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Chapter 1: Review of The Literature

Project Overview

Global disease burden and mortality rates are heavily influenced by the
development of age-related chronic diseases®3. As such, biological aging is seen as a
major public health concern given that, globally, the older adult population is
expected to exponentially increase and be accompanied by a significant increase in
the incidence of chronic diseases*. By 2030, it is projected that over 20% of the
population in the United States will consist of adults 65 years and older®. This shift in
demographics is expected to not only increase the incidence of chronic diseases and
related costs, but also place unsustainable strains on healthcare systems® 7,
Unsurprisingly, “healthy aging” has become a global research and public health
initiative®-11,

Neurodegenerative diseases represent a spectrum of, mostly age-related, brain
conditions where progressive losses in neuronal populations are coupled to losses in
cognitive function, that overtime, can result in the development of dementia®?.
Multiple lines of evidence show pathologies of the peripheral body systems can
contribute to the development and progression of neurodegenerative diseases!3-16,
Among these, diseases of the cardiovascular system have been consistently tied to
cognitive decline and the development and progression of neurodegenerative diseases
such as Alzheimer’s Disease (AD)> 1719, Yet, the mechanisms by which

neurodegeneration can be initiated, influenced, or exacerbated by cardiovascular
1



disease remain poorly understood? 2, In this context, alterations to brain
hemodynamics has long been posited to be a key etiological event by which
cardiovascular disease can contribute to neurodegeneration and dementia? because it
can lead to decreases in tissue perfusion and substrate availability?3-2°,

Circulating blood glucose is the primary metabolic substrate for neurons?,
and low tissue perfusion may impair glucose transport and lead to energetic deficits
that compromise neurophysiological processes and neuronal health?®. In neurons,
mitochondria play an integral role in oxidizing glucose to generate adenosine
triphosphate (ATP); the energetic currency that powers various neurophysiological
processes such as, neurotransmission, synaptic plasticity, and cytoskeletal
remodeling®”-?°. To do this, neural mitochondria can form and regulate functional
energetic networks throughout neuronal compartments (e.g., soma, axon, synapse)3%
31, These mitochondrial energetic networks are governed by complex and interrelated
quality control mechanisms that include fusion and fission events, mitophagy, and the
mitochondrial unfolded protein response (UPR™)32 33, Although not fully understood,
all these quality control mechanisms are reported to be dysregulated during
neurodegenerative diseases?® 3438,

While animal models of cardiovascular disease suggest glucose transport and
oxidation are compromised when neuronal tissue is poorly perfused (e.g.,
hypoperfused)3®-4, these observations stem from disparate models, time scales, and
center around physically lowering cerebral blood flow to limit brain perfusion?: 42 43
despite human studies suggesting hypoperfusion may stem from low arterial

compliance and high blood flow pulsatility?* 4. As such, we aim to take advantage of



the rodent model of transverse aortic constriction (TAC) where the ligation of the
transverse aorta leads to divergent bilateral blood flow responses where the right
common carotid displays sustained but pulsatile blood flow and the left common
carotid displays decreased blood flow*°. Recent work shows this blood flow response
is maintained at the cerebral hemispheres, and both lead to tissue hypoperfusion?®,
Therefore, the TAC model of cardiovascular disease can be used to address a major
gap in the literature. That is, the divergent bilateral carotid and hemispheric blood
flow responses can be used to address whether hypoperfusion stemming from
sustained but pulsatile blood flow and hypoperfusion from lower brain blood flow
differentially affect many of the mechanisms by which cardiovascular disease could
induce neurodegeneration. Specifically, this project aims to address the consequences
of these hemodynamic responses on glucose transport, neuronal mitochondrial
energetics, and mitochondrial quality control. Addressing these gaps in the literature
will provide context to better understand the role brain hemodynamics play on
neurodegenerative processes from an integrative point of view and thus, help better

understand the intersection between cardiovascular disease and neurodegeneration.

Significance

Cardiovascular and neurodegenerative diseases are two of the most common
age-related chronic diseases among older adults today'3, and it is estimated that 36%
of the current global disease burden in older adults is made up by cardiovascular and
neurodegenerative diseases alone*’. Moreover, the overall global cost of
cardiovascular disease and dementia are estimated to exceed $503.2 and $604 billion

USD, respectively!” 48, Extensive research into cardiovascular and neurodegenerative
3



disease pathology show a close association between cardiovascular health and brain
health'8 and the development of cardiovascular pathologies can increase the risk of
developing neurodegenerative diseases and dementia later in life'6. This is
underscored by emerging longitudinal data from separate large-scale studies where
poor baseline indices of vascular health*® (e.g., high arterial stiffness as measured via
pulse pressure and pulse wave velocity), high multivariate cardiovascular risk scores
(as measured by The Framingham General Cardiovascular Risk Score)®°, or
accelerated cumulative cardiovascular disease burden trajectory®®, have been
identified as prominent components in the likelihood of developing dementia.
Although it is not fully understood, these observations highlight that common age-
related pathologies may be more intricately related than previously thought?® 2151, As
such, there is a growing need for work that involves an integrative approach to
common chronic diseases and that can provide additional context to existing isolated

disease studies1? 13.14.52

Vascular Contributions to Cognitive Impairment and Dementia

Clinically, dementia represents a myriad of diverse and, oftentimes, age-
related neurodegenerative conditions that lead to deficits in cognitive function of
such severity that activities of daily living and independence are compromised®:.
Alzheimer’s Disease (AD) is the most common neurodegenerative disease among
older adults today®, and over 40% of individuals with dementia are clinically
classified as having AD>*. However, most clinical cases of AD in older adults are
characterized by the dual presence of AD-related pathology and advanced vascular

pathology®3. While it is challenging to delineate in such cases whether cognitive
4



deterioration is primarily caused by AD pathology or vascular pathology®®, it is
widely accepted that vascular disease speeds up the rate of progression in dementia®.
Vascular disease has not been exclusively linked to AD, and multiple studies have
found cardiovascular disease can be involved in the development of other age-related
neurodegenerative diseases such as Parkinson’s Disease (PD), as well as other
neurodegenerative conditions found throughout the lifespan such as Amyotrophic
Lateral Sclerosis (ALS) and Huntington’s Disease (HD)®%®. Given this, the vascular
contributions to cognitive impairment and dementia (VCID) represents a growing
field of study that attempts to better characterize the specific roles vascular risk
factors and cardiovascular diagnoses play in the development of cognitive
dysfunction throughout the lifespan®.. Critically, it is important to note here that work
on VCID has led to the identification and classification of other types of dementia
including vascular cognitive impairment (VCI) and vascular dementia (VaD)®%. VVCI
and VaD represent a spectrum of deficits in brain function and structure stemming
from chronic primary vascular pathologies'® %, where subclinical or clinical vascular
insults result in brain injury and cognitive impairment affecting one or more cognitive
domains®. Just as mild cognitive impairment (MCI) is traditionally seen as a
prodromal form of AD, VCI can be seen as a prodromal form of VaD%®.
Epidemiological data suggests VaD is the second most common type of dementia
among older adults, accounting for ~20% of dementia cases today, and this is
expected to triple by 20508 20, Despite this, compared to AD, VaD remains a
pathology with limited representation in clinical trials, limited animal models, and

possibly heavily underreported in the clinic*. Therefore, considering that the



incidence of dementia is expected to surpass 13 million older adults by 2050°, VaD is
a large component of a growing public health concern that is in dire need of
comprehensive study® 2,

The etiology of VCI and VVaD has been difficult to characterize in humans
given disease progression and the cognitive deficits it elicits are dependent on the
primary vascular pathology (e.g., small vessel disease v. microinfarction), the neural
substrates affected (e.g., frontal v. temporal cortex), and the vessels involved (e.g.,
middle cerebral artery v. posterior cerebral artery)®6: 2% 58 Nevertheless, a growing
interest in VCI and VaD as stand-alone pathologies (e.g., independent from related
pathologies such as AD) has led to the identification of possible physiological
mechanisms that promote the development of VCI and VVaD*® 17:%8, Among these,
pulsatile blood flow and cerebral hypoperfusion are firmly grounded as a key
etiological mechanism of brain dysfunction in VCI and VVaD* 44 %8 Indeed, because
chronic blood flow pulsatility is associated with sustained mechanical stress, it can
result in sustained end-organ damage that compromises the ability to couple neuronal
activity to blood flow, and therefore?*, lead to tissue hypoperfusion and reduced
oxygen and substrate availability*.

Human studies employing clinical imaging techniques such as Doppler
ultrasound imaging, magnetic resonance imaging (MRI), and positron emission
tomography (PET) all suggest changes in large artery structure and function and the
maladaptive hemodynamic responses that ensue are an etiological hallmark in VCI
and VaD?*. For example, Doppler ultrasound studies have shown that increased aortic

stiffness, as measured via pulse wave velocity, is positively associated with cognitive



decline, as well as gray and white matter damage?*. Increased stiffness in large
conduit arteries (e.g., aortic and carotid) are harmful to cognitive and brain health
because arterial compliance dissipates blood flow pulsatility, protecting cerebral
microvessels and brain tissue from end-organ damage?*. Pulsatile blood flow
represents the oscillatory waveforms that are generated by the pressure difference
between systolic and diastolic blood pressure each cardiac cycle?* 6. When this
pressure difference increases (as seen in hypertension or increased vessel stiffness),
the amplitude of the oscillatory waveforms is greater, and thus, the pulsatility of
blood flow also increases?* %°. Since cerebral microvessels lack an external elastic
lamina, pulsatile flow is dampened into steady capillary flow by large arteries, which
then prevents the propagation of harmful pulsatile wave forms into brain microvessels
and tissue; a phenomena known as the Windkessel effect'® 24, Thus, increased arterial
stiffness and an impaired Windkessel effect may facilitate the accretion of mechanical
stress and structural damage to cerebral microvessels and neurons, that overtime, may
manifest as cognitive impairment and dementia?3 24,

Beyond acting as a buffer to mechanical stress, the Windkessel effect also
plays an important role in cerebral blood flow autoregulation? because the
maintenance of microvessel and neuronal integrity are important for the myogenic
response and regulation of neurovascular coupling?® 560, The myogenic response
represents the ability of small arteries and arterioles to constrict when blood pressure
increases (normalizes wall tension) and dilate when mean arterial pressure falls
(reduces vessel resistance)®® 61, On the other hand, neurovascular coupling is the

process by which increases in neuronal activity are accompanied by the increases in



blood flow and the delivery of oxygen, glucose, and nutrient-rich blood necessary to
sustain neuronal communication?® 0, In this context, autoregulation of brain blood
flow allows for the precise distribution of blood flow to sites of high neuronal
activity (neurovascular coupling) while sustaining cerebral blood flow and perfusion
pressures constant across a range of blood flow velocities and pressures (myogenic
response)®®. As such, when the Windkessel effect is impaired such that large arteries
stiffen and pulsatile flow increases, the mechanical stress associated with this can
induce physical damage to brain small arteries and arterioles that eventually
propagates into neurons'® 24:26.59 Qver time, as this damage accrues, the
microvascular wall in cerebral vessels may begin to lose its myogenic response
leading to sustained damage to neurons and an inability to properly induce
neurovascular coupling?* 44, This series of chronic events may ultimately present in
clinic as altered pathological cerebral blood flow (e.g., low cerebral blood flow and
tissue perfusion), lower brain glucose uptake, and cognitive decline!® 24 2659, |ndeed,
ultrasound Doppler studies®? show cerebral blood flow is impaired during VCI and
VaD, and MRI-Arterial Spin Labeling (ASL) studies have reported decreases in
cerebral blood flow are matched by losses in brain perfusion signal®3 64,
Unsurprisingly, structural MRI studies show changes in blood flow and perfusion are
coupled to increased white matter lesions, microbleeds, and other ischemic lesions
that are indicative of a loss in cerebral microvessel integrity*6: 2%, Lastly,
fluorodeoxyglucose (FDG)-PET studies of VVaD report decreases in cerebral blood
flow are accompanied by decreases in neuronal glucose uptake that further suggest

deficits in neurovascular coupling®. Therefore, a secondary effect of low arterial



compliance may be a disruption to the mechanisms that regulate cerebral blood flow,
perfusion, and transport of substrates into active neurons. Despite the insights gained
from human studies, these studies are limited because the clinical symptoms of
dementia occur late in disease progression® when older adults will often present
additional comorbidities such as mental health conditions (e.g., depression)®’, and
concurrent cardiovascular/cerebrovascular pathologies (e.g., hypertension with
cerebral small vessel disease 6 21) that make it extremely challenging to isolate the
etiological roles any given primary vascular pathology may play towards cognitive
decline?6: 2568,

In theory, because most animal studies can mimic specific cardiovascular
pathologies, these models aid in isolating the independent contributions divergent
vascular pathologies have towards cognitive decline from a mechanistic point of
view®. Animal studies have revealed various potential molecular mechanisms for
VClI and VaD including, dysregulation of blood-brain barrier (BBB) integrity,
cerebral hypoperfusion, trophic uncoupling, and the inability of the neurovascular
unit (NVU) to cope with chronic biological insults'”: %3, Acute hypertension can lower
the expression of BBB tight junction proteins such as claudin-3,-5, and -12, and also
increase the penetration of blood-brain barrier impermeable agents such as the Evans
blue dye in rats’. Because losses in BBB integrity are commonly found in animal
models of cardiovascular disease " 72, this suggests there is structural damage at the
NVU % 73; a possibility already substantiated by data from human studies®® 65 74, The
NVU is a cellular complex made up by a consortium of cells that include neurons,

astrocytes, pericytes, microglia, brain capillary endothelial cells, and



oligodendrocytes, and where neurovascular coupling takes place?. Though not
entirely understood, altered blood flow and losses in arterial compliance in
cardiovascular disease can lead to a mismatch in the provision of oxygen and glucose
to active neurons?® 73, In murine FDG-PET studies, low brain blood flow from
bilateral carotid artery stenosis leads to impaired glucose metabolism within the
cortex and hippocampus’. Further, mouse models of spontaneous hypertension show
increased aortic stiffness is related to reduced cerebral blood flow, lower expression
of mainly endothelial glucose transporter 1 (GLUT1) mRNA, mitochondrial
dysfunction, and deficits in memory and learning3® 76 77, Thus, animal models
provide compelling evidence to show increased arterial stiffness and altered
hemodynamics in cardiovascular disease may lead to mechanical damage of the NVU
and impair the transport of glucose into neurons and their ability to oxidize it; leaving
neurons unable to sustain neural communication, and thus, cognitive function?.
However, it must be noted here that the disparate and somewhat limited
number in animal models used to study VCID, as well as the experimental time
periods involved make it challenging to fully determine the etiological hallmarks of
pure VCI and VaD?. Indeed, as stated above disrupted cerebral blood flow and
hypoperfusion stemming from a loss in arterial compliance and increased brain blood
flow pulsatility are widely regarded as etiological hallmarks of human VCI and
VaD?®3. Yet, much of the animal research used to study the neurobiological
consequences of hypoperfusion involves the use of large-artery occlusion (e.g.,
bilateral common carotid stenosis, asymmetric common carotid constriction) or

genetic knockout models (e.g., ApoE -/- , LDLr -/-) that either do not entirely reflect

10



the hemodynamic roots of hypoperfusion seen in humans, or include multiple
components of cardiovascular disease (e.g., systemic inflammation) that also
contribute to VaD? 53, The widely used bilateral common carotid constriction models
achieves cerebral hypoperfusion by employing small diameter coils, and ameroid
constrictors (in asymmetric constriction), that occlude the right and left common
carotid arteries, and therefore, physically limit the amount of blood that reaches the
cerebral vasculature’®. However, such models place overt focus on limiting blood
volume supply and fail to reflect evidence showing chronic mechanical stress and
damage may be key to hypoperfusion®® %6, BBB breakdown and cognitive decline’,
and thus, human VaD*. Moreover, genetic knockout models such as the ApoE -/-
model of hypercholesterolemia, have been widely used to study VCID and VaD, and
observed to increase breakdown of the BBB&® and lead to cognitive impairments®.,
Yet, the hemodynamic response of this model is yet to be comprehensively
characterized®®, and the knockout of ApoE can negatively impact the distribution of
specific cell populations in the rodent adult brain®2. Thus, while insightful the animal
models currently used fail to represent key etiological components of VCI and VaD.
Specifically, these models do not address whether pulsatile blood flow and
mechanical damage and the possible tissue hypoperfusion that ensues directly impair

neuronal processes that contribute to neurodegeneration?

Behavioral Manifestations of VCI and VVaD

Because most older adults clinically diagnosed with AD will often present
evidence of mixed dementia (e.g., AD/VCI)® 53 it is not surprising that several

studies have found much overlap in the neuropsychological features of patients
11



diagnosed with AD and VaD** 8, However, human neuroimaging studies have found
that unlike MCI and AD, indices of structural damage within the brain of patients
with major neurocognitive disorders following cerebrovascular events are largely
heterogenous'® 74, That is, while MCI and AD is often associated with early damage
to specific brain structures such as the hippocampus®4, pure VaD may not be
centralized to specific structures but to broad brain areas that negatively affect a wide
array of cognitive domains® 2. Intriguingly, some neuropsychological studies have
found that although the degree and severity can vary, patients with VCI and VaD,
more often than not, will display deficits in cognitive processes associated with the
frontal lobes and frontostriatal circuits such as executive function, information
processing, and motor behavior?® %8.83.85 \When compared to AD, individuals with
pure VaD have more difficulty with higher order processes associated with the
prefrontal cortex such as emotional regulation® 87 as well as those associated with the
basal ganglia such as psychomotor speed?’. Thus, while not exclusive, VaD may most
commonly present with behavioral changes that are regulated by frontostriatal
circuitst® 219885 This is supported by clinical neuroimaging studies that have found
abnormal alterations in brain function and structure involve mainly the frontal lobe
and structures of the subcortical basal ganglia such as the striatum®3-65 74.88 Therefore,
developing neuropsychological and clinical assessments that testing frontostriatal
circuits may be beneficial when attempting to distinguish between MCI/AD and

VCI/VaD in VCID research83: 89,
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Cerebral Blood Flow and Neural Glucose Transport

Adenosine triphosphate (ATP) is the main energy currency that neurons
utilize to sustain homeostatic processes and communicate?® °°. While neurons can
harvest ATP from multiple fuel sources such as ketone bodies and lactate, neurons
preferentially metabolize glucose to synthesize ATP®, and glucose metabolism is
thought to account for 95% of ATP production within these cells?®. Because the brain
has limited glucose stores®, circulating blood and the glucose it carries is essential for
proper neuronal function and communication?® %, As such, altered cerebral blood
flow that compromises glucose availability or transport, may lead to energetic deficits
within neurons that negatively impact their function and health?® *°, Glucose uptake
by neurons requires an intricate collaboration within the NVU that allows glucose to
be shuttled from the bloodstream into neurons via glucose transporters (GLUT) found
at the cell surface of endothelial cells, astrocytes, and neurons, among others®?.
Specifically, glucose transport is facilitated by the expression and interaction of
capillary endothelium glucose transporters (GLUTL1), astrocyte membrane bound
glucose transporters (GLUTL1, GLUT2, and GLUT?7), oligodendrocyte glucose
transporters (GLUT1), and neuron bound glucose transporters (GLUT3, and
GLUT4)%. Glucose in the bloodstream can passively diffuse into the NVU
extracellular space or can be picked up for facilitated transport across the BBB by
GLUT1 found in the capillary endothelium®. Once across the BBB, astrocytic end-
feet that express GLUT1 and that surround the cerebrovascular capillaries, collect the
glucose in the extracellular space of the NVU and transport it into the peri-synaptic

processes that are in close vicinity to neurons?®. Astrocytic GLUT1 transporters then
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release glucose into the peri-synaptic space where neuronal GLUT3 and -4 intake the
glucose to fuel neuronal processes?® %. It must be noted that this process is not
passive and astrocytes must breakdown some glucose via glycolysis, producing ATP,
to support the movement of glucose into the peri-synaptic space?®. Moreover,
although to what extent is still under debate, the lactate that results from astrocytic

breakdown of glucose can act as an alternative fuel source or as a neurotransmitter2e.

Glucose Oxidation by Neural Mitochondria

Once in neurons, the process by which ATP is harvested from glucose
requires multiple steps that take place in the cytosol and the mitochondria in what is
known as oxidative catabolism®. Glucose is first broken down into two pyruvate
molecules through glycolysis in the cellular cytosol and in the absence of molecular
oxygen (Oz2) (anaerobically), and producing 2 ATP during this process®. The
pyruvate obtained from glycolysis is then transported into the mitochondria where the
three enzyme complex of pyruvate dehydrogenase decarboxylates pyruvate resulting
in one Acetyl-CoA, releasing COz, and reducing NAD* to NADH®. Acetyl-CoA
carbon then enters the tricarboxylic acid cycle (TCA)% via citrate synthase, which
catalyzes the integration of the two-carbons within the acetyl group of Acetyl-CoA
with the four carbon oxaloacetate resulting in the six-carbon citrate®. This is an
integral step, as citrate is then oxidized in the TCA cycle, where electrons harvested
during the oxidation steps are transferred onto carrier molecules NAD* and FAD that
are reduced to NADH and FADH2 %, It is important to note here that 1) although CO2
is a by-product of the TCA cycle it is not location of O2 consumption and, 2) Oz is

essential for the TCA cycle® because it acts as the final electron acceptor at the end
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of the electron transport chain (ETC)%. Therefore, the only way to regenerate the
NAD* from NADH is to have it oxidized by the ETC, and limitations in Oz delivery
may be accompanied by low TCA cycle flux®.

The ETC is made up by four enzyme complexes (Complexes I-1V) and two
electron carriers (co-enzyme Q and cytochrome ¢)°* and is where the flow of the
electrons obtained in the TCA and carried by NADH and FADHz is coupled to the
synthesis of ATP% % NADH and FADH:2 donate their electrons to the ETC at Cl and
ClI, respectively, and the energetically favorable movement of electrons down the
ETC is coupled to the movement of protons from the matrix across the inner
mitochondrial membrane via proton pumps within CI, CIlII, and CIV, resulting in an
electrochemical gradient®> %, Oxygen consumption occurs at CIV, when 2 electrons
are transferred to the final electron acceptor (Y/2 Oz), reducing it to water®2. The
electrochemical gradient created from the pumping of protons, known as the proton-
motive force, powers ATP synthesis by facilitating the controlled movement of
protons from the intermembrane space, down their electrochemical gradient, through
ATP synthase, a hydrophilic pathway within the inner membrane®. As protons move
down this electrochemical gradient ATP is generated via rotary catalysis®? and then
transported to the cytosol via carrier protein adenine nucleotide translocase (ANT) to
provide energy to support neuronal processes?®: %,

An inevitable byproduct of oxidative phosphorylation is production of
superoxide radical anions (O2"), which is termed the electron leak®®. Some electrons
traveling down the ETC do not follow their path all the way to CIV: some will exit

(leak out) the ETC and univalently reduce Oz to Oz~ instead of reducing ¥202to H20
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at the end of CIV®, In cells, Oz~ acts as a free radical and reactive oxygen species
(ROS)% 9 that likely acts as a signaling molecule, but that in excess can damage
mitochondrial components, cellular proteins, lipids, and DNAY. Although ROS can
come from multiple cellular compartments, the vast majority (~90%) can be traced to
the transfer of electrons through complex I and 111 during oxidative phosphorylation®:
%99, Neurons have an inherent low antioxidant defense system and are particularly
susceptible to damage from high concentrations of ROS and oxidative stress’® and
deficits in mitochondrial ETC complex structure may lead to not only altered
energetics but also ROS production®.

In summary, proper cerebral blood flow is essential for glucose transport into
neurons?, in a process that is mediated by the membrane bound glucose transporters
found in the various cells of the NVU?9. Once transported into neurons, glucose is
oxidized in the cellular cytosol and mitochondria to generate ATP via oxidative
catabolism®. Additionally, because O: facilitates the replenishment of carrier
molecules that shuttle electrons from the matrix to the ETC, the diffusion of oxygen
from circulating blood into neurons is also key to oxidation of glucose and the
synthesis of ATP. Therefore, glucose transport and oxygen delivery are both needed
to fuel key ATP-dependent neuronal processes such as the synthesis, release, and re-
uptake of neurotransmitters, the maintenance of ionic gradients, and cytoskeletal

remodeling®.

Mitochondrial Energetics and Quality Control

Neural mitochondria are integral to the function of cells, including the

maintenance of ionic gradients, neurotransmission, synaptic plasticity, and calcium
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buffering, among others?’-?°, To support these functions, neural mitochondria form
complex functional mitochondrial networks throughout the neuronal compartments3®
31,94 Mitochondrial functional networks are maintained by quality control processes
including mitochondrial dynamics (e.qg., fission and fusion), mitophagy, and the
unfolded protein response (UPRMT)34.94,100-102 ‘Mitochondria can undergo fusion and
merge or undergo fission and separate, altering the form of the mitochondrial
network®, Importantly, mitochondrial quality control processes are key cellular
processes by which dysfunctional mitochondria are neutralized3* 100,

Fusion is a two-step process whereby two adjacent mitochondria join to form
an elongated and functional mitochondrion, whereas fission is the opposite and results
in the division of a larger mitochondrion into two detached mitochondria®’. It is
hypothesized fusion serves to repair reversibly damaged mitochondrion by integrating
them into healthy adjacent mitochondrion, while fission serves to segregate
irreversibly damaged mitochondrial fragments so these can be destroyed via other
quality control mechanisms (e.g., mitophagy)!®. Mitochondrial fusion comprises the
union of both the outer mitochondrial and the inner mitochondrial membrane, and it is
mediated by outer membrane GTPases mitofusin 1 and 2 (MFN1 and MFN2) and
inner membrane GTPase optic atrophy gene 1 (OPA1)%°, On the other hand, fission
is largely regulated by the recruitment and translocation of dynamin-related protein 1
(DRP1) and its interaction with outer membrane proteins fission 1 (FIS1),
mitochondrial fission factor (MFF), and MID49%’, Importantly, a balance between
fission and fusion events is vital to modulate mitochondrial morphology and

metabolic networks®. Mitochondrial fusion events can be influenced by the
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dissipation of the mitochondrial membrane potential and low ATP levels®* 104, and
fusion specific proteins (MFN2 and OPA), as well as fission specific proteins
(DRP1), can all influence oxidative metabolism'%. Indeed, MFN2 has been
previously reported to facilitate coenzyme Q levels and ATP synthesis, while OPA1
can regulate the mitochondrial membrane potential and maximal respirationi®?, In
addition, loss of DRP1 function can lead to an increase in proton leak and subdued
mitochondrial respiration'®. Thus, balanced mitochondrial dynamics are essential for
proper mitochondrial function and recent studies suggest imbalances may contribute
to the pathophysiology of various neurodegenerative conditions such as Alzheimer’s
and Parkinson’s Disease®* 100: 105,

Although mitochondria hold an independent genome, the vast majority of
mitochondrial proteins are nuclear encoded and must be transported into
mitochondria from the nucleus in a soluble state'%. Further, during fission and fusion
events, mitochondria have to constantly regulate ETC stoichiometries, clear stress-
denatured proteins, and ensure that the segregation or adjoining of mitochondria does
not cause imbalances in the mitochondrial proteome!®. These monumental tasks are
largely regulated by a delicate interaction between the UPRMT and molecular protein
chaperones®® **, Another component of mitochondrial quality control, the UPRMT
represents the transcriptional program that protects the mitochondria against
proteotoxic stress by stabilizing protein imports and facilitating protein transport and
clearance, among others3*. Protein chaperones of the heat shock protein (HSP) family

are a key component of the UPRMT 1% that are involved in the transport nuclear

encoded unfolded proteins into the mitochondria, facilitate the folding and assembly
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of protein complexes, prevent the aggregation of stress-denatured proteins, and act as
proteotoxic stress sensors for the UPRMT 106,107 Because the nuclear encoded
mitochondrial proteins are transported in an aggregate-prone and unfolded soluble
form, HSPs found throughout the mitochondria are key for proper and integration of
proteins®. For example, the interaction between cytosolic HSP90, HSP70 and
mitochondrial translocase Tom70 allows for the initial mobilization of preproteins
into the mitochondrial outer membrane3® 1%, Although co-chaperones in the
intermembrane space such as HtrA2 facilitate preprotein transport into the
mitochondrial inner membrane, the majority of HSPs and co-chaperones can be found
in the mitochondrial matrix®. This is largely because preproteins are folded into their
functional state in the mitochondrial matrix before they are integrated into the
mitochondria in processes that also involve HSPs®C. Proper concentrations of HSPs
such as HSP60, HSP10, and mtHSP70 are integral for mitochondrial proteostasis®®
197 However, it is important to keep in mind that HSPs and co-chaperone activation
may be context dependent, and the mechanisms by which these become active and

interact are still under heavy investigation30: 109,

Transverse Aortic Constriction as a Model to Study Vascular Dementia

Although there is a growing number of animal models to study cardiovascular
disease, the rodent model of transverse aortic constriction (TAC) presents unique
opportunities to address some gaps in the VaD literature?®. The surgical procedure
used in TAC involves the partial ligation of the transverse aorta, usually between the
left common carotid artery and the innominate artery, to increase left ventricular

pressure overload and mimic left ventricular afterload*°. This surgical approach leads
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to sustained but pulsatile right carotid blood flow and decreased left carotid blood
flow* 46, Though most studies focus on short time scales (1-28 days)*> 111, these
changes in cerebral blood flow have been reported 42 days post-TAC surgery?.
Interestingly, the divergent hemodynamic environments in the right and left carotid
can both induce hemispheric hypoperfusion, but the right hemisphere shows a larger
decrease in tissue perfusion®. Moreover, losses in microvessel density and high
number of cerebral microbleeds have been noted in TAC animals within the right
hemisphere but not the left*®. Lastly, because cognitive processes such as spatial
navigation are impaired in animals with TAC?, this model is gaining popularity as an
occlusion model that could be leveraged to study VVaD?°. Naturally, this model
presents the unique advantage to study, within the same system, whether chronic
pulsatile flow, as well as lower carotid and cerebral blood flow differentially affect
many of the metabolic mechanisms previously implicated in VaD.

Despite the potential of the TAC model holds to study VaD, there is a paucity of
data on glucose oxidation and brain mitochondrial function is this model. Namely,
although increased arterial pulse pressure and BBB leakage?®, brain hypoperfusion®®
46 reduced GLUT1 gene expression®, and deficits in spatial navigation®® are all
found in TAC, to our knowledge there are currently only two studies that suggest
mitochondrial function is altered in TAC. First, one study employed TAC to induce
acute hypertension and showed acute (1-7 days post-TAC procedure) TAC-related
increases in right carotid artery blood pressure and higher blood flow velocity in the
microcirculation of the right hemisphere, when compared to the left carotid and

hemisphere!'l, Crucially, this study also reported that increases and decreases in
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microvessel blood flow were associated with increased oxidative stress in both
hemispheres; suggesting that acutely, both, increased and decreased cerebral blood
flow may similarly affect brain energetics'. Abdominal aortic constriction, which
would increase pulsatile blood flow in both the left and right common carotid arteries,
impairs the expression of genes encoding BBB tight junction proteins, and lowers
cortical antioxidant activity. Lower brain antioxidant activity may hint at higher
oxidative stress, and possibly mitochondrial energetic dysfunction’. Taken together,
these lines of evidence hint at possible mitochondrial dysfunction, but this possibility
has not been directly studied in these (TAC and abdominal aortic) constriction
models.

Brain hypoperfusion as a result of low arterial compliance and blood flow
pulsatility is believed to be an etiological hallmark of VCI and VVaD®3, and studies
utilizing TAC show both increased and decreased blood flow can result in cerebral
hypoperfusion*¢, damage to components of the NVU"®, and cognitive deficits3® 46,
Yet most animal models developed to inform VVaD and VCID research rely on
bilateral carotid occlusion to physically lower blood flow to the brain and induce
hypoperfusion. Moreover, most models have not fully explored the downstream (i.e.,
in neurons) consequences of damage and dysregulation of metabolic processes at the
NVU. Additionally, most animal studies tend to focus on acute time scales, leaving
the chronic effects of isolated cardiovascular disease models largely unaddressed?> 46:
76,111 1 astly, while TAC can clearly be employed to study how divergent changes in
carotid and hemispheric blood flow affect mechanisms implicated in VaD

pathogenesis, outside of characterization of BBB integrity3® 7% 111 there are only a
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handful*® 7° of studies that have delved into the neurophysiological consequences of
TAC. Few studies have tried to link whether the divergent hemodynamic responses in
TAC translate to divergent changes in substrate transport, substrate oxidation in
neural mitochondria, and overall neural mitochondrial health?® 2542, Thus, this
dissertation aimed to address the following gaps in the literature: 1) What are the
chronic TAC-related changes in carotid blood flow velocity, artery diameter, and
pulsatility in TAC and SHAM rats at 20-, 30-, and 40 weeks post-surgery? 2) Does
the TAC surgery lead to hemispheric (right v. left) differences in hippocampal
mitochondrial glucose oxidation and mitochondrial content, and do these relate to
carotid hemodynamics? 3) Are there any hemispheric (right v. left) differences in
GLUT protein expression and protein expression of mitochondrial quality control
markers? Addressing these gaps will build on existing human and animal work and
address the possible downstream (i.e., in neuronal tissue) consequences of changes in

cerebral blood flow associated with VVaD.
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Chapter 2: The Longitudinal Diametric Bilateral Carotid Artery
Hemodynamic Response to Transverse Aortic Constriction.

Chapter Overview

Traditionally used to study cardiac failure and hypertensiont0 112 113 the
rodent model of transverse aortic constriction (TAC) has also been noted to result in
opposing carotid hemodynamics whereby the right common carotid is exposed to
sustained but pulsatile blood flow and the left common carotid is exposed to
decreased blood flow*® 46, Because most of the TAC literature has focused on acute
time scales (<10 weeks post-surgery)*3, the goal of the present study was to
determine how transverse aortic constriction (TAC) altered carotid artery size and
hemodynamics in the right common (upstream of the constriction) and left common
(downstream of the constriction) carotid arteries, in male and female rats compared to
SHAM controls from a chronic point of view. Therefore, this study characterized the
bilateral (right v. left) changes in carotid artery blood flow velocity, artery diameter,
and pulsatility at three different time points (20-, 30-, and 40 weeks) following the
TAC and SHAM surgeries. It was hypothesized that: a) TAC would result in higher
right carotid blood flow velocity and pulsatility compared to the left carotid blood
velocity and pulsatility, that would be more pronounced with increasing weeks post-
TAC surgery, and b) compared to SHAM, TAC would result in higher right carotid
blood flow velocity and pulsatility and lower left carotid blood velocity and

pulsatility.
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Methods
A Right
o=y

Left
common
carotid

Study Design

right
axillary

The current study was approved by the
Institutional Animal Care and Use Committee
(IACUC) at the University of Maryland College
Park. Using a cross-sectional study design, 4-

week-old male and female Sprague-Dawley rats

underwent the minimally invasive procedure of

. . . Figure 1: Aortic banding in rat
transverse aortic constriction (TAC) to mimic model of transverse aortic

constriction.

chronic hypertension and induced heart failure
A) Placement of suture (red arrow)

. N . . between common carotid arteries. B)
with preserved ejection fraction. Control animals gy ccessful ligation of transverse aorta in

TAC animals. C) Undisrupted aortic arch
(SHAM) underwent a sham surgical procedure of SHAM controls.
that was identical to that received by TAC animals up to the constriction of the
transverse aorta. Following surgical procedures, animals were paired-housed, held on
12/12-hour light/dark cycle, fed water and food ad libitum, and left to age for 40

weeks. Carotid blood flow and artery diameter were measured 20-, 30-, and 40 weeks

post-TAC surgery.

Transverse Aortic Constriction

Male and female Sprague-Dawley rats (4 weeks old) underwent either the
TAC or SHAM surgical procedures as described previously'4. Briefly, each animal
was weighed and anesthetized via inhalation of isoflurane [~2% isoflurane

supplemented with 100% oxygen (400-500 mL/min)]. Animals were then placed in
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the supine position on a heated pad, and body temperature was monitored via anal
temperature probe. Once unresponsive, a single dose of buprenorphine (0.05-0.1
mg/kg) was injected via subcutaneous injection. A surgical area was clipped clean
and sterilized. A horizontal skin incision was then made at the suprasternal notch
region and a longitudinal ~1 cm cut was made in the sternum. In both procedures, a 4-
0 silk suture attached to a blunted needle was passed around the aortic arch between
the origin of the right innominate and left common carotid arteries. A bent, blunted
20-gauge needle was then placed next to the aortic arch, the suture was tightened
around the needle, and the needle was then promptly removed (Fig. 1A). The sternum
was closed with a single silk suture and the skin was sutured shut with 5-0
monofilament suture and treated with betadine. SHAM animals received the same
procedure as TAC animals but did not have the suture tied around the aortic arch.
Doppler ultrasound (Fig. 1B and 1C) and cardiac tissue specific measurements (left
ventricular wall thickness and diameter) were used to confirm TAC and SHAM status
of all animals used in this experiment.

Cardiac and Carotid Doppler Ultrasound

Carotid blood flow and artery diameter were measured with a Vevo3100
(FUJIFILM visualsonics) animal Doppler ultrasound imaging system at 20-, 30-, and
40 weeks post-surgery. Briefly, all animals were placed under anesthesia in an
induction chamber with 2-5% isoflurane supplemented with 100% oxygen.
Anesthesia depth was monitored with toe and tail pinches, and once animals became
unresponsive, the fur around the chest was removed with clippers and ophthalmic gel

was applied to both eyes. Animals were then placed on an imaging platform and paws
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were taped in place over electrode gel for obtaining ECG measurements, and warmed
ultrasound gel was applied to the chest. Carotid artery blood flow was determined
with the use of B-mode & PW Doppler Imaging of the bilateral carotid arteries, while
ultrasound imaging of the aortic arch and cardiac tissue were used to confirm aortic
arch binding and obtain cardiac parameters such as cardiac output, ejection fraction,
and stroke volume, respectively. Ultrasound files (PW Doppler and B-mode) were
analyzed with the Vevolab software (FUJIFILM visualsonics) and carotid arterial
blood flow velocity (mean and peak velocities), and artery diameter during systole
and diastole were determined.

To obtain blood flow velocities, for each time point measured, at least three
blood flow waveforms in each PW Doppler time series were traced manually and
checked against software thresholds (Fig. 2A). Each wave-form trace yielded a value
for mean velocity, peak velocity, pulsatility index, and velocity time integral that
were then compiled and averaged to obtain an average value for each animal at each
time point. A similar process was followed for arterial diameter measures where, for
each time point, at least three peak systolic and peak diastolic diameters were
obtained from the B-mode time series (Fig. 2B & 2C). These diameters were then
compiled and averaged to obtain averaged peak systolic and peak diastolic arterial
diameters for each animal at each time point.

The pulsatility index (P1) is a widely used measure to non-invasively address
vascular resistance, and thus, indirectly address the elastic properties of blood
vessels'®®, To calculate pulsatility index of the right and left carotid arteries, the

following formula was used by the software:
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_ Peak Systolic Velocity (PSV) — End Diastolic Velocity (EDV)

PI

Velocity Time Integral (VTI)

Figure 2: Sample Analysis of Carotid Artery Hemodynamics and Diameter.

A) PW Doppler time series with manual trace (blue) and software developed trace (green and
purple) of blood flow waveform. B) Peak systolic carotid artery diameter obtained from B-Mode
time series. C) Peak diastolic artery diameter obtained from B-Mode time series.
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Statistical Analysis

The primary purpose of this study was to characterize the time course of
alterations in carotid artery blood hemodynamics and artery diameter in TAC animals
and test whether these differed when compared to the SHAM controls. First, a series
of 2x2 ANOVA models with Tukey’s post-hoc comparisons were used to test
whether there were any main effects of Condition (TAC v. SHAM), Hemisphere
(right v. left), or Condition by Hemisphere interactions on carotid blood flow,
pulsatility index, and artery diameter measures at each time point. Next, for each
condition (TAC & SHAM) and hemisphere (right & left), a series of independently
run one-way ANOVA models were used to determine whether there were any main
effects of Time (20-, 30-, and 40 weeks) on carotid blood flow, pulsatility index, and
artery diameter measures. Lastly, although not a primary aim in this study, separately
run, independent samples t-test, or Mann-Whitney U test, were used as an exploratory
analysis to address any possible sex differences on right/left carotid blood flow,
pulsatility index, and artery diameter measures within either the TAC or SHAM
conditions. All analyses were conducted using the statistical software JASP (version
0.17.3), and assumptions for all ANOVA models were checked. Statistical

significance was set at p < 0.05.
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Figure 3: Severe TAC Carotid Blood Flow Phenotype.

A) Right carotid blood flow of TAC animal 20-weeks post-surgery. B) Left carotid
blood flow in same TAC animal 20 weeks post-surgery.

Results

Animal Characteristics

A total of 31 animals were utilized (7 TAC male, 6 TAC female, 8 SHAM male, and
10 SHAM female) for these experiments. 1 TAC (1 female) and 8 SHAM (4 male, 4
female) animals were excluded from the analysis because of either poor ultrasound
image quality or missing data. Further, Doppler ultrasound time series revealed 3
TAC animals had left carotid blood flow obstructed to such degree that blood flow
wave forms could not be analyzed (e.g., flat wave forms) despite good image contrast
and measurable flows on the right carotid (Fig. 3A&B). For these animals, the lowest
measured left carotid outcomes within TAC were assigned as proxy left carotid

outcome values that were then used for the present analysis. Moreover, 2 male TAC
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animals with complete data at 20-, and 30- weeks but incomplete data at 40 weeks
(due to poor ultrasound image resolution) were included in the analyses for which the
respective data was available (e.g., 20- and 30 weeks 2x2 ANOVA) but excluded
from the timepoints for which no data was available (e.g., 40 weeks 2x2 ANOVA).
As such, a total of 12 TAC (7 male, 5 female) and 10 SHAM (4 male, 6 female) with
a complete set of data for most time points were included for this analysis. Therefore,
a total of 22 animals were used in the present analysis and all animal characteristics
40 weeks post-surgery can be found in Table 1. Independent samples T-test showed
there were no significant differences between TAC and SHAM in any of the
characteristics obtained 40 weeks post-surgery, including absolute and relative left
ventricular width, heart mass, septal width, as well as cardiac parameters obtained
from ultrasound imaging including cardiac output, ejection, fraction, and stroke

volume (Table 1).
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Table 1: Animal Characteristics

TAC (n=12)  SHAM (n=10)
M (SD) M (SD)
> Male ; g
Female

Age (wks) 45.4 (1.32) 45.4 (1.73)
Body Mass (g) 475.8 (122.2)  463.2 (175.2)
Heart Mass (Q) 1.44 (0.40) 1.27 (0.31)
Heart Mass to Body Mass (mg/qg) 3.07 (0.51) 2.93 (0.70)
Left Ventricular Width (mm) 3.68 (0.50) 3.66 (0.34)
Left Ventricular Width to Body Mass (mm/mg) 8.11 (1.76) 8.85 (2.90)
Septal Width (mm) 3.27 (0.37) 2.97 (0.30)
Septal Width to Body Mass (mm/mg) 7.28 (1.83) 7.07 (2.01)
Cardiac Output (ml/min) 75.9 (13.8) 80.7 (20.4
Stroke VVolume (ul) 241.7 (37.3) 248.3 (66.4)
Ejection Fraction (%) 72.0 (13.8) 78.0 (9.07)
Tibialis Anterior Mass (Q) 1.71 (0.39) 1.56 (0.51)

Note: TAC- transverse aortic constriction, SHAM- sham controls, wks- weeks, g-
grams, mg- milligrams, mg/g- milligrams per gram, mm- millimeter, mm/mg-
millimeter per milligrams, ml/min- milliliters per minute, ul- microliters, %- percent.
Data presented as means (M) and standard deviation (SD).

Alterations in Carotid Artery Hemodynamic and Diameter in TAC and SHAM

The primary purpose of this study was to determine the time course of

alterations in carotid artery hemodynamics and artery diameter in TAC and SHAM

controls. To this end, we first examined whether condition (TAC v. SHAM) or

hemisphere (right v. left) at each time point had any effects on mean carotid artery
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velocity, peak carotid artery velocity, carotid artery pulsatility index, or
systolic/diastolic carotid artery diameter.

Overall, 20 weeks post-surgery, we found that when compared to both
carotids of SHAM and the left carotid of TAC, the right carotid of TAC displayed
greater blood flow pulsatility, while the left carotid of TAC animals had the lowest
blood flow velocities and pulsatility (Fig. 4A). Looking at mean carotid velocity,
there was a significant main effect of Hemisphere (F(1,40)=19.22, p<0.001,
np?=0.32), a significant Condition by Hemisphere interaction (F(1,40)=14.84,
p<0.001, np?=0.27), but no significant effect of Condition (F(1,40)=1.28, p=0.26,
np>=0.03). Tukey’s post-hoc comparisons of the interaction term revealed that the left
carotid mean velocity of TAC (M= 617.0 £59.9 mm/sec) animals was significantly
lower than the left (M= 874.6 + 47.2 mm/sec, t(40) = -3.52, p <0.01) and right (M=
902.1+ 43.5 mm/sec, t(40) = -3.901, p <0.01) (Fig. 4A) of SHAM controls.
Moreover, within TAC animals, the right carotid mean velocity (M= 1042.6 + 49.0
mm/sec) was observed to be significantly higher than the left (M= 617.0 £59.9
mm/sec, t(40) = 6.10, p <0.001) (Fig. 4A). Next, when looking at peak carotid artery
velocity, similar results were seen, and there was a significant main effect of
Hemisphere (F(1,40)=28.13, p<0.001, np?=0.41), a significant Condition by
Hemisphere interaction (F(1,40)=19.52, p<0.001, np?=0.32), but no significant effect
of Condition (F(1,40)=1.53, p=0.22, np?>=0.03). Post-hoc comparisons showed peak
carotid artery velocity was significantly lower in the left carotid of TAC (M=902.1 +
99.4) animals when compared to the left (M= 1376.3 + 73.9, t(40) = -4.00, p <0.01)

and right (M=1450.5 £ 59.1 mm/sec, t(40) =-4.62 , p <0.001) of SHAM animals (Fig.
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4B). Further, peak artery velocity in the right carotid of TAC (M=1716.8 £ 84.9
mm/sec) animals was found to be significantly higher when compared to the left (M=
902.1 + 99.4 mm/sec, t(40) = 2.87, p <0.05) of SHAM animals, as well as the left
(M=1902.1 + 99.4 mm/sec, t(40) = 7.211, p <0.001) within TAC animals (Fig.4B).
Lastly, there was also a significant main effect of Hemisphere (F(1,40)=43.17,
p<0.001, np?=0.51), a significant Condition by Hemisphere interaction
(F(1,40)=20.62 p<0.001, np?=0.34), but no significant effect of Condition
(F(1,40)=0.45, p=0.50, np?>=0.01) on carotid blood flow pulsatility. Follow up post-
hoc comparisons of the interaction term showed blood flow pulsatility was
significantly higher in the right carotid of TAC (M= 1.43 £ 0.02 P.I) animals when
compared to the left (M=1.05 + 0.04 P.1I, t(40) = 8.24, p <0.001) of TAC, as well as
the right (M= 1.30 + 0.03 P.1, t(40) = 2.73, p <0.05) and left (M= 1.23 + 0.02 P.lI,
t(40) = 4.16, p <0.001) of SHAM animals (Fig. 4C). Additionally, blood flow
pulsatility was found to be lower in the left carotid of TAC when compared to the left
(t(40) = -3.69, p <0.01) and right (t(40) = -5.12, p <0.001) arteries of SHAM controls

(Fig. 4C).
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Figure 4: TAC Lowers Blood Flow Velocities in the Left Carotid and Increases
Blood Flow Pulsatility in the Right Carotid 20 Weeks Post-Surgery.

A) Mean carotid artery velocity in the right and left common carotid arteries of TAC
and SHAM animals. B) Peak blood flow velocity in the right and left common
carotid arteries of TAC and SHAM animals. C) Blood flow pulsatility indices in the
right and left common carotid arteries of TAC and SHAM animals. Data displayed as
means + SEM, mm/sec- millimeters per second, R- right, L- left, TAC- Transverse
aortic constriction, SHAM- sham controls, * = p <0.05, ** = p<0.01, *** = p<0.001.
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At 30 weeks post-surgery, similar patterns as those seen 20 weeks post-
surgery were observed, and the left carotid of TAC displayed lower blood flow
velocities than either side of SHAM or the right side of TAC, while the right carotid
of TAC displayed greater blood flow pulsatility. Specifically, there was a significant
main effect of Hemisphere (F(1,40)=8.16, p<0.01, np?=0.16) and a Condition by
Hemisphere (F(1,40)=12.84, p<0.001, np?=0.24) interaction, but no significant main
effect of Condition (F(1,40)=3.35, p=0.07, np?>=0.07) on mean carotid artery velocity.
Tukey’s post-hoc comparisons of the interaction term showed that left carotid mean
velocity of TAC (M= 632.0 £ 83.7 mm/sec) was significantly lower when compared
to the left (M= 975.2 £ 56.8 mm/sec, t(40) = -3.83, p <0.01) and right (M= 929.1
+49.1 mm/sec, t(40) = -3.31, p <0.05) of SHAM animals, as well as the right (M=
1040.1 + 48.9 mm/sec, t(40) = -4.77, p <0.001) within TAC (Fig. 5A). Similar results
were seen on peak carotid velocities, and there was a significant main effect of
Hemisphere (F(1,40)=14.60, p<0.001, np?>=0.26), and a Condition by Hemisphere
interaction (F(1,40)=15.69, p<0.001, np?>=0.28), but no significant main effect of
Condition (F(1,40)=3.95, p=0.054, np®=0.09). Post-hoc comparisons of the
interaction term showed left carotid peak velocity (M= 898.5 + 129.2 mm/sec) in
TAC was significantly lower when compared to the left (M= 1505.0 = 92.9 mm/sec,
t(40) = -4.20, p <0.001) and right (M= 1490.8 + 81.2 mm/sec, t(40) = -4.10, p <0.01)
of SHAM animals, as well as the right (M=1692.0 + 85.2 mm/sec, t(40) =-5.77, p
<0.001) within TAC (Fig. 5B). Lastly, there was also a significant main effect of
Hemisphere (F(1,40)=40.25, p<0.001, np?>=0.50), and a Condition by Hemisphere

interaction (F(1,40)=22.51, p<0.001, np?>=0.36), but no significant main effect of
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Condition (F(1,40)=2.59, p=0.115, np?>=0.06) on carotid artery pulsatility. Tukey’s
post-hoc comparisons of the interaction term showed left carotid artery pulsatility
(M=0.98 £ 0.05 P.1) in TAC animals was significantly lower than in the left (M=
1.22 +0.02 P.1, t(40) = -4.49, p <0.001) and right (M= 1.28 + 0.02 P.I, t(40) = -5.62,
p <0.001) carotids of SHAM animals. Moreover, right carotid pulsatility in TAC (M=
1.39 + 0.03 P.1) animals was found to be significantly higher than the left (t(40) =
3.34, p<0.01) carotid in SHAM, as well as the left (t(40) = 8.22, p<0.001) carotid

within TAC (Fig. 5C).
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Figure 5: TAC-Related Changes 30 Weeks Post-Surgery Parallel Those Seen 20
Weeks Post-Surgery.

A) Mean carotid artery velocity in the right and left common carotid arteries of TAC
and SHAM animals. B) Peak carotid artery velocity in the right and left common
carotid arteries of TAC and SHAM animals. C) Blood flow pulsatility indices in the
right and left common carotid arteries of TAC and SHAM animals. Data displayed as
means + SEM, mm/sec- millimeters per second, R- right, L- left, TAC- Transverse
aortic constriction, SHAM- sham controls, * = p <0.05, ** = p<0.01, *** = p<0.001.
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Just as it was seen 30 weeks post-surgery, at 40 weeks the left carotid of TAC
displayed lower blood flow velocities than either right or left of SHAM or the right of
TAC. Meanwhile the right carotid of TAC displayed greater blood flow pulsatility 40
weeks post-surgery than the right and left of SHAM, as well as the left within TAC.
As it relates to mean carotid velocity, there were significant main effects of Condition
(F(1,37)=8.53, p<0.05, np>=0.18), Hemisphere (F(1,37)=13.07, p<0.001, np>=0.26),
and Condition by Hemisphere interaction (F(1,37)=8.28, p<0.05, np®=0.18) on mean
carotid artery velocity. Follow up post-hoc comparisons revealed that mean carotid
artery velocity was significantly lower in the left carotid of TAC (M= 573.0 £ 69.3
mm/sec) animals when compared to the left (M= 915.6 + 47.2 mm/sec, t(37) = -4.05,
p <0.01) and right (M= 959.1 + 71.0 mm/sec, t(37) = -5.57 p <0.001) of SHAM
animals, as well as the right (M= 956.5 = 45.9 mm/sec, t(37) = -4.64, p <0.001)
within TAC animals (Fig. 6A). Similarly, there were also significant main effects of
Condition (F(1,37)=9.43, p<0.005, np?=0.20), Hemisphere (F(1,37)=19.06, p<0.001,
np?=0.34), and Condition by Hemisphere interaction (F(1,37)=10.81, p<0.005,
np>=0.22) on peak carotid artery velocity. Post-hoc comparisons of the interaction
term showed peak carotid artery velocity was lower in the left of TAC (M=794.9 £
103.6 mm/sec) animals when compared the left (M= 1442.0 + 85.7 mm/sec, t(37) = -
4.44, p <0.001) and right (M= 1551.7 + 131.2 mm/sec, t(37) = -5.19, p <0.001) of
SHAM controls, as well as the right (M=1573.7 + 81.9 mm/sec, t(37) = -5.47, p
<0.001) within TAC (Fig. 6B). Lastly, when addressing the effects of condition and
hemisphere on carotid artery blood flow pulsatility, significant main effects of

Condition (F(1,37)=7.88, p<0.05, np®=0.17), Hemisphere (F(1,37)=75.5, p<0.001,
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np?=0.67), and Condition by Hemisphere interaction (F(1,37)=45.99, p<0.01,
np®=0.55) were detected. Tukey’s post-hoc comparisons of the interaction term
showed that carotid artery pulsatility was significantly lower in the left of TAC (M=
0.86 = 0.04 P.I) animals when compared to the left (M= 1.22 + 0.02 P.1, t(37) = -6.70,
p <0.001) and right (M= 1.29 + 0.03 P.1I, t(37) = -8.04, p <0.001) of SHAM controls.
Moreover, carotid artery pulsatility was significantly higher in the right of TAC (M=
1.43 + 0.03 P.1) animals when compared to the left (t(37) = 4.21, p <0.001) and right
(t(37) = 2.84, p <0.05) of SHAM controls, as well as the left (t(37) = 11.07, p <0.001)
within TAC (Fig. 6C). The effects of TAC and SHAM on right and left carotid artery
diameter during systole and diastole were also examined at each time point. Overall,
independently run 2x2 ANOVA models revealed no significant main effects of
Condition, Side, or Condition by Hemisphere interaction on either systolic or
diastolic carotid artery diameter at any of time points measured (Table 2 & 3). To
ensure we addressed the variable of time, within each condition and side, a series of
independently run one-way ANOVA models were used to study the effects of time on
carotid blood flow, pulsatility index, and artery diameter measures in both, TAC and
SHAM animals. Overall, no significant main effects of Time were observed on
carotid artery mean velocity, carotid artery peak velocity, carotid artery pulsatility
index, or carotid artery diameter, in either TAC or SHAM animals (Table 4 & Table

5) (Fig. 7 & 8).
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Figure 6: TAC-Related Changes in Carotid Artery Velocities and Pulsatility
Remain Steady 40 Weeks Post-Surgery.

A) Mean blood flow velocity of the right and left common carotid arteries of TAC
and SHAM. B) Peak blood flow velocity of the right and left common carotid arteries
of TAC and SHAM. C) Blood flow pulsatility indices in the right and left common
carotid arteries of TAC and SHAM. Data displayed as means + SEM, mm/sec-
millimeters per second, R- right, L- left, TAC- Transverse aortic constriction, SHAM-
sham controls, * = p <0.05, ** = p<0.01, *** = p<0.001.
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Table 2: Effects of Condition and Hemisphere on systolic artery diameter.

20 weeks 30 weeks 40 weeks
F (df) P F (df) p F (df) np?
Condition (1,40)=2.80 0.60 0.007 (1,40)=0.00003 0.99 0.00 (1,35)=0.43 0.51 0.012
Side (1,40)=1.67 0.20 0.040 (1,40)=3.44 0.07 0.079 (1,35)=3.08 0.08 0.081
Condition*Side  (1,40)=0.51 0.47 0.013 (1,40)=0.744 0.39 0.018 (1,35)=1.66 0.20 0.045
Table 3: Effects of Condition and Hemisphere on diastolic artery diameter.
20 weeks 30 weeks 40 weeks
F (df) P F (df) p F (df) np?
Condition (1,40)=0.50 0.48 0.013 (1,40)=0.0006 0.98 0.00 (1,35)=0.064 0.80 0.002
Side (1,40)=0.36 0.55 0.009 (1,40)=0.23 0.63 0.006 (1,35)=0.59 0.017
Condition*Side  (1,40)=0.75 0.39 0.018 (1,40)=0.35 0.55 0.009 (1,35)=0.14 0.004
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Table 4: Effects of Time on carotid artery hemodynamics.

Mean Velocity Peak Velocity Pulsatility Index

F (df) P np? F (df) P F (df) P e’

SHAM-RCCA  (227)=0.26 0.77 0019 (2,27)=028 0.75 0021 (227)=0.08 091  0.007
SHAM-LCCA  (2.27)=0.99 0.38 0069 (2,27)=057 056 0041 (227)=0.26 0.76  0.019
TAC-RCCA (2,32)=1.00 037 0.059 (2,32)=0.79 045 0.048 (2,32)=0.54 058  0.033
TAC-LCCA (2,31)=020 081 0013 (2,31)=0.33 0.71 0.021 (2,31)=3.18 0.055 0.17

Note: RCCA- right common carotid artery, LCCA- left common carotid artery, TAC-
transverse aortic constriction, SHAM- sham controls.

Table 5: Effects of Time on carotid artery diameter.

Diameter - Systole Diameter - Diastole
F (df) p Mp? F (df) p np?
SHAM-RCCA (2,27)=0.40 0.67 0.029 (2,27)=0.43 0.64 0.031
SHAM-LCCA (2,27)=0.68 0.51 0.059 (2,27)=0.35 0.70 0.026
TAC-RCCA (2,32)=0.46 0.65 0.027 (2,32)=0.46 0.63 0.028
TAC-LCCA (2,30)=0.02 0.98 0.001 (2,30)=0.06 0.93 0.005

Note: RCCA- right common carotid artery, LCCA- left common carotid artery, TAC-
transverse aortic constriction, SHAM- sham controls.
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Figure 7: Carotid Artery Hemodynamics in TAC do not Worsen with Time.

TAC and SHAM carotid artery hemodynamics by hemisphere at 20-, 30-, and 40 weeks post-surgery. A) Mean carotid artery blood
flow velocity. B) Peak carotid artery blood flow velocity. C) Carotid artery blood flow pulsatility. mm/sec- millimeters per second,
TAC- Transverse aortic constriction, SHAM- sham controls, R- right, L- left. Data displayed as means + SEM.
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Figure 8: Carotid Artery Diameters in TAC do Not Change with Time.

TAC and SHAM peak systolic and diastolic artery diameters by hemisphere at 20-, 30-, and 40 weeks post-surgery. A) Carotid artery
diameter during peak systole. B) Carotid artery diameter during peak diastole. TAC- Transverse aortic constriction, SHAM- sham
controls, R- right, L- left. Data displayed as means + SEM.
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Within Condition Sex Differences in Carotid Artery Hemodynamics

At each time point within each condition, we performed an exploratory
analysis to assess sex differences in carotid artery hemodynamics and diameter. First,
because Shapiro-Wilk’s test of normality revealed deviations in the assumption of
normality for a specific subset of outcomes and time points in male TAC animals,
potential sex differences in the left and right carotid of TAC animals were compared
either with independent samples t-test when test assumptions were met, or with the
non-parametric Mann-Whitney U test when assumptions were violated. First, for all
time points, no significant differences in left carotid hemodynamics or artery diameter
between male TAC and female TAC were observed (Fig. 9A). For right carotid artery
velocities in TAC animals, no significant sex differences were observed at 20 weeks.
However, there were sex differences in mean velocity at 30- (M=1155.9+91.0 v.
M=957.4+28.9, t(10)=2.39, p<0.05, d=1.40) and 40-( M=1056.9+872.9 v.
M=872.9+£64.39, t(9)=2.43, p<0.05, d=1.47) weeks, with female TAC animals
displaying higher velocities than male TAC animals (Fig. 9A). These sex differences
were also seen in peak velocities at 30- ( M=1896.2+145.6 v. M=1546.1+65.0,
t(10)=2.43, p<0.05, d=1.42), and 40- (M=1766.6+135.3 v. M=1413.0+255.0,
t(9)=2.77, p<0.05, d=1.68) weeks (Fig. 9A). There were also sex differences in artery
diameters at 20 weeks, and TAC males were observed to have significantly higher
right systolic (M=1.19£0.073 v. M=1.06+0.095, U=4.5, p<0.05, r=0.33) and right

diastolic carotid artery diameter (M=1.02+0.074 v. M=0.89+0.097, U=4.0, p<0.05,
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r=0.33) when compared to TAC females (Fig. 9B). However, these sex differences

were not present at 30- and 40 weeks post- surgery.
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Figure 9: Sex Dimorphisms in Carotid Artery Velocities in TAC are Constrained to the Right Hemisphere and Present as
Early as 30-Weeks Post-Surgery.

A) TAC hemodynamics by hemisphere and sex at 20-, 30-, and 40 weeks post-surgery. B) TAC peak systolic and diastolic artery
diameters by hemisphere and sex at 20-, 30-, and 40 weeks post-surgery. Data displayed as means + SEM, mm/sec = millimeters per
second, TAC- transverse aortic constriction, M- males, F- females, R- right, L- left, * = p <0.05.
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Figure 10: Sex Dimorphisms in Carotid Artery Velocities in SHAM are Present in the Right and Left Hemisphere but Appear
Later in Time Than TAC.

A) SHAM hemodynamics by hemisphere and sex at 20-, 30-, and 40 weeks post-surgery. B) SHAM peak systolic and diastolic artery
diameters by hemisphere and sex at 20-, 30-, and 40 weeks post-surgery. Data displayed as means + SEM, mm/sec = millimeters per
second, SHAM- sham controls, M- males, F- females, R- right, L- left, * = p <0.05, ** = p<0.01
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These analyses were also carried out separately in SHAM controls to address
possible sex differences in a non-diseased state. To this end, no deviations in the
assumption of normality were detected in either the right or left blood flow velocities
and artery diameters of male and female SHAM animals. However, deviations in the
assumption of normality were detected in both, the right and left blood flow
pulsatility indices of both, male and female SHAM animals. As such, independent
samples t-tests were used to address bilateral sex differences in SHAM blood flow
velocity and artery diameter, while the Mann-Whitney U test was used to do the same
in relation to blood flow pulsatility. In this context, sex differences in the left carotid
were addressed, and independent samples t-test showed significant sex differences in
left mean (M=993.3+43.3 v. M=798.9466.6, t(8)=2.57, p<0.05, d=1.65) and peak
(M=1592.4+81.5 v. M=1216.3+101.2, (8)=2.90, p<0.05, d=1.87) carotid velocities at
40 weeks, but not at 20-, or 30 weeks post-surgery, with females, on average,
displaying higher blood flow velocities than males (Fig. 10A). As it pertains to left
blood flow pulsatility, there were significant sex differences at 20- (M=1.28+0.01 v.
M=1.15.0+0.02, U=23.0, p<0.05, r=0.09) and 30- (M=1.26+0.02 v. M=1.15%0.05,
U=21.0, p<0.05, r=0.75) weeks, with females displaying higher blood flow pulsatility
than males. Sex differences in left carotid blood flow pulsatility were not detected 40
weeks post-surgery(Fig. 10A). Significant sex differences were also seen in left
systolic artery diameter at 20- (M=1.07+0.01 v. M=1.18+0.02, t(8)=-3.58, p<0.01,
d=-2.31), 30- (M=1.04+0.01 v. 1.1620.01, t(8)=-4.94, p<0.005, d=-3.19), and 40
(M=1.07+0.01 v. M=1.25+0.02, t(7)=-5.26, p<0.005, d=-3.71) weeks, with females

displaying lower peak systolic artery diameters than males (Fig. 10B). A similar
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pattern was observed with peak left diastolic artery diameter at 20- (M=0.92+0.02 v.
M=1.05+0.03, (8)=-3.05, p<0.05, d=-1.97), 30- (M=0.90+0.02 v. M=0.99+0.02,
t(8)=-2.41, p<0.05, d=-1.55), and 40- (M=0.90+0.01 v. M=1.06+0.04, t(7)=-4.31,
p<0.005, d=-3.05) weeks, with females displaying lower peak diastolic diameters
when compared to males (Fig. 10B). Meanwhile, within the right carotid of SHAM
animals significant sex differences in carotid artery blood flow and pulsatility were
also detected. Specifically, significant differences in mean (M=1089.2+53.16 v.
764.0+97.9, 1(8)=3.18, p<0.5, d=2.05) and peak (M=1813.6+90.6 V.
M=1158.9+151.6, t(8)=3.96, p<0.005, d=2.56) right carotid blood flow velocities
were observed at 40 weeks, with females, on average, displaying higher blood flow
velocities than males (Fig. 10A). No significant sex differences in blood flow
velocities were detected at 20-, and 30 weeks post-surgery. When it comes to right
blood flow pulsatility, there were significant sex differences at 20- (M=1.36+0.03 v.
M=1.20+0.04, U=22.5, p<0.05, r=0.87) and 40- (M=1.36+0.03 v. M=1.17+0.02,
U=24.0, p<0.05, r=1.0) weeks, with females displaying higher blood flow pulsatility
than males. Sex differences in left carotid blood flow pulsatility were not detected 30-
weeks post-surgery (Fig. 10A). Significant sex differences were also seen in peak
right systolic artery diameter at 20- (M=1.09+0.03 v. M=1.1940.01, t(8)=-2.95,
p<0.05, d=-1.90), 30- (M=1.08+0.02 v. 1.17+0.02, t(8)=-2.95, p<0.05, d=-1.90), and
40-(M=1.09+0.02 v. M=1.23£0.02, t(8)=-3.43, p<0.01, d=-2.21) weeks, with females
displaying lower peak systolic artery diameters than males (Fig. 10B). Further, sex
differences in peak right diastolic artery diameter within SHAM were observed at 20-

(M=0.92+0.02 v. M=1.0320.01, t(8)=-2.95, p<0.05, d=-1.90), and 40- (M=0.91+0.03
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v. M=1.05£0.03, t(8)=-3.02, p<0.01, d=-1.95) weeks, with females displaying lower

peak diastolic diameters when compared to males (Fig. 10B).

Discussion

The primary purpose of this study was to expand on the acute timescales
traditionally found within the TAC literature and characterize the hemodynamic
phenotype of TAC animals at 20-, 30-, and 40 weeks post-surgery. We found that
throughout the time-points measured, the left carotid of TAC animals displayed lower
blood flow velocities than the right of TAC, and either the right or left of SHAM
controls. On the other hand, blood flow pulsatility was highest in the right carotid of
TAC animals when compared not only to the left within TAC, but also the left and
right carotids of SHAM controls. Contrary to our initial hypotheses, these TAC-
related changes in right carotid hemodynamics did not worsen with time. Yet, we did
find that sex dimorphisms in carotid artery velocities occurred 10 weeks earlier in
TAC animals than in SHAM controls. To our knowledge, this is the first study to
focus on TAC from a chronic point of view and employ time points well beyond 15
weeks post-TAC surgery. As such, this work contributes to the general understanding
of TAC as a model of chronic cardiovascular disease, and when put in the context of
the existing literature, facilitate our understanding of how changes in carotid
hemodynamics may influence cerebral blood flow and perfusion?®

Chronic brain hypoperfusion is widely regarded as a primary mechanism by
which cardiovascular disease may contribute to cognitive decline and give rise to
neurodegenerative conditions such as vascular dementia (VaD)?6 4458, Data from

human studies suggest hypoperfusion may be the result of a complex interplay
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between low arterial compliance, chronic mechanical stress, and limited tissue
perfusion?*, Yet, most animal models of VaD ignore blood flow pulsatility and rely
on arterial constriction to lower blood flow supply and induce hypoperfusion?®.
Although the TAC model has been traditionally employed to study heart failure and
hypertension!!3, recent frameworks propose this model may be leveraged to better
understand the consequences of brain hypoperfusion given its unique opposing
bilateral hemodynamic phenotype?®. Specifically, because the ligation in TAC is
placed between the brachiocephalic and left common carotid arteries, this model leads
to sustained but pulsatile blood flow to the right carotid artery and simultaneously
lowers blood flow through the left carotid?®. Recent work highlights this TAC-
specific bilateral carotid blood flow phenotype can differentially affect perfusion to
the cerebral hemispheres* (i.e., both hemispheres are hypoperfused, but the right is
more severely hypoperfused). Thus, TAC may be of use to better understand whether
the source of hypoperfusion differentially influences the mechanisms that are
dysregulated in neurodegeneration'®. However, because this model has not been
traditionally used in the context of neurodegeneration, the longitudinal carotid

hemodynamic responses of the model have not been characterized?.

Longitudinal characterization of carotid artery hemodynamics in response to TAC

Because most studies assessing brain hemodynamics following TAC have
employed acute (1-day, and 7-day post-TAC)!*, or pre-and post- models3?: 46. 116,
there is little data on hemodynamic responses to TAC from a chronic point of view.
Therefore, we determined if carotid artery hemodynamics differed between

conditions (TAC v. SHAM) and hemisphere (right v. left) at each time point. As
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expected, mean and peak carotid velocities were lower in the left carotid of TAC
animals when compared to the right carotid within TAC animals at every time point.
Similarly, at every time point, mean and peak carotid velocities in the left carotid of
TAC animals were lower than the right and left carotids of SHAM animals,
respectively. However, an intriguing finding of this study was that, except for peak
velocity at 20 weeks, mean and peak right carotid velocities of TAC did not differ
when compared to the right and left carotid velocities of SHAM animals. This finding
is in contrast to existing studies where at 7-days post-TAC surgery, carotid blood
flow is reported to be higher than that of SHAM animals'*!, and lower at 3- and 8
weeks post-TAC surgery®. The temporal windows of the present study extend well
beyond those reported previously and highlight the need to better characterize not
only the acute and longitudinal effects, but also the intermediary (e.g., 8-20 weeks
post-surgery) effects of TAC on carotid blood flow.

Importantly, while carotid velocities did not differ between the right of TAC
and right/left of SHAM, we note that measures of carotid pulsatility were statistically
higher in the right of TAC animals when compared to not only the left carotid within
TAC, but also the right and left carotids of SHAM animals, respectively. This is in
line with existing literature showing arterial pulse pressure is highest in the right
carotid of TAC animals when compared to the right and left of SHAM animals*® and
underscores the notion that losses in arterial compliance may be greatest in the right
carotid of TAC. This is particularly relevant given that losses in arterial compliance in
cardiovascular disease may be a key mechanism by which cardiovascular disease may

promote neurodegeneration®® 73, In fact, a recent study by De Montgolfier and
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colleagues found that the divergent bilateral carotid hemodynamic response in TAC
(6 weeks post-surgery) can lead to hypoperfusion in both hemispheres, but to a
greater degree in the right hemisphere®. That is, while lower blood flow supply to the
left hemisphere of the brain leads to hypoperfusion, the pulsatility associated with the
right carotid and cerebral blood flow leads to greater levels of hypoperfusion even
though the amount of blood being supplied is not limited. Moreover, when compared
to the left hemisphere, the right hemisphere of TAC animals also displays greater
deficits in blood brain barrier integrity, higher adverse microvascular events (e.g.,
microbleeds), and greater losses in microvascular density*6. Therefore, the higher
sustained pulsatility observed in this study may be accompanied by sustained
hypoperfusion, cerebral microvascular stress, and neurovascular damage that is more
pronounced in the right hemisphere than the left.

We also addressed systolic and diastolic artery diameter in TAC and SHAM
animals. Overall, we did not find any difference within TAC or between TAC or
SHAM in either peak systolic or peak diastolic carotid artery diameter. While there is
little work done on this, because TAC can lead to high pulse pressure in the right
carotid and low pulse pressure on the left carotid®, it is possible that the lack of
differences are a reflection of the low arterial compliance and impaired vasodilatory
responses on the right and insufficient mechanical stimulus from low blood flow in
the left to induce vasodilation!!’. Although not fully understood, the lack of
differences in artery diameters between SHAM controls and TAC may be partially
explained by biological aging. Indeed, losses in arterial compliance are common even

in healthy aging'*®, and given that the earliest time point of this study was done in
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what may be considered late middle-age for the rat''?, it is possible that our SHAM
controls fail to display normal vasodilatory responses due to biological aging. This
hypothesis should be extensively studied and was not directly addressed by the
current study.

We were also interested in time as a possible factor that could influence the
hemodynamic responses to TAC. As such, we set out to test whether carotid artery
velocities, pulsatility, and systolic and diastolic diameter were affected by time and
found that time did not influence any of our measured outcomes in either TAC or
SHAM animals. While surprising at first, in acute time windows, the TAC
hemodynamic phenotype has been reported to have a rapid onset with little change
after being developed 3% 'L, In support of this, a study by Poulet and colleagues found
that the divergent cerebral blood flow phenotype of TAC can develop as soon as 1
day post-surgery and remain largely unchanged 7 days post-surgery*'!. This same
pattern has been reported in a mouse model of Alzheimer’s Disease with TAC-
induced brain hypoperfusion, where the bilateral hemodynamic phenotype is present
3 weeks post-TAC, and largely unchanged 8 weeks post-TAC?°. Therefore, although
contrary to our original hypothesis, our data are in line with acute studies, and may

indicate that the TAC phenotype has a rapid onset that does not worsen with time.

Sex differences in carotid artery hemodynamics and artery diameter

Historically, cardiovascular disease has been studied within the context of
male physiology and disease!?, despite the fact that the prevalence of cardiovascular
disease is greater in older women than older men'?!. Nevertheless, sex disparities in

cardiovascular health is a rapidly expanding filed of research!?? 122 and we performed
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an exploratory analysis to determine whether there were sex differences in right and
left carotid hemodynamics and artery diameter within TAC and SHAM. First, in
TAC, we found that sex differences in carotid blood flow velocities and artery
diameter were constrained to the right hemisphere and not present on the left side.
Specifically, right mean and peak carotid velocities were higher in females than males
at 30- and 40 weeks post-surgery, while peak systolic and diastolic artery diameters
were higher in females than males at 40 weeks. Meanwhile, in SHAM animals, we
also found sex differences in systolic and diastolic artery diameters 20-, 30-, and 40
weeks post-surgery, as well as in peak and mean carotid artery velocities at 40 weeks
in both the right and left sides. These findings provide novel insight into possible
chronic sex differences in bilateral carotid hemodynamics in both TAC and SHAM.
The most intriguing finding was that sex differences in mean and peak carotid blood
flow velocities in TAC were present at 30- and 40 weeks post-surgery whereas these
differences were only present at 40 weeks post-surgery in SHAM controls. The sex
differences in artery diameter were largely unsurprising, given that independent
studies have previously shown female rat arteries have a smaller diameter than
males??* 125, However, because the right side of TAC showcased the sex differences
in blood flow velocities 10 weeks earlier than SHAM controls, this suggests that
higher blood flow velocities and associated pulsatility may speed up the development
of sex dimorphisms in vascular health. In support of this interpretation, recent work
has found the cerebral vasculature of female Sprague-Dawley rats has different
structural properties than male counterparts such as lower content of vascular smooth

muscle cells, higher collagen deposits, and thicker internal elastic lamina®?®.
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Moreover, these structural differences seem to impair the contractile capabilities of
large cerebral arteries, lower arterial distensibility, and elevate the myogenic
response, which translate into impaired functional capabilities in females when
compared to males*?®. As such, female animals may have a reduced ability to cope
with sustained higher and possibly pulsatile blood flow velocities over time, and the
early manifestation of sex dimorphisms in blood flow seen in TAC could signify an
early failing vasculature. Moreover, because impaired vascular function may facilitate
sex differences in the development of dementia later in life 127128 it is also possible
that an early failing vasculature in female TAC could facilitate the development of
cognitive impairment and, over time, dementia. However, because this study did not
employ and vascular structural or functional assays, nor any behavioral assays to
assess cognition (e.g., Morris Water Maze), this remains an interpretation that future
work should explore further. Nevertheless, because within the TAC literature, only
66% of studies have used male animals exclusively, and only 5% included female
animals for sex comparison!3, our study adds valuable information to a heavily

understudied topic in this animal model of cardiovascular disease.

Study Limitations

Although this study contributes to our growing understanding of TAC and
how it may influence brain blood flow, there were several limitations. Specifically,
the number of animals that were lost due to poor ultrasound imaging led to a low
sample size and limited our ability to address the effects of time, condition, and

hemisphere in the same model. Additionally, while we were able to characterize the
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hemodynamic changes in TAC and SHAM, our study did not determine if these were
coupled with structural and functional changes within the carotid arteries themselves.
Because of this, we are unable to fully elucidate the mechanisms within the arteries
that are being influenced by TAC and the ensuing divergent bilateral blood flow
phenotype. As such, more work is needed to create a comprehensive understanding of
the TAC hemodynamic phenotype and the possible implications it may carry towards
neurovascular integrity. Despite these limitations, this study is among few to have
extended the TAC model beyond 15 weeks, and to our knowledge, the first one to
characterize the bilateral carotid hemodynamic response at 20-, 30-, and 40 weeks
post-surgery. Moreover, it also included males and females and allowed for the
exploration of possible sex differences in at all time points between a diseased (TAC)

and a healthy (SHAM) state.

Conclusion

In summary, we report that despite being primarily used as an acute model,
the TAC model can also be extended into longer timescales to study chronic
cardiovascular disease and its influence on brain blood flow and perfusion. We found
that the hemodynamic changes reported in acute TAC models are sustained up to 40
weeks post-surgery, and time does not worsen or dampen these TAC-related changes.
These findings support the view that while the onset of hemodynamic changes may
be quick after TAC surgery, the phenotype is stable over time. Of note, although we
found that there were similar blood flow velocities between the right carotid of TAC
animals and the right and left carotids of SHAM animals, the right carotid of TAC

animals consistently displayed higher blood flow pulsatility. This sustained pulsatility
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in the right carotid of TAC animals helps explain why the right cerebral hemisphere
of TAC animals is more hypoperfused than the left hemisphere despite not facing a
physical limitation in blood flow. Therefore, while speculative, accrued pulsatility
leading to end-organ damage may cause greater disruption in neurovascular coupling
than lowering cerebral blood flow. Moreover, we also found sex differences in carotid
artery velocities that were detected earlier in TAC animals than SHAM animals,
which suggests TAC may accelerate the presence of age-related sex dimorphisms in

cardiovascular disease.
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Chapter 3: Glucose Transport, Oxidation, and Mitochondrial
Quality Control in Transverse Aortic Constriction.

Chapter Overview

Although the rodent model of transverse aortic constriction (TAC) leads to
whole brain hypoperfusion, there is compelling evidence showing the severity of this
hypoperfusive phenotype is highest in the right hemisphere of the TAC brain“®.
Because TAC is characterized by divergent bilateral carotid blood flow responses
(e.g., low left carotid blood flow and higher pulsatile right carotid blood flow),
hemispheric differences in cerebral hypoperfusion may suggest that the downstream
consequences of hypoperfusion may differ based on the mechanisms causing the
hypoperfusion (e.g., limited blood flow v. pulsatile blood flow). In this context,
human studies show low glucose metabolism goes hand-in-hand with brain
hypoperfusion®. In the brain, glucose metabolism is highly dependent not only on
blood flow, but also on the expression of glucose transporters (GLUT) and the ability
of neural mitochondria to oxidize glucose?®. As such, this study aimed to determine
whether 40 weeks post-surgery glucose oxidation (assessed via liquid-phase
respiration), expression of glucose transport proteins, and expression of proteins that
regulate mitochondrial networks (e.g., mitochondrial fission, fusion, and the unfolded
protein response) differed between the right and left hemisphere of TAC animals and
compared to SHAM controls. This study specifically targeted the hippocampus given
the extensive literature showing it is a subcortical structure that is particularly
susceptible to neurodegenerative diseases® 8. A series of independently run 2x2
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ANOVA models were used to address whether hippocampal mitochondrial
respiration, mitochondrial content, GLUT protein expression, and expression of
fission and fusion proteins, as well as HSP-60 differed between condition (TAC v.
SHAM) and hemisphere (right v. left). Additionally, as an exploratory analysis,
separately run independent samples t-tests or Mann-Whitney U tests were performed
to address whether there were sex differences in hippocampal mitochondrial
respiration, mitochondrial content, GLUT protein expression, and expression of
fission and fusion proteins as well as HSP-60, in each condition (TAC & SHAM),
within each hemisphere (right v. left). It was hypothesized that a) Within TAC,
respiration rates in the right hippocampus would be lower than the left, b) When
compared to SHAM controls right and left hippocampal respiration rates in TAC
would be lower, c) Protein expression of hippocampal neuronal and endothelial
glucose transport machinery would be downregulated in TAC but not SHAM
animals, and d) Hippocampal protein expression of mitochondrial dynamics would
favor a fission phenotype and dysregulated unfolded protein response in TAC but not
SHAM animals. Lastly, because we previously characterized the time course of
alterations in left and right carotid artery hemodynamics and diameter in TAC and
SHAM at 20-, 30-, and 40 weeks, we also employed an exploratory correlation
analysis to determine whether carotid blood flow velocities and pulsatility at 40

weeks post-surgery were related to hippocampal mitochondrial respiration.
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Methods

Study Design

The current study was approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Maryland College Park. Using a cross-
sectional study design, male and female Sprague-Dawley rats underwent the
minimally invasive procedure of transverse aortic constriction (TAC) to mimic
chronic hypertension and induced heart failure with preserved ejection fraction.
Control animals (SHAM) underwent a sham surgical procedure that was identical to
that received by TAC animals up to the constriction of the transverse aorta. Following
surgical procedures, animals were paired-housed, held on 12/12-hour light/dark cycle,
fed water and food ad libitum, and left to age for 40 weeks. Carotid blood flow and

artery diameter were measured 20-, 30-, and 40 weeks post-TAC surgery.

Transverse Aortic Constriction Surgery

Male and female Sprague-Dawley rats (4 weeks old) underwent either the
TAC or SHAM surgical procedures as described previously*4. Briefly, each animal
was weighed and anesthetized via inhalation of isoflurane [~2% isoflurane
supplemented with 100% oxygen (400-500 mL/min)]. Animals were then placed in
the supine position on a heated pad, and body temperature was monitored via anal
temperature probe. Once unresponsive, a single dose of buprenorphine (0.05-0.1
mg/kg) was injected via subcutaneous injection. A surgical area was clipped clean
and sterilized. A horizontal skin incision was then made at the suprasternal notch

region and a longitudinal ~1 cm cut was made in the sternum. In both procedures, a 4-
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0 silk suture attached to a blunted needle was passed around the aortic arch between
the origin of the right innominate and left common carotid arteries. A bent, blunted
20-gauge needle was then placed next to the aortic arch, the suture was tightened
around the needle, and the needle was then promptly removed (Fig. 1A). The sternum
was closed with a single silk suture and the skin was sutured shut with 5-0
monofilament suture and treated with betadine. SHAM animals received the same
procedure as TAC animals but did not have the suture tied around the aortic arch.
Doppler ultrasound (Fig. 1B & 1C) and cardiac tissue specific measurements (left
ventricular wall thickness and diameter) were used to confirm TAC and SHAM status

of all animals used in this experiment.

Euthanasia and Tissue Isolation

Rats were first anesthetized via isoflurane and clinical signs of anesthesia
depth were monitored with tail and toe pinches in accordance with guidelines from
the American Veterinary Medical Association. When animals became unresponsive,
euthanasia was verified via exsanguination and heart excision. Upon cardiac excision,
cervical dislocation and decapitation was used to allow for quick brain isolation.
Brain samples were placed in ice-cold 1xPBS, and the bilateral hippocampi were then
isolated and weighed. ~11mg of each hippocampal sample was then homogenized in
4.4 mL of ice-cold respiration media (50mM MOPS, 20mM glucose, 1ImM EGTA,
100mM KCI, 10mM MgClz, 0.2% BSA) using separate ice-cold Dounce
homogenizers. The remaining hippocampal samples were placed in separate conical
tubes with ice-cold 1XRIPA lysing buffer containing protease and phosphatase

inhibitors (ThermoFisher Scientific, Waltham, MA) and homogenized using a hand-
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held motorized microtube homogenizer (VWR, Radnor, PA). Samples were spun at
15xG for 15 minutes to obtain purified protein from each sample, which were then

stored at -80°C for further analysis.

Hippocampal Respiration

Hippocampal mitochondrial oxygen consumption was obtained via liquid-
phase respiration in a temperature-controlled respiration chamber fitted with a Clark-
type electrode (Oxytherm*, Hansatech Instruments, Norfolk, UK). 1 mL of
hippocampal homogenate was placed into the respiration chamber with the
temperature preset at 37°C with constant stirring at 60 rpm, and a previously
published substrate-uncoupler-inhibitor-titration (SUIT) respiration protocol was used
to assess mitochondrially-fueled metabolism*%°, First, while continually monitoring
oxygen consumption, non-phosphorylating leak respiration was induced by adding
the Cl-linked substrates pyruvate (5 mM), malate (0.5 mM) and glutamate (10 mM).
Then ADP (2.5 mM) was added to measure maximal Cl-linked phosphorylating
oxygen consumption, and then succinate (10 mM) was added, to assess the combined
ClI + CII phosphorylating oxygen consumption rate. Maximal uncoupled respiration
was obtained with the stepwise titration of protonophore FCCP (0.5 uM additions
separated by 60 seconds). Rotenone (0.5 uM) was then used to inhibit CI and obtain
Cll-linked uncoupled respiration. Lastly, CIl and CIII were inhibited with malonate

(2mM) and antimycin A (2.5mM) to assess non-mitochondrial oxygen consumption.
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Hippocampal Mitochondrial Content

Citrate synthase activity was assessed as an estimate of mitochondrial content
and was performed following previously published protocols®*°. Briefly, homogenates
were added to a cuvette containing, 100 mMTris HCI, 0.11-1 5,5-dithiobis-(2-
nitrobenzoic acid) (DTNB), 0.25mM acetyl-CoA, and 0.1% Triton. Substrate
dependent activity was initiated by addition of 0.5mM oxaloacetate into a final
volume of 1.0 ml and absorbance was followed at 412nm for 180 seconds. Activity
was calculated using a millimolar extinction coefficient of 13.6 for the mercaptide

ion.

Protein Quantification and Western Blot

Hippocampal protein concentrations were first determined via Pierce BCA
protein assay (ThermoFisher Scientific, Waltham, MA). Expression of glucose
transporters (GLUT-1, -3), fission proteins (DRP1, FIS1), fusion proteins (MFN1,
OPA1) and UPRMT (HSP-60) were then obtained via western blotting. Briefly, equal
amounts of protein (30 pg/lane) were loaded and separated by SDS-PAGE using
Mini-PROTEAN stain-free TGX precast gels (2% SDS, 25% glycerol, 0.01%
bromophenol blue) (Bio-Rad, Hercules, CA), and transferred to PVDF membranes
(Bio-Rad, Hercules, CA). Membranes were then blocked in 5-6% milk buffer for one
hour and then incubated at 4°C overnight with primary antibodies for target proteins.
An HRP-conjugated secondary antibody was used (Cell Signaling Technology,
Danvers, MA), and target proteins were visualized using the SuperSignal West Pico
Chemiluminescent Substrate detection kit (ThermoFisher Scientific, Waltham, MA)
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and the Bio-Rad ChemiDoc system and software (Bio-Rad, Hercules, CA). ImageJ
software was used to quantify bands using densitometry. For all western blot
experiments, total protein was used as the normalizing control and was obtained using

stain-free imaging.

Statistical Analysis

The primary purpose of this study was to address whether hypoperfusion
stemming from pulsatile blood flow and hypoperfusion stemming from low blood
flow led to hemispheric differences in hippocampal glucose transport, metabolism,
mitochondrial content and quality control, and test whether these differed when
compared to the SHAM controls. A series of 2x2 ANOVA models were used to test
whether there were any main effects of Condition (TAC v. SHAM), Hemisphere
(right v. left), or Condition by Hemisphere interactions on hippocampal respiration,
mitochondrial content, and protein expression of markers associated with
mitochondrial quality control mechanisms. Because the literature shows hemispheric
differences in brain perfusion within TAC, and because we hypothesized these
hemispheric differences would be evident in the outcomes of interest, all 2x2
ANOVA models were followed up with planned comparisons to determine whether
there were hemispheric differences within TAC. Pearson product-moment
correlations were used to determine if carotid artery blood flow velocities and
pulsatility 40 weeks post-surgery were related to mitochondrial respiration. Lastly,
although not a primary aim in this study, separately run, independent samples t-test
were used as an exploratory analysis to test for possible sex differences on

hippocampal respiration, mitochondrial content, and protein expression of markers
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associated with mitochondrial quality control mechanisms within either the TAC or
SHAM conditions. All analyses were conducted using the statistical software JASP
(version 0.17.3), and model assumptions for all ANOVA models were checked.

Statistical significance was set at p < 0.05.

Results

Animal Characteristics

Thirty-one animals were utilized (7 TAC male, 6 TAC female, 8 SHAM
male, and 10 SHAM female) and included in the analysis for this study. Animal
characteristics can be found in Table 6. Overall, no significant differences between
TAC and SHAM were observed in any of the characteristics, including those used to
determine heart failure such as absolute and relative left ventricular width, heart mass,
septal width, as well as cardiac parameters obtained from ultrasound imaging

including cardiac output, ejection, fraction, and stroke volume (Table 6).
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Table 6: Animal Characteristics

TAC (n=13)  SHAM (n=18)
M (SD) M (SD)

> Male g 180

Female
Age (weeks) 45.5 (1.27) 45.7 (1.46)
Body Mass (9) 470.4 (118.6)  464.7 (160.9)
Heart Mass () 1.44 (0.38) 1.34 (0.40)
Heart Mass to Body Mass (mg/g) 3.11 (0.51) 3.00 (0.67)
Heart Rate (BPM) 318.7 (32.0) 327.2 (34.1)
Left Ventricular Width (mm) 3.64 (0.50) 3.58 (0.45)
Left Ventricular Width to Body Mass (mm/mg) 8.09 (1.69) 8.46 (2.58)
Septal Width (mm) 3.21(0.41) 3.00 (0.34)
Septal Width to Body Mass (mm/mg) 7.19 (1.78) 7.03 (1.83)
Cardiac Output (ml/min) 76.5 (13.4) 82.4 (17.2)
Stroke Volume (ul) 240.3 (36.1) 253.7 (53.8)
Ejection Fraction (%) 72.3(13.2) 77.3 (8.8)
Tibialis Anterior Mass (Q) 1.68 (0.39) 1.56 (0.47)
Hippocampus wet weight (g) 0.115 (0.01) 0.113 (0.008)

Right 0.057 (0.005)  0.056 (0.005)

Left 0.058 (0.005)  0.057 (0.004)

Note: TAC- transverse aortic constriction, SHAM- sham control, M- mean, SD-
standard deviation, wks- weeks, g- grams, mg- milligrams, mg/g- milligrams per
gram, BPM- beats per minute, mm- millimeter, mm/mg- millimeter per milligrams,
ml/min- milliliter per minute, ul- microliter, %- percent. Data presented as means (M)

and standard deviation (SD).

68



Hippocampal Respiration and Mitochondrial Content in TAC and SHAM Animals.

A primary aim of this study was to expand on previous literature showing
hemispheric differences in brain perfusion and determine whether glucose oxidation
in TAC differed between hemispheres and compared to SHAM controls. Because the
SUIT protocol employed in this study addressed multiple components of the
oxidative phosphorylation cascade, each component addressed was analyzed with
separate 2x2 ANOVA models. Overall, significant main effects or interactions were
only found in CI linked respiration and CI1 linked uncoupled respiration (Fig. 11).
Specifically, we first observed a significant main effect of Hemisphere (F(1,56)=5.08,
p<0.05, np®=0.08) in Cl-linked coupled respiration but no significant main effects of
Condition (F(1,56)=0.134, p=0.71, np?>=0.002) nor a significant Condition by
Hemisphere interaction (F(1,56)=0.568, p=0.45, np®>=0.01). Follow up contrast
analysis revealed that within condition hemispheric differences were greatest in TAC
(t(56)=1.94, p=0.057) than SHAM (t(56)=1.18, p=0.24) animals, although it is
important to highlight hemispheric differences within TAC did not reach significance
(Fig. 11). As it pertains to Cll-linked uncoupled respiration, there were no significant
main effects of Condition (F(1,56)=0.045, p=0.83, np?=0.0008) or Hemisphere
(F(1,56)=3.49, p=0.06, np>=0.05), but a significant Condition by Hemisphere
interaction (F(1,56)=4.69, p<0.05, np?=0.077) was observed. Follow up contrasts
within TAC revealed that the right hippocampus had significantly lower Cll-linked
uncoupled respiration when compared to the left hippocampus (t(56)=-2.60, p=0.012)
(Fig. 11). No other significant hemispheric differences were identified between TAC

and SHAM, nor within SHAM controls. Of note, a 2x2 ANOVA model of CI&lII-
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linked coupled respiration revealed no significant main effects of Condition
(F(1,56)=1.24, p=0.61, np?>=0.005), Condition by Hemisphere interaction
(F(1,56)=2.61, p=0.11, np?>=0.045), but a main effect of Hemisphere the approached
significance (F(1,56)=3.75, p=0.058, np>=0.063). Follow up contrasts showed
hemispheric differences in TAC (t(56)=-2.29, p=0.025) but not SHAM (t(56)=-0.25,
p=0.80), with lower Cl&lII-linked respiration in the right compared to left
hippocampus of TAC animals (Fig. 11). No main effects of Condition
(F(1,56)=0.136, p=0.71, np?=0.002), Hemisphere (F(1,56)=0.46, p=0.49, np>=0.008),
nor Condition by Hemisphere interaction (F(1,56)=1.71, p=0.19, np*=0.03) were
observed for leak respiration. Similarly, no main effects of Condition (F(1,56)=0.137,
p=0.71, np®=0.002), Hemisphere (F(1,56)=0.42, p=0.51, np®=0.008), nor Condition by
Hemisphere interaction (F(1,56)=0.18, p=0.66, np?>=0.003) were observed for CI&II-
linked uncoupled respiration. Lastly, when addressing citrate synthase activity as a
measure of mitochondrial content, no main effects of Condition (F(1,56)=1.06,
p=0.30, np®=0.01), Hemisphere (F(1,56)=0.055, p=0.81, np®>=0.0009), nor condition

by hemisphere interaction (F(1,56)=0.88, p=0.35, np?=0.01) were observed (Fig. 12).
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Figure 11: Impaired Mitochondrial Respiration in the Right, but not Left
Hippocampus of TAC.

JO = oxygen consumption, nmol/ml/min = nanomoles per milliliter per minute,
LEAK- leak respiration, Cl = complex I, CIl = complex Il, ETS = electron transfer
system, TAC- transverse aortic constriction, SHAM- sham controls, R = right, L =
left. Data presented as means + SEM, * = p <0.05.

As an exploratory analysis, Pearson product-moment correlations were used to
determine if carotid artery blood flow velocities and pulsatility 40 weeks post-surgery
were related to mitochondrial respiration. First, we found that at 40 weeks, carotid
artery mean velocity (r = -0.448, p= 0.004, [-0.66, -0.15]) (Fig. 13A), carotid artery
peak velocity(r = -0.453, p= 0.004, [-0.67, -0.16]) (Fig. 13A), and carotid artery
blood pulsatility (r =-0.429, p= 0.006, [-0.65, -0.13]) (Fig. 13A), were all negatively

associated to CI&II-linked coupled respiration, and higher velocities and pulsatility
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were associated with impaired respiration. Similarly, carotid artery mean velocity (r =
-0.45, p=0.003, [-0.67, -0.16]) (Fig. 13B), carotid artery peak velocity(r = -0.473, p=
0.002, [-0.68, -0.18]) (Fig. 13B), and carotid artery blood pulsatility (r =-0.481, p=
0.002, [-0.69, -0.19]) (Fig. 13B), were also negatively associated to Cll-linked
uncoupled respiration, and higher velocities and pulsatility were associated with

lower uncoupled respiration.
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Figure 12: Transverse Aortic Constriction Does Not Lower Mitochondrial
Content.

CS = citrate synthase, umol/g/min = micromoles per gram per minute, TAC-
transverse aortic constriction, SHAM- sham controls, R = right, L = left. Data
presented as means with distribution of individual data points.
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Figure 13: High Carotid Artery Velocity and Pulsatility is Negatively Associated
with Hippocampal Mitochondrial Respiration.

A) Scatterplot depicting the negative association between carotid artery velocity and
pulsatility to CI&II coupled hippocampal respiration. B) Scatterplot depicting the
negative association between carotid artery velocity and pulsatility to CIl uncoupled
hippocampal respiration. JO = oxygen consumption, nmol/ml/min = nanomoles per
milliliter per minute, CI = complex I, CIl = complex Il, ETS = electron transfer
system.
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Expression of Glucose Transporter Proteins in TAC and SHAM Animals

Because brain hypoperfusion is often coupled to glucose hypometabolism, we
also determined if TAC led to hemispheric differences in glucose transporter protein
expression, and if TAC differed to SHAM controls. Overall, we found no significant
main effects of Condition (F(1,56)=0.424, p=0.51, np>=0.008), Hemisphere
(F(1,56)=0.33, p=0.56, np?>=0.006), nor Condition by Hemisphere interaction
(F(1,56)=0.11, p=0.73, np>=0.002) in hippocampal protein expression of GLUT-1
(Fig. 14). Similarly, no significant no main effects of Condition (F(1,56)=0.38,
p=0.53, np?=0.007), Hemisphere (F(1,56)=0.22, p=0.63, np?>=0.004), nor a Condition
by Hemisphere interaction (F(1,56)=0.09, p=0.75, np?>=0.002) for hippocampal

protein expression of GLUT-3 (Fig. 14).
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Figure 14: Protein Expression of Glucose Transporters is not Altered by
Traverse Aortic Constriction.

A.U- arbitrary units, GLUT-3- glucose transporter-3, GLUT-1- glucose transporter-1,
, R-right, L- left, TAC- Transverse aortic constriction, SHAM- sham controls. Data
presented as means + SEM.
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Expression of Mitochondrial Quality Control Proteins in TAC and SHAM Animals.

Mitochondrial metabolism is closely associated with mitochondrial quality
control mechanisms such as fission, fusion, and the mitochondrial uncoupled protein
response (UPRMT). As such, this study also aimed to address whether TAC was
associated with hemispheric differences in the protein expression of quality control
markers, and how the expression of these markers in TAC animals compared to
SHAM controls. For this study, OPA1 and MFN2 were used as markers of
mitochondrial fusion, DRP1 and FIS1 were used as markers of mitochondrial fission,
while HSP-60 was used as a marker of the mitochondrial uncoupled protein response.

First, 2x2 ANOVA models addressing mitochondrial fusion revealed a
significant main effect of Condition for both the long- (F(1,56)=4.92, p<0.05,
np?=0.081) and short- (F(1,56)=5.01, p<0.05, np?=0.082) OPA1 isoforms, with TAC
animals displaying higher protein expression than SHAM (Fig. 15A). However, no
significant main effects of Hemisphere for either long- (F(1,56)=0.23, p=0.63,
np?=0.004) or short- (F(1,56)=0.0008, p=0.97, np?>=0.00001) OPAL, nor a significant
Condition by Hemisphere interaction in either the long- (F(1,56)=0.29, p=0.59,
np®=0.005) or short- (F(1,56)=0.39, p=0.53, np?=0.007) OPA1 isoforms were found.
A main effect of Condition was also observed for total OPA1 (F(1,56)=5.09, p<0.05,
np?=0.083), calculated as the sum of the density signal of the short- and long-
isoforms, and TAC animals had higher protein expression of total OPA1 than SHAM
controls. No significant main effects of Hemisphere (F(1,56)=0.07, p=0.79,
np?=0.001), nor a Condition by Hemisphere interaction (F(1,56)=0.34, p=0.55,

np®=0.006) in total OPA1 were observed. No significant main effects of Condition
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(F(1,56)=0.07, p=0.78, np>=0.001), Hemisphere (F(1,56)=0.006, p=0.94,
np®=0.00009), nor Condition by Hemisphere interaction (F(1,56)=0.28, p=0.59,
Np?=0.005) were detected in MFN2 protein expression (Fig. 15A).

Regarding mitochondrial fission, no significant main effects of Condition
(F(1,56)=0.18, p=0.66, np?=0.003), Hemisphere (F(1,56)=0.40, p=0.52, np?=0.007),
nor Condition by Hemisphere interaction (F(1,56)=0.66, p=0.41, np?>=0.012) were
found in the protein expression of FIS1 (Fig. 15B). Similarly, no significant main
effects of Condition (F(1,56)=1.02, p=0.31, np?>=0.01), Hemisphere (F(1,56)=0.019,
p=0.88, np?=0.0003), nor Condition by Hemisphere interaction (F(1,56)=0.03,
p=0.85, np?=0.0006) were detected for DRP1 (Fig. 15B). Meanwhile, a significant
main effect of Condition (F(1,56)=6.53, p<0.05, np?=0.10), where TAC animals
showcased higher protein expression than SHAM, but no main effect of Hemisphere
(F(1,56)=0.04, p=0.83, np?>=0.0007), nor a Condition by Hemisphere interaction

(F(1,56)=0.001, p=0.96, np>=0.00002) were observed for HSP-60 (Fig. 15A).
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Figure 15: Greater Protein Expression of Mitochondrial Fusion Markers in
Right and Left Hippocampus of TAC.

A) Protein expression of markers associated with mitochondrial fusion and unfolded
protein response. B) Protein expression of markers associated with mitochondrial
fission. A.U- arbitrary units, MFN- mitofusin 2, L-OPA1- OPAL long isoform, S-
OPAL1- OPAL1 short isoform, HSP-60- heat shock protein-60, FIS1- fission 1, DRP1-
dynamin-related protein 1, TAC- transverse aortic constriction, SHAM- sham
controls, R- right, L- left, * = p <0.05. Data presented as means + SEM.
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Sex Differences in TAC and SHAM Animals

An exploratory analysis was conducted to assess whether, within each
hemisphere for each condition, hippocampal mitochondrial respiration and protein
expression of mitochondrial quality control markers differed between males and
females. Sex differences were addressed with separately run independent samples t-
tests, or with the non-parametric Mann-Whitney U test when t-test assumptions were
violated. Overall, we found no significant sex differences in hippocampal
mitochondrial respiration in either the right or left hemisphere (Fig. 16A) of TAC
animals but significant sex differences in mitochondrial content were found on the
left hemisphere of TAC animals. Specifically, mitochondrial content was found to be
significantly higher in the left hippocampus of TAC females when compared to the
left hippocampus of TAC males (M=46.6+2.0 v. M=29.2+5.9, U=32.0, p<0.05,
r=0.82) (Fig. 16B). Meanwhile, sex differences in protein expression of
mitochondrial quality control proteins were only found within the right hippocampus
of TAC animals, where females were found to have significantly higher protein
expression of the short (M=1.33+0.12 v. M=0.89+0.12, t(11)=2.47, p<0.05, d=1.36)
and long (M=1.88+0.13 v. M=1.32+0.11, t(11)=2.86, p<0.05, d=1.76) OPA1
isoforms compared to males (Fig. 16C). No significant sex differences in

hippocampal protein expression were found in the left hemisphere of TAC.
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Figure 16: Lower Mitochondrial Content in Female TAC is Coupled to the
Upregulation of Mitochondrial Fusion.

A) Hemispheric differences in hippocampal respiration in male and female TAC
animals. B) Hemispheric differences in mitochondrial content in male and female
TAC animals. C) Upregulation of mitochondrial fusion markers in the right
hemisphere of female TAC animals when compared to male TAC. JO- oxygen
consumption nmol/ml/min- nanomoles per milliliter per minute, CI- complex I, CII-
complex I1, ETS- electron transfer system, CSA- citrate synthase activity,
umol/g/min- micromoles per gram per minute, M- male, F- female, R- right, L- left, *
= p <0.05, *** = p<0.001. Data presented as means and S.E.M, as well as
distribution of individual data points for mitochondrial content.
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In SHAM animals, sex differences in mitochondrial respiration were evident
for Cl-linked coupled, and Cl&lII-linked coupled respiration. Specifically, Cl-linked
coupled respiration in female SHAM was found to be significantly lower than male
counterparts in both the right (M=3.10£0.16 v. M=4.09+0.12, t(16)=-4.69, p<0.05,
d=-2.22) and left (M=3.57+0.31v. M=4.22+0.23, U=12.5, p<0.05, r=-0.68)
hippocampus (Fig. 17A). Similarly, female SHAM also displayed lower Cl&II-linked
coupled respiration when compared to male counterparts in both the right
(M=5.76%0.33v. M=7.04+0.26, U=11.5, p<0.05, r=-0.71) and the left (M=5.88+0.37
v. M=7.12+0.22, t(16)=-2.68, p<0.05, d=-1.27) hippocampus (Fig. 17A). No sex
differences in mitochondrial content were observed in either the right or left
hippocampus of SHAM controls (Fig. 17B). Intriguingly, we only found sex
differences in expression of quality control proteins in the left hippocampus of
SHAM animals, and on average, females had higher protein expression than males of
DRP1 (M=1.23+0.11 v. M=0.81+0.12, t(15)=2.48, p<0.05, d=1.22) and MFN2
(M=1.40+0.22 v. M=0.95+0.40, t(15)=2.63, p<0.05, d=1.30) (Fig. 17C). No other

sex differences were evident in SHAM controls.
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Figure 17: Right and Left Hippocampal Respiration is Impaired in Female
SHAM.

A) Hemispheric differences in hippocampal respiration in male and female SHAM
animals. B) Hemispheric differences in mitochondrial content in male and female
SHAM animals. C) Sex differences in protein expression of fusion and fission
markers in the left hemisphere of SHAM animals. JO- oxygen consumption
nmol/ml/min = nanomoles per milliliter per minute, CI- complex I, ClI- complex II,
ETS = electron transfer system, CSA- citrate synthase activity, umol/g/min-
micromoles per gram per minute, M- male, F- female, R- right, L- left, * = p <0.05,
*** = p<0.001. Data presented as means and S.E.M, as well as distribution of
individual data points for mitochondrial content.
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Discussion

Chronic brain hypoperfusion is a central component of the intersection
between cardiovascular disease and neurodegenerative conditions such as demential®
44,58 Human studies employing clinical neuroimaging such as fluorodeoxyglucose
positron emission tomography (FDG-PET) have found brain hypoperfusion is often
coupled to glucose hypometabolism®°. Because glucose is the main energetic
substrate used by neurons, impaired glucose metabolism may hint at energetic deficits
that compromise basic neurophysiological processes and facilitate
neurodegeneration?®. Mitochondria are key organelles that form extensive functional
networks, and in neurons, they supply the vast majority of ATP needed to meet the
energetic needs of neuronal communication and maintenance?® 2°-3L, Therefore,
chronic hypoperfusion may be disrupting mitochondrial substrate metabolism and
network dynamics. Chronic hypoperfusion may stem from either limited blood flow
volumes reaching the brain (as seen with low cardiac output)®%, or from chronic
tissue damage from sustained blood flow pulsatility (as seen in chronic
hypertension)?*. However, most animal models of brain hypoperfusion rely on
lowering overall blood flow supply through arterial constriction, and largely ignore
the role of blood flow pulsatility in brain hypoperfusion®.Therefore, the literature
distinguishing these two distinct mechanisms of brain hypoperfusion and its
downstream consequences remain heavily understudied. The primary purpose of this
study was to take advantage of the TAC model where divergent (low left, high
pulsatile right) carotid blood flows?® have been shown to lead to hemispheric

differences in cerebral hypoperfusion“®, to address whether divergent hypoperfusive
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mechanisms affect glucose transport, and hippocampal mitochondrial function and
health. Additionally, because human epidemiological data has found sex disparities in
cardiovascular and brain health throughout the lifespan, we also explored whether sex
differences in glucose transport and mitochondrial health were present in animals

with TAC, as well as control animals.

Animal Characteristics

The rodent model of TAC is widely accepted as a reliable model of pressure
overload to study heart failure and hypertension®'3, However, we were initially
surprised to find that although our TAC animals tended to display a phenotype
suggestive of impaired cardiac function and cardiac hypertrophy, these were not
significantly different than our SHAM controls. At first glance, the lack of significant
differences between TAC and SHAM may suggest a lack of cardiovascular disease.
However, it is worth noting that the gauge of the needle dictates the severity of
constriction and therefore, TAC phenotype!32. Compared to needles with higher
diameter (e.g., low gauge number) such as the 20G needle used in this study, needles
with smaller diameters (e.g., high gauge number) lead to more severe TAC due to a
tighter constriction of the transverse aorta'3. In fact, a recent study in mice found that
even seemingly close gauges can overtly affect TAC phenotype, and using a 27G
needle leads to significantly more pronounced manifestations of heart failure than
26G and 25G needles®®?. Specifically, left ventricular mass, atrial weight, septal
width, and cardiac function are all significantly worse in mice whose TAC was
performed using 27G than in those whose TAC was done using 25G*%2. Moreover,

while most animals whose TAC procedure involved 25G and 26G showed full
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survivability, 15% of the animals whose TAC procedure involved 27G died within 4
days post-operation®®?. As such, it is clear not all TAC procedures are equal and the
severity of TAC is closely tied to both, the heart failure phenotype and animal
longevity. Although there is no consensus as to what needle gauge should be used for
TAC, in mice the vast majority of the TAC literature involves the use of a 27G needle
and timeframes 15 weeks or lower!3, In this context, to our knowledge, we are the
first to extend the TAC model to 40 weeks post-surgery, and the use of a 20G needle
facilitated the survivability of our animals to the intended end point. Moreover, we
note that while we do not have a robust heart failure phenotype, our TAC animals
displayed the very same carotid hemodynamic phenotype reported in previous work
with more aggressive ligation?> 2% 46. 111 Therefore, the blunted cardiac function and
cardiac hypertrophy phenotypes did not translate to a loss in the brain hemodynamics
that were central to this study, and our use of TAC was suitable to address the gaps in
the literature. With that in mind, given that to study chronic disease animal
survivability is key, future studies should build on existing literature and better
characterize the cardiac adaptations to TAC when low gauge needles are used, and
the time-course of these adaptations. Addressing these gaps in the literature will help
better understand how TAC can be leveraged to study the intersection between

chronic cardiovascular disease, hypoperfusion, and brain health.

Mitochondrial Respiration and Content

Although the literature on how mitochondrial function is affected in

29,133

neurodegenerative conditions such as Alzheimer’s Disease and Parkinson’s
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Disease'® is extensive, the literature on how chronic brain hypoperfusion in the
context of chronic cardiovascular disease influences neuronal mitochondria is more
limited and has often relied on complete obstruction models'3* 35, or acute time
scales®®. Therefore, because there are hemispheric differences in brain hypoperfusion
within TAC animals, we first explored whether mitochondrial substrate oxidation and
content were differentially affected in the cerebral hemispheres within TAC, and how
these compared with SHAM controls. Overall, we found that hemispheric differences
in mitochondrial respiration were present in TAC but not SHAM. Specifically,
contrast analysis within TAC animals revealed that when compared to the left
hippocampus, the right hippocampus displayed significantly lower CI&lII-linked
coupled respiration, as well as CllI-linked uncoupled respiration. Because coupled
respiration represents the maximal respiratory capacity of the electron transfer
pathways in the presence of saturating substrates and ADP*%, CI&Il-linked coupled
respiration represents the upper limits in coupling the transfer of electrons via NADH
and FADH: to the phosphorylation of ADP to ATP%". Moreover, because uncoupled
respiration employs protonophores to disrupt the inner mitochondrial membrane and
dissipate the protonmotive force, Cll-uncoupled represents the maximal electron
transfer through complex I1, I11, & IV without the phosphorylation of ADP to ATP3¢:
138 As such, severe hypoperfusion in the right hippocampus of TAC animals and
ensuing low CI-IlI-linked coupled respiration may be partially explained by a
limitation in the electron transferring capacity along ClI that lowers the protonmotive
force generated by the flux of electrons via ClI during oxidative phosphorylation.

Further, although not considered statistically significant (p=0.057), we note that the
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right hippocampus in TAC also displayed lower Cl-linked coupled respiration when
compared to the left hippocampus (M=3.46+0.23 v M=4.10+0.24) within TAC
animals. Therefore, it may be possible that on top of limitations in the electron
transferring capacity, there may also be limitations in the electron carrier pool that
feed CI and CII, which may place further limitations in the protonmotive force during
coupled respiration. This possibility is partially supported by work from Du and
colleagues that reported bilateral carotid occlusion can progressively lower state 3
hippocampal mitochondrial respiration 9-, 13-, and 17 weeks post-surgery%®. Since
state 3 respiration in this study involved the use of saturating glutamate, malate, and
ADP, the reported state 3 respiratory state reflects Cl-linked coupled respiration®?,
Therefore, the findings by Du et. al. suggest severe hypoperfusion can inhibit the
maximal respiratory capacity through CI. However, this work by Du et. al. did not
address whether respiratory deficits in state 3 differed between hemispheres, despite
the fact that the right carotid was occluded first, and the left carotid was occluded
one-week later’3¢. Given that previous studies have found TAC induces a more robust
hypoperfusive response in the right hemisphere than the left*6, our results suggest that
the pulsatility associated with the right cerebral hemisphere in TAC can also translate
into metabolic deficits within the right hemisphere. Importantly, while we did not
measure brain perfusion, our results also suggests that in TAC, moderate left cerebral
hypoperfusion does not lead to deficits in mitochondrial function. These findings
provide novel insight into the metabolic consequences of brain hypoperfusion in
TAC, and additionally clarify that chronic hypoperfusion due to pulsatile blood flow

and hypoperfusion due to limited blood supply do not necessarily lead to the same
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metabolic changes. However, since there is a large degree of heterogeneity in the
models used to study brain hypoperfusion?®, and because the consequences of
occlusion in TAC!? 132 and bilateral carotid occlusion® are highly dependent on
methods that are yet to be standardized, there remains much work to be done to
understand the downstream consequences of brain hypoperfusion. Indeed, there is a
dire need to establish whether the methods used to induce hypoperfusion lead to
similar outcomes, and how these reflect human disease. Taken together, our results
expand on the existing TAC literature, and suggest that beyond divergent bilateral
carotid hemodynamics, and hemispheric brain perfusion, TAC also leads to divergent

responses in mitochondrial respiration.

Glucose Transport and Mitochondrial Quality Control

Because glucose serves as the primary energetic substrate for neurons?2®: %,
glucose transporters (GLUTS) serve an integral role in facilitating the delivery of
circulating blood glucose to active neurons®’. As such, this study also aimed to
determine whether the protein expression of prominent GLUTSs such as GLUT-1 and
GLUT-3 were differentially affected in the cerebral hemispheres of TAC animals and
how these compared to SHAM controls. We did not find any hemispheric differences
in the protein expression of either GLUT-1 or GLUT-3 within TAC, nor any
differences between TAC and SHAM. Within the context of the TAC literature, our
findings are somewhat at odds with work from Poulet and colleagues, whose study
found hippocampal GLUT-1 (but not GLUT-3) mRNA to be downregulated in TAC

animals when compared to SHAM controls 3 weeks and 4 weeks post-surgery®.
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Intriguingly, when looking at the cortex, GLUT-1 was only downregulated 4 weeks
post-surgery®. Although these results suggest GLUT-1 levels in the brain may be
downregulated in TAC, it is important to note that changes in mRNA expression are
difficult to interpret in the absence of protein expression, given that mMRNA
expression does not reflect protein abundance nor functional changes in these
proteins'4%, Moreover, because ischemia reperfusion studies have shown acute
increases in blood flow are accompanied by an initial upregulation in GLUT mRNA
levels'#, it is possible that downregulation of GLUT mRNA in acute models of TAC
is the equilibrating response'4® 142 to an initial upregulation in mMRNA, and possible
subsequent protein overexpression of GLUTSs. Therefore, although difficult to directly
compare, it is possible that the acute changes in GLUT mRNA do not reflect the long-
term adaptations to GLUT protein expression in TAC we observed. However,
because we focused on a chronic time scale of 40 weeks, the present study does not
provide sufficient evidence to endorse or to refute this notion. Therefore, the way
TAC affects expression of GLUTSs both acutely and chronically, remains a gap in the
literature to be further studied.

Meanwhile, we also report that although there were no hemispheric
differences in the protein expression of markers of mitochondrial fusion, fission, or
unfolded protein response, we did find that when compared to SHAM controls,
markers associated with mitochondrial fusion and the unfolded protein response were
upregulated in both hemispheres of TAC animals. Indeed, both, the long- and short-
OPAL isoforms , as well as HSP-60 were significantly higher in both hemispheres of

TAC animals. While little is known regarding either mitochondrial dynamics or the
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unfolded protein response in TAC, models of acute cardiovascular events such as
ischemia-reperfusion injury and stroke suggest abrupt changes in brain blood flow
can promote the upregulation of mitochondrial fission markers concomitant to the
downregulation of fusion markers*! 143, Despite the fact there is ample evidence
showing mitochondrial dynamics are dysregulated during neurodegeneration3!: 144
within the context of chronic hypoperfusion, it is a heavily understudied topic!*. To
our knowledge, only one published study that has addressed mitochondrial dynamics
in the context of brain hypoperfusion*®. Feng and colleagues found that in a
transgenic line of Alzheimer’s disease, bilateral carotid obstruction was associated
with higher levels (assessed via immunohistochemistry) of DRP1 and FIS1
concomitant with lower levels of OPA1 and MFN'#6, While this is contrary to the
current findings, we note that although immunohistochemical assays provide
excellent spatial resolution that allow for protein localization, measurement of protein
expression via western blotting can be more sensitive in detecting quantifiable
measures of the target protein3®. Therefore, this discrepancy may be partially
explained by the different methodologies used. Moreover, while it is widely accepted
that mitochondrial fragmentation (and upregulation of fission proteins) is common in
the late stages of neurodegenerative diseases'®, upregulation of fusion proteins such
as MFNZ2 has been reported to not only attenuate mitochondrial fragmentation, but
also neuronal loss'#’. Thus, because we also observed an upregulation of HSP-60 in
both hemispheres of TAC animals, it may be possible that, collectively, the
upregulation of OPA1 and HSP-60 represent a protective mechanism against

hypoperfusion and neuronal stress. To contextualize this, it must be underscored that
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in order to sustain mitochondrial energetic networks during fission and fusion events,
mitochondria have to constantly regulate ETC stoichiometries, clear stress-denatured
proteins, and ensure that the segregation or adjoining of mitochondria does not cause
imbalances in the mitochondrial proteome®. This task is largely regulated by a
delicate interaction between the UPRMT and molecular protein chaperones of the heat
shock protein family3% 34 that, stabilize protein imports, and facilitate the assembly of
protein complexes to prevent the aggregation of stress-denatured proteins©: 107,
There is ample yet controversial evidence that prominent HSPs such as mortalin,
TRAP-1, and HSP60 are dysregulated in neurodegenerative diseases®® 1%°, and
dysregulation of these HSPs is associated with proteotoxic burden in Alzheimer’s
disease!?®. Thus, the upregulation of OPAL in TAC may be an adaptive response to
improve mitochondrial substrate metabolism in the presence of low tissue perfusion,
while the dual upregulation of HSP-60 may serve to ensure mitochondrial
stoichiometries are sustained while proteotoxic stress is blunted. However, this
possibility should be better characterized in future studies, and the roles of other

prominent HSPs such as mortalin and TRAP-1 should also be considered.

Sex Differences

We also performed an exploratory analysis to determine whether sex
differences in mitochondrial respiration, content, and protein expression of quality
control markers were present in each hemisphere of each condition. In TAC animals,
there were significant sex differences in mitochondrial content in the left

hippocampus, with females displaying higher levels of mitochondrial content than
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males. Moreover, within the right hippocampus, protein expression of mitochondrial
fusion markers was found to be significantly higher in females when compared to
males. Although not significant, within the left hippocampus, females also tended to,
on average, have higher protein expression of S-OPA1 (M=1.46+0.27 v.
M=0.89+0.12, p=0.068, d=1.18) and total OPA1 (M=3.33£0.57 v. M=2.24+0.25,
p=0.09, d=1.01). Together, these suggest that sex differences in mitochondrial quality
control are possible within TAC. Taking into account that previous work has found,
in rodents, extensive sex differences in the hippocampal transcriptome*®, including
transcripts that regulate mitochondrial health4?, it is not surprising to find sex
differences in the protein expression of mitochondrial quality control in TAC animals.
Because OPAL1 is associated with mitochondrial fusion'%2, concomitant upregulation
this marker in females along with higher mitochondrial content on the left
hippocampus may suggest TAC females have better regulation of mitochondrial
health than males. However, because the vast majority of studies that use TAC as a
model do not include sex comparisons®3, nor fully address brain mitochondrial
health?®, whether this is the case remains poorly understood. Nevertheless, the
inclusion of sex and hemispheric comparisons in the context of brain mitochondrial
function is a novel contribution of this study towards the wider literature employing
the TAC surgery as a model of cardiovascular disease.

We also report sex differences in mitochondrial health in SHAM controls. We
observed that SHAM females had significantly lower Cl-linked and Cl&II-linked
coupled respiration, concomitant with higher protein expression of fusion (MFN2)

and fission (DRP1) markers compared to SHAM males. These observations
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contribute to existing animal data where sex-based differences in mitochondrial
function and quality control have been reported. For example it has been previously
shown that Cl-linked respiration is higher in 13-month old female mice compared to
males'®. These sex differences are no longer present at 85 weeks, suggesting that,
these dimorphisms may wane in older age*°. This same initial pattern was also found
in an independent study where sex dimorphisms were present in 10-week old mice,
and female mice were seen to have higher Cl-linked, Cl&II-linked coupled
respiration when compared to male counterparts®>*. Although, these findings were not
consistent with previous reports, those observations were all been made in mice at
younger life stages compared to the current study in rats at relatively older ages.
Because hormones such as estradiol may also influence brain mitochondria®®?, it is
possible that our results differ from those seen in young mice due to changes in
circulating estrogen. In this context, complete removal of estrogens in ovariectomized
macaque monkeys is reported to alter brain mitochondrial shape from elongated
tubules to a more donut-shaped phenotype!®3. Because donut-shaped mitochondria are
associated with mitochondrial stress'®?, the presence of sex dimorphisms in
respiration and markers of mitochondrial dynamics in our SHAM animals could
suggest that circulating hormone levels may be partially involved. However, given
that we did not measure estrogen, or completely ablated it from the circulation of our
animals, this is an interpretation that is not directly supported by the collected data.
Future studies should aim to address this gap in the literature. Despite this, because
we studied sex differences at an intermediate point between the existing data in young

an extremely aged mice, this study makes contributions that may aid in better
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understanding how sex dimorphisms in brain mitochondrial function and dynamics

change throughout the lifespan.

Limitations

Despite the compelling evidence showing hemispheric differences in brain
hypoperfusion within TAC, we did not in fact, measure brain hypoperfusion in our
animals. This limits our ability to directly compare the outcomes of this study to the
hypoperfusive phenotype previously reported. Nevertheless, because our carotid
hemodynamics outcomes paralleled those observed in the literature, it can be inferred
that the hypoperfusive phenotype was manifested in our TAC rats. Future work
should aim to obtain both, perfusion, and mitochondrial function parameters to
corroborate the observations of this study. Additionally, because we only targeted
mitochondrial dynamics and a heat shock protein associated with the UPRMT, the
results from the present study cannot address how TAC influences other quality
control mechanisms such as mitophagy. Despite this, the observed differences in
protein expression of fusion proteins and HSP-60 suggest the inclusion of mitophagy
markers would be an exciting avenue to explore in future studies and may provide
meaningful insights into the upregulation of these markers within the context of TAC.
Nevertheless, the present study makes meaningful contributions not only to the TAC
literature, but also to the literature aiming to understand how brain hypoperfusion can

influence brain mitochondrial health.
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Conclusion

To conclude, we report that despite leading to whole brain hypoperfusion,
hemispheric differences in hypoperfusion within TAC are coupled to hemispheric
differences in mitochondrial respiration. Further, although both TAC hemispheres
upregulated markers associated with mitochondrial quality control, high carotid artery
hemodynamics and pulsatility were negatively associated with mitochondrial
respiration. These results suggest that although tissue hypoperfusion may promote
neuroprotective adaptations, these responses are not sufficient when hypoperfusion
stems from chronic high blood flow velocity and pulsatility. Whether high blood flow
pulsatility to the brain differentially affect other aspects of brain metabolism (such as
the accumulation of ROS), when compared to low brain blood flow remains unknown
and can offer exciting avenues for future research that complement the findings of
this study. Moreover, because we also report sex dimorphisms in TAC and SHAM
mitochondrial metabolism and quality control, this supports the growing discourse
calling for the incorporation of sex comparisons when animal models of human
disease are employed. Indeed, sex differences in cardiovascular and brain health are
found throughout the human lifespan, and the exclusion of sex comparisons in animal
studies of human disease leaves important biological and physiological processes
disregarded. Altogether, this study makes a novel contribution to the literature by
highlighting that the metabolic consequences to tissue hypoperfusion may differ
based on the mechanism (high blood flow pulsatility v. lower blood flow) of action.
This is particularly relevant because most animal models used to address a central

link between cardiovascular disease and neurodegeneration (e.g., brain
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hypoperfusion) rely on arterial occlusion models that leave blood flow pulsatility
largely overlooked. Thus, these results can help inform the literature addressing the

intersection between cardiovascular disease and neurodegeneration.
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Chapter 4: Summary of Findings

The primary objective of this dissertation was to investigate hippocampal
glucose transport and mitochondrial function in response to two mechanisms of brain
hypoperfusion (e.g., high blood flow velocity and pulsatile blood flow v. physical
limitation in blood flow). To this end, we used the rodent model of transverse aortic
constriction (TAC), because the binding of the transverse aorta results in opposing
carotid hemodynamics. That is, in this model, the right common carotid is exposed to
sustained, but pulsatile, blood flow while the left common carotid is exposed to low
blood flow. Much of the TAC literature has focused on time scales (<15 weeks) that
fail to characterize the long-term carotid hemodynamics of this procedure. Therefore,
the first study of this dissertation focused on characterizing the bilateral carotid artery
hemodynamic changes in TAC 20-, 30-, and 40 weeks post-surgery. Carotid artery
diameter, blood flow velocity, and blood flow pulsatility were quantified and
compared to SHAM controls. Moreover, we also addressed whether the time post-
surgery magnified the TAC-related changes in carotid artery hemodynamics and
explored sex-differences in TAC and SHAM animals.

As found in previous studies, we report that all time points within TAC, right
carotid blood flow velocities and pulsatility were greater than the left. Because the
present study used a low needle gauge (20G) to ensure animal longevity, we do not
report differences between TAC and SHAM in the cardiac parameters (e.g., left
ventricular width, septal width, cardiac output, ejection fraction, etc.) traditionally
used to assess heart failure. Despite similar blood flow velocities in TAC compared to

the right and left carotids of SHAM controls, blood flow pulsatility was consistently
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higher in the right carotid of TAC animals, while velocities and pulsatility were
consistently lowest in the left carotid of TAC. Therefore, this study successfully
induced the high right carotid pulsatility and low right carotid blood flow response
found in more aggressive TAC models. Unlike what was hypothesized, we found that
the TAC-related changes in right and left carotid hemodynamics did not worsen with
time. Acute studies have found the opposing bilateral carotid blood flow in TAC can
be detected as soon as 24-hours post-surgery and remain stable over 7 days. Thus,
changes in carotid blood flows in TAC may be characterized by a rapid onset that is
stable over time. Lastly, we also found that sex differences in carotid artery velocity
found in SHAM animals occurred 10 weeks earlier in TAC animals, and female
animals recorded higher velocities than males. Wild-type rats have been noted to
display sex differences in vascular structure and function, whereby the structural
components of vasculature in females tend to translate in functional impairments
when compared to male rats. Thus, female animals may have a reduced ability to
cope with sustained higher and possibly pulsatile blood flow velocities, and this may
explain why sex differences presented earlier in TAC.

Recent work in TAC mice shows both, right carotid pulsatile blood flow, and
low left carotid blood flow induce brain hypoperfusion. However, this brain
hypoperfusion differs between hemispheres, and the right cerebral hemisphere of
TAC animals is more severely under-perfused than the left hemisphere. After having
achieved the carotid hemodynamic phenotype associated with TAC, we then set out
to study right and left hippocampal respiration, mitochondrial content, and protein

expression of glucose transporters and markers of mitochondrial quality control. The
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overall purpose of this component was to determine if the reported hemispheric
differences in hypoperfusion led to hemispheric differences in glucose transport and
mitochondrial function.

There were hemispheric differences in coupled and uncoupled mitochondrial
respiration within TAC animals, with the right hippocampus showing deficits in
mitochondrial respiration when compared to the left. That said, we did not find any
hemispheric differences in mitochondrial content within TAC animals, nor between
TAC and SHAM animals. Therefore, impairments in mitochondrial respiration are
not a driven by lower mitochondrial content within the right hippocampus of TAC
animals. Moreover, although we did not find hemispheric differences in the protein
expression of mitochondrial quality control markers, there were differences between
TAC and SHAM. Specifically, we found that when compared to SHAM animals,
TAC animals showcased an upregulation of mitochondrial fusion and UPRMT markers
in both hemispheres. This upregulation may be a compensatory response to chronic
hypoperfusion in both hemispheres of TAC animals. However, because we find
impaired mitochondrial respiration in the right hippocampus of TAC animals, it may
be possible that this adaptive response is insufficient when blood flow pulsatility is
the source of hypoperfusion. Last, we did not find any hemispheric differences within
TAC, nor between TAC and SHAM on protein expression of glucose transporters.
While counterintuitive, this may indicate that deficits in glucose metabolism during
hypoperfusion are not entirely the result of the acute downregulation in glucose
transporter mMRNA levels reported prior. In fact, because we saw that TAC animals

had similar levels of GLUT protein expression, it may be possible any acute
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downregulation in GLUT mRNA does not translate into chronic dysregulation of
GLUT protein synthesis. Together, these results provide novel insight into the degree
of resilience neuronal tissue can have in response to divergent mechanisms of
hypoperfusion. That is, while it may be possible to sustain metabolic function to low
blood flow and ensuing hypoperfusion, this is not the case when hypoperfusion stems

from high blood flow velocity and pulsatility.

Future Directions

Although this dissertation contributes novel insights into the use of TAC to
study prospective mechanisms of VaD, there is much work needed to establish TAC
as a representative model of human VabD. First, future work could build on the
findings of the first study and chronically characterize the TAC-related changes in
brain perfusion, and whether these get altered by time. This, in turn, would provide
much needed information on whether the hemispheric differences in brain
hypoperfusion from blood flow pulsatility and limited brain blood flow seen acutely
are sustained past 8 weeks post-surgery. Additionally, this study did not include the
use of behavioral testing assays (such as the Morris Water Maze or Y-Maze) that are
normally used to link adverse physiological changes to cognitive health. Because
molecular data and cognitive batteries are key in the establishment of animal models
of neurodegenerative disease, future work should aim to include cognitive assays to
help determine the behavioral consequences of TAC. More importantly, because
human studies suggest chronic blood flow pulsatility and brain hypoperfusion are

etiological hallmarks of VVaD, the dual incorporation of brain perfusion metrics and
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behavioral assays in this model can further inform whether this animal model can in
fact be used as a representative model of human VaD.

From a mechanistic point of view, while we quantified the protein expression
of GLUT in TAC, quantifying glucose transporter expression in the brain is
challenging since GLUT isoforms are widely expressed by cell populations
throughout the brain. That is, because we addressed protein expression in
homogenates, any possible changes happening in specific cell populations such as
endothelial cells or neurons could be masked by the presence of other cell populations
that co-express the targeted GLUT isoforms (e.g., co-expression of GLUT-1 in
endothelial cells and astrocytes). Despite being a widely used and sensitive technique,
a methodological limitation of quantifying protein expression via immunoblotting is
that it does not provide information as to what cells within the homogenate are
driving the signal being detected®. Immunohistochemistry is another widely used
biochemical technique with excellent spatial resolution that allows for the localization
of target proteins to specific cell types, but is not as sensitive and quantifiable as
immunoblotting®. Therefore, future studies should strive for the dual use of
immunoblot and immunohistochemistry to comprehensively characterize the changes
in glucose transport machinery that may be happening in the brain during
hypoperfusion. This approach may help draw more straightforward conclusions as to
whether glucose transport is in fact a rate limiting step in glucose metabolism in
neurodegenerative diseases such as VaD, as suggested by the literature.

Neural tissue has an inherently low antioxidant defense system and prior work

shows brains from animals with TAC and aortic binding have higher indices of
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oxidative stress. Since the majority of ROS can be traced to mitochondrial oxidative
phosphorylation, determining ROS production and oxidative stress in TAC brains
should be a goal of future work. Determining whether hemispheric differences in
mitochondrial respiration translate into hemispheric differences in either ROS
production or oxidative stress can help further delineate how the consequences of
blood flow pulsatility differ from those from limited brain blood flow. In the long run,
because hypoperfusion, brain hemodynamics, and arterial compliance are all heavily
implicated in VVaD and other neurodegenerative conditions, addressing all these gaps
in the literature would contribute to our understanding of the intersection between
cardiovascular health and brain health.

Overall, this dissertation provides meaningful insight into the link between
cardiovascular disease and neuronal health. Specifically, despite similar changes to
mitochondrial quality control, mitochondrial respiration was unaffected by low blood
flow velocities in the left side, while higher blood flow velocities and pulsatility
associated with the right side led to impaired mitochondrial respiration. Thus, while
both high blood flow and pulsatility as well as low cerebral blood flow may lead to
brain hypoperfusion the neurophysiological consequences of the two may not be the
same. Since most animal models of VaD rely on limiting brain blood flow to induce
hypoperfusion, these results suggest there may be a clear disconnect between the
inferences made from animal models of VVaD and human VabD etiology. From a wider
perspective, a paradigm shift is needed whereby animal models of VVaD should be
refined and include the use of blood flow pulsatility to induce brain hypoperfusion.

Doing so would help clarify how changes in blood flow hemodynamics seen across
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cardiovascular disease may influence the neurophysiological processes that contribute

to the development of VVaD.
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