTN,
which are both associated with compromised oxygen delivery (Foster et al., 2010; Liu et al.,
2023). However, the current studies suggest that, under the conditions tested, vasomotion may
lack sensitivity to early pathological changes in AD, particularly when neural activity is not
controlled for or accounted for in analysis. It is possible that LFOs might become disrupted only
at later stages of disease progression or under different physiological conditions (e.g., stress,

hypoxia, aging).

4.3 Vasomotion and Neural Activity

One of the most notable findings of this work is discovery that vasomotion signals were
primarily driven by neural activity. Thus, results of the current study may highlight
inconsistencies with the use of the term “vasomotion” to describe LFOs in-vivo. It was found
that LFOs within a range typically associated with vasomotion were in fact being driven by
neuronal activity. Recently, the term “vasomotion” has been used to describe two separate
phenomena: (1) LFOs that arise from intrinsic vascular mechanisms, i.e., vasomotion by its
classic definition, and (2) LFOs that arise from a blend of neural-induced and neural-independent
mechanisms, i.e., NVC. Several studies have reported coupling between cerebral LFOs and
neuronal activity, in that LFOs can become entrained by neural activity in mice (Broggini et al.,

2024; Mateo et al., 2017). Although, classically defined vasomotion has been found to occur
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independently of neural activity (Hudetz et al., 1992; Mayhew et al., 1996). However, these
findings have been in rat models, suggesting the possibility that vasomotion in-vivo might
possibly differ between species in terms of its relationship to neural activity. Similar to the
findings of LFOs in cerebral haemodynamics being driven by neural activity in mouse studies
(Broggini et al., 2024; Mateo et al., 2017), LFOs in mice in the current study showed a similar
relationship to MUA signals. These findings call for a more nuanced interpretation of
vasomotion data in disease models and emphasise the need for experimental paradigms that can
disentangle vascular versus neurogenic contributions to these LFOs. Future studies should
further investigate the specific neural mechanisms that drive these oscillations and whether they

differ across disease states or stages.

4.4 Hypertension and Neurovascular Coupling

Although global measures of NVC were largely preserved in ang-II-treated mice, a faster onset
of the haemodynamic response (HbT) relative to control mice was observed. This is contrary to
our expectations of delayed or blunted haemodynamic responses in ang-II-treated mice in the
current study that have been reported by others (Capone et al., 2011; Kazama et al., 2003); which
may reflect impairments in the signaling mechanisms that mediate the rapid coupling between
neural activity and local vascular responses. Potential mechanisms could include altered
endothelial function or early disruption of vascular responses due to factors such as hypertrophy
or remodelling; both of which have been implicated in HTN (Iadecola & Davisson, 2008). In the
current study, differences were observed in the timing of the HbT response in the parenchyma
ROI compared to controls. The accelerated response in ang-II-treated mice could possibly
indicate a state of enhanced or dysregulated vascular reactivity in the context of HTN.
Alternatively, this could reflect a compensatory mechanism in response to the effects of ang-I1
aimed at preserving perfusion during neural activation. A large decline in parenchymal CBF has
been observed in patients with high BP or with untreated or poorly controlled HTN compared to
normotensive patients (Muller et al., 2012). Although, NVC responses to whisker stimulation
were measured in mice in the current study, rCBF was not assessed. As the NVC response was

found to differ slightly in ang-II-treated mice from controls, it would be of interest to see if tTCBF
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differed between the groups. However, several studies have reported attenuated NVC responses
to sensory stimulation without changes in CBF (Capone et al., 2011; Kazama et al., 2003).
Interestingly, the magnitude of the neurovascular response (i.e., peak and AUC) was not
significantly different between the groups. The alteration in the timing of the response (time to
onset specifically) found in the current study could suggest that temporal features of NVC may
offer a more sensitive index of early vascular dysfunction than static amplitude-based metrics

alone.

4.5 Sex Differences in Vascular and Behavioural Outcomes

Another notable outcome of this study was the identification of significant sex differences in
both cerebrovascular and behavioural domains. The current study found that sex had a significant
effect on both locomotor behaviour and haemodynamic function of the mice. Locomotion was
found to differ significantly between males and females, specifically, male mice were found to
walk more than female mice during the awake imaging sessions. Several rodent studies have
revealed sex differences in physical activity levels, in that female mice and rats are often more
active than males (Rosenfeld, 2017). Contrary to this, male mice were found to exhibit higher
levels of locomotion than females. However, the effects of ang-1I are known to differentially
affect male and female mice (Costa et al., 2016; Girouard et al., 2008; Sampson et al., 2008;
Toering et al., 2015; Xue et al., 2005), with greater cardiovascular effects on males. Thus, it may
be possible that the cardiovascular effects introduced from ang-II infusion have additional

effects on the walking behaviour of the mice.

In terms of cerebrovascular function, female mice exhibited a lower peak and smaller AUC
of the HbT response compared to males. These differences were not observed across disease
groups but were consistent within sex, suggesting intrinsic sex-based variability in vascular
responsivity. Further, lower LFO power was observed in female control mice compared to males.
As locomotion was found to differ between sexes in the current study, it could be possible that
the differences observed in haemodynamic responses and LFOs in female mice compared to

males could be contributed to, at least in part, by differential locomotor activity. These findings
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align with growing literature highlighting the importance of sex as a biological variable in both
cerebrovascular research and dementia risk (Brady et al., 2024; Girouard et al., 2008). The
mechanisms underlying these differences, whether hormonal or metabolic, for instance, remain
to be elucidated, but their presence underscores the need for sex-stratified analysis in future

work.

4.6 Methodological Considerations and Limitations

A limitation of the current work is that specific changes in vessel diameter were not quantified
when exploring vasomotion in-vivo. Thus, while OIS can be used to assess vasomotion in-vivo,
more precise insights in terms of vessel diameter changes could be obtained with an imaging
modality with a greater depth specificity and spatial resolution, such as two-photon microscopy.
This could help provide additional insights into vasomotion in preclinical models of AD and
HTN. Another limitation of the current studies is that the method used to acquire MUA data, i.e.,
electrode insertion into the WBC, is an invasive method that results in a CSD after insertion
(Shabir et al., 2022; Shabir et al., 2020; Sharp et al., 2020), the effects of which subside over
time. However, the timing of imaging experiments after electrode insertion should have allowed
for sufficient time for haemodynamic recovery, at least in healthy mice (Shabir et al., 2022). In
the study exploring LFOs in HbT in ang-II-treated mice, MUA data could not be collected
simultaneously except for in the acute anaesthetised session, as the invasive procedure of
electrode insertion into the barrel cortex cannot be performed in awake mice. Future work should
consider the use of non-invasive techniques for the imaging of brain activity without the need for
an electrode, such as GCaMP. This would additionally aid in avoiding the confounding effects of
CSD when looking at MUA while also allowing for the recording of neural activity in awake
mice. A benefit of exploring LFOs awake ang-1I-treated mice as done in the current study, is that
the confounds of anaesthetic use on LFOs could be avoided, as studies have reported that
anaesthetic use impacts vasomotion in-vivo (Colantuoni et al., 1984; Hundley et al., 1988). As
several studies have shown valuable insights into the effects of HTN on AD progression and
pathology by using mixed-models (Cifuentes et al., 2015; Wiesmann et al., 2015), a useful

avenue for future research that was not done in the current study would be to explore vascular
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changes and LFOs in hypertensive AD mice, for instance, in J20-mice treated with ang-II.
Further, as aging strongly influences vascular function, exploring this in different age ranges

(i.e., in aged mice) could also be an important area of investigation.

4.7 Conclusion

This work contributes to the evolving understanding of neurovascular function in preclinical
disease states. While no major changes in LFO power were observed in AD, the current study
found lower LFO power in ang-II-treated males compared to healthy male controls. These
deficits were found to occur before overt changes in NVC, cognition, or immunohistochemical
markers between HTN and control mice, suggesting that changes in LFOs may represent an early
pathophysiological event in the disease course of HTN. The current study also found that LFOs
were driven by neuronal activity, providing important insights into the interpretation of
vasomotion signals in-vivo, as what was previously interpreted as intrinsic vascular oscillations
may instead reflect low-frequency NVC. Further, although NVC responses were found to be
largely intact in HTN mice, the current study observed sex differences and timing alterations of
HbT responses in HTN, as well as sex differences in LFOs. These findings highlight the
complexity of vascular regulation in disease and reinforce the need for multifaceted, sex-aware

approaches in future dementia research.
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