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Abstract

Alzheimer’s disease (AD), the most prevalent dementia, is characterized by the
accumulation of amyloid beta (AB) plaques, neurofibrillary tangles, neuroinflammation, and
reduced memory and cognitive function. Although several medical treatments are available, they
only address systemic symptoms and not AD progression. Therefore, there is a crucial necessity
for novel mechanistic discoveries.

AD is associated with reduced cerebral perfusion and impaired cerebrovascular
reactivity, which contributes to further accumulation of A plaques. Pannexinl (Panx1) is a
membrane channel that regulates ATP release, activating purinergic signaling cascades,
influencing vascular reactivity and inflammation. Our previous studies suggest Panx1 expression
is increased in the brain of an AD mouse model, and endothelial cell (EC) Panx1 regulates
cerebral vascular tone. We hypothesize that EC Panx1 plays a role in AD neurovascular
dysfunction, memory deficits, and neuroinflammation.

To test this hypothesis, we crossed the APP/PS1 mouse model of AD with our EC Panx1
deletion mice and aged them to 9 to 12 months of age. In novel object recognition (NOR)
studies, AD mice failed to recognize the novel object, and EC Panx1 deletion did not rescue this
memory recognition deficit. Barnes maze (BMz) data illustrates no differences in spatial memory
in mice with intact or deleted EC Panx1 at 9-months and 12-months of age. However, Object
Location Test (OLT), an alternative spatial memory test, revealed a lack of spatial memory in
our mouse model of AD that is presented with EC Panx1 deletion 12 months of age. 9-month-old
APP/PS1 mice have reduced cerebral blood flow, which is prevented with EC Panx1 deletion.

Lastly, flow cytometry data suggests a trend of decreased infiltrating leukocytes into the brain



with Panx1 deletion in our APP/PS1 mice, primarily T-cells, in male but not female 9-month-old
mice.

We conclude that the Panx1 channel mediates cerebral vascular reactivity yet has
minimal effects on behavior and AD mediated leukocyte cerebral inflation. These findings are
critical in understanding mechanistic progression of AD and has important clinical implications,
as drugs which inhibit Panx1 in AD could improve global cerebral perfusion to minimize tissue
death and increase spatial memory in late-stage AD. The Panx1 pathway — with further testing
and larger sample sizes -- can pave the way for a new therapeutic target to slow-down or reverse

AD progression.
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Chapter 1: Introduction

1.1 Alzheimer’s Disease

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease that is the leading
cause of dementia in the elderly. By 2050 the elderly population — 65 years and older — is
projected to increase from 63 million in 2025 to over 82 million.! This projection alone, predicts
2.1 million new cases within the next 25 years, which affects African American and Hispanic
individuals at higher rates.? In turn, this will proportionately increase caregiver burden for these
populations.®

AD is characterized by memory loss, behavioral abnormalities, cerebral atrophy, neuronal
loss, inflammation, and accumulation of amyloid plaques and tau tangles. Taken together, these
pathological and behavioral changes contribute to loss in quality of life. Genetic risk factors
predict and help diagnose early to late onset AD. Rare familial inheritance of mutations in the
amyloid-f3 precursor protein (APP), presenilin-1 protein (PSEN1), and presenilin-2 protein
(PSEN2) genes are the main causal risk factors for early-onset AD.*® In recent years, the
apolipoprotein E (APOE) polymorphism €4 (APOE4) has been correlated with increased risk of
late-onset AD.>® These genetic abnormalities further contribute to mechanistic progression of
AD in the brain, yet, with the vastly low prevalence of patients with early-onset genetics
compared to the high penetrance late-onset AD, it is paramount to further investigate novel
mechanism for AD therapeutics.

Although numerous hypotheses on AD progression are proposed, the amyloid hypothesis is
the most widely accepted. The hypothesis proposes that APP metabolism by B-secretase and vy-

secretase creates the amyloid-p (AB) 40 and 42 monomers. 4" The AB monomers, with

decreased solubility and clearance, form oligomers and create Ap plaques within the brain that



contribute to neurotoxicity.” More recently, the Vascular Hypothesis has been proposed
suggesting that impaired cerebral vascular function and cardiovascular diseases, such as
hypertension, diabetes, and hyperhomocysteinemia, heighten the risk of developing AD;
emphasizing a need to explore vascular-mediated mechanismism contributing to AD.%° A few
FDA approved treatments are available for AD including: 1) anticholinesterase inhibitors and
anti-glutaminergic treatments, which temporarily treat symptoms®?; and 2) anti-amyloid
antibodies that aim to remove A from the brain, but are only available for patients with mild
symptoms and may only temporarily slow the progression of AD symptoms.*®49 New
pharmacologically targetable mechanisms contributing to AD progression are necessary to

improve patient health.

1.2 Behavioral Alterations in Animal Models of Alzheimer’s Disease

Memory loss is the earliest symptom that is reported in AD. An effect attributed to left
ventricular hippocampal atrophy, among other cerebral morphological changes.'%11” However,
presentation of this symptom suggests that the patient has already reached a mild progressive AD
phase. The difficulty in achieving pre-clinical AD diagnosis has motivated researchers to
discover novel mechanisms and biomarkers. The low availability of human tissue — only
available post-mortem — makes animal models a crucial outlet for research.

Transgenic mouse models have been developed to study AD progression, including the
APPswe (Swedish K595N/M596L mutations) and PSEN1-dE9 (APP/PS1) mouse model of AD.
1213 Research elucidates that 12 to 14 week old APP/PS1 mice had elevated AP protein levels in
the brain and at 9 to 12-months have acceleated Ap plague deposition coupled with AD

phenotypic spatial-working memory alterations in a Y-maze assay.!* As AD progresses it is



known to alter recognition and spatial memory, where patients lose ability to recognize familiar
faces, people, and their environment. 7- to-17-month-old APP/PS1 mice have shown similar
deficits in recognition memory using Novel Object Recognition (NOR) assays, and spatial
memory alterations in assays such as Morris Water Maze (MWM).1>1¢ Overall, animal models
remain an effective way to research AD progression and using APP/PS1 models offer an

accelerated outlet to research novel treatments.

1.3 Cerebral Blood Flow in Alzheimer’s Disease

The brain is one of the most vascularized organs in the body. Alterations in baseline cerebral
vascular function can negatively impact cognitive function and AD patients with late-stage AD
have decreased cerebral blood flow (CBF) compared to healthy controls.t” This hypoperfusion
has been correlated with AP deposition in the brain implicating worsening blood delivery to
tissue in patients with higher AB plaque load.'® This effect extends to animal models including
the APOE4 knock-in, APP knock-in, and APP/PS1 strains, which show CBF attenuation as early
as 4 months and as late as 9 months with an average decrease in 21% CBF across various AD
animal models.*® Pathology can even be accelerated through induced hypoperfusion in four-
month-old APP/PS1 mice by way of carotid artery occlusion or stenosis, eliciting earlier
behavioral deficits in working or spatial learning at 5 months.?%2! Chronic reduction in CBF also
increases AP deposition in mice, which contributes to worsening pathology in these predisposed
subjects.?! It’s clear that cerebral hypoperfusion plays a role in AD progression and brain
pathology, so further coupling of neuroscience and cerebrovascular research is crucial to identify

mechanisms contributing to impaired CBF that affect cognitive function in AD progression.



1.4 Neuroinflammation in Alzheimer’s Disease

In addition to cerebral hypoperfusion, neuroinflammation is also an important hallmark of
AD. Although acute inflammation serves as a beneficial recovery mechanism, when
inflammation becomes chronic the beneficial effects can shift to detrimental side effects.>? The
brain is largely immune privileged with minimal infiltration of peripheral, circulating
leukocytes.’? Astrocytes and microglia are the CNS resident glial cells that monitor the neuronal
environment and provide protection against disease and infection.?*->? It is known that
neuroinflammation, including glia cell activation and infiltration of circulating leukocytes,
increases as AP plaque forms in the brain of AD patients compared to healthy controls.??
However, the mechanisms contributing to activation and detrimental propagation of
neuroinflammation is unknown.

Microglia serve as the vacuum of the brain, phagocytosing debris, regulating synaptic
pruning, and playing a crucial role in cerebral homeostasis.>> AD mouse models have shown
increased levels of activated microglia in response to AP plaques formation likely due to their
attempt to remove the amyloid plaque buildup.?*>> Astrocytes have structural and homeostatic
functions in the brain. Their end-feet help form the selectively permeable blood-brain-barrier
(BBB) which protects the brain from peripheral circulating factors. As AD progresses, studies
have shown that astrocytes are activated in response to A3 plaque formation and that the BBB
integrity declines.'®2% In turn, the degradation of the vascular barrier allows CD8" T-cells to
infiltrate the brain and increase microglia activation.?!?” Astrocytes have also been shown to aid
in the degradation of A} oligomers and can provide a protective mechanisms against AD

progression, suggesting a dual conflicting role for astrocytes in AD.?® Further research on



cerebral inflammation is paramount for understanding the underlying causes that protect from or
contribute to AD progression.

1.5 Endothelial Pannexin 1 in Alzheimer’s Disease

Pannexin-1 (Panx1) channels mediate adenosine triphosphate (ATP) release, activating
purinergic signaling, and may play a possible role in calcium wave propagation contributing
further to cell-to-cell communication.?%3° Panx1 is expressed throughout the body, including
endothelial cells (EC) and neuons.313> Moreover, Panx1 is implicated in AD-related pathological
changes. Age-dependent increases in Panx1 levels in the hippocampus are correlated with
hippocampal AP plaque formation in an APP/PS1 mouse model; however, no clear
pathophysiological effects or cell-specific functions of Panx1 in AD pathology have been
investigated.33

We have previously identified EC Panx1 as an important regulator of cerebral vascular
function. EC Panx1 is implicated in regulating leukocyte infiltration in the brain and myogenic
tone, which contributes to control of CBF, and CBF recovery post-ischemic stroke.3¢51 Although
these studies indicate a role for EC Panx1 in acute regulation of CBF and inflammation, the role
of EC Panx1 in chronic neuroinflammation or CBF regulation is unknown.

We hypothesize that EC Panx1 mediates AD progression through its effects on cerebral
artery vasoconstriction, resulting in reduced CBF, and facilitating leukocyte infiltration, which
together worsen memory and contribute to altered behavior. To test this hypothesis, we
generated Cdh5-CreFRT2* panx1-floxed (Panx1™™) mice crossed with APP/PS1 transgenic mice
and treated them with tamoxifen (Tam) to activate the cre recombinase to specifically delete
Panxl in EC (EC Panx1 Deleted). We then tested memory deficits, age-related CBF changes,

and leukocyte infiltration in APP/PS1 Tg+ EC Panx1 Deleted mice and littermate controls. We



predict that APP/PS1 EC Panx1 Deleted mice will exhibit less prominent behavioral and
memory deficits, preserved global CBF, and reduced infiltration of circulating leukocytes into
the brain. This study will contribute to the foundational work in understaind cerebral vascular
dysfunction in AD and will offer novel treatments to halt progression of AD and minimize

disease-associated burdens.



Chapter 2: Methods and Materials
2.1 Mice

Mice (Mus musculus) were fed a normal chow diet and housed under a 12-hour light/dark
cycle. APPswe/PSEN1dE9 mice were crossed with our Cdh5-CreERT2* Panx1™/f mice to create
four strains (APP/PS1 Tg+ Cdh5-Cre/Panx1™ APP/PS1 Tg+ Cdh5-CreERT2*/Panx1f/f,
APP/PS1 Tg- Cdh5-Cre/Panx1™f and APP/PS1 Tg- Cdh5-CrefRT2*/Panx1/M) which delete
endothelial cell (EC) Pannexinl. At 8 weeks of age, standard food was replaced with a
tamoxifen-containing diet for 14 days to induce expression of the Cre protein and resulted in the
following genotype sub-groups: APP/PS1Tg+ Panx1 intact (AD model), APP/PS1Tg+ Panx1
deleted, APP/PS1Tg- Panx1 Intact (wild-type controls), APP/PS1Tg- Panx1 deleted mice. Male
and female mice were then aged to 9-month or 12-month groups before initiating behavioral

testing.

2.2 Novel Object Recognition (NOR)

For all behavioral tests, mice were placed in the testing room for more than 30 minutes
prior to starting tests to equilibrate to the environment.

A white opaque open-top cube (20”x 20”x20”") was utilized as the arena to conduct tests
and to minimize visual distractions. Two identical rectangular plastic objects (familiar object)
and an unrelated rectangular glass object (novel object) were used to measure mice’s recognition
memory. Testing constituted of one habituation day and a test day. During day 1 — habituation —
a mouse was placed in the empty arena for a 10-minute trial to normalize the mouse to the
environment. Day 2 — test day — consisted of two trials. In trial 1 the two identical objects were

placed in opposite corners of the arena and the mouse was allowed to explore the arena for a 10-



minute interval. The mouse was then removed back to a clean holding cage and the area and
objects cleaned. 30 min after the inititation of trial 1, trail 2 began with one of the identical
objects switched with the novel contrasting object. The same object was switched for all inter-
group testing. The mouse was allowed to explore for another 10-minute interval at which point
the experiment ended.

All experiments were recorded using Ethno-Vision® software, and upon completion, the
recordings were analyzed to confirm no nose-tail point switching occurred and corrected
accordingly if needed. Data was then analyzed using the following discrimination index ratio

equation using time spent with objects (T) or frequency of visits to objects (F):

(T or fnover— (T o7 f)ramiliar
(T or ftotal

. Distance traveled (cm) and total frequency of visits to objects were

recorded to determine inter-trial variations. Mice were excluded if they traveled < 10 cm or if DI

<-0.50r > 0.5 on training trial.

2.3 Object Location Test (OLT)

On the day after NOR test completion, OLT testing — composed of two trials -- was
conducted. The same NOR arena was utilized for this protocol; however, two spatial markers
were attached to contralateral sides of the cube to aid in spatial awareness. Two identical plastic
objects, distinct from the objects used for NOR testing, were placed in opposite corners of the
arena. In trial 1, the mouse was placed in the arena to explore for a 10-minute interval. The
mouse was removed, the arena cleaned, and trial 2 began 30-minutes after the initiation of trial 1.
In trial 2, one of the objects was moved to the opposite side of the cube - ipsilaterally to the

visual markers. The moved object was kept consistent for inter-group trials to minimize



variability. After trial 2 completion, the experiment ended, and Ethno-Vision® recordings were

analyzed as previously described in NOR.

2.4 Barnes Maze (BMz)

Mice were tested on their spatial awareness one week after the completion of NOR using
a 5-day BMz assay. The arena consisted of a flat circular platform (120 cm diameter) with 40
equal-sized holes in its outer circumference. The arena was arranged to align with the four
cardinal directions. The northernmost point was labeled “hole 4,” and a rectangular grey “escape
box” was placed under the southernmost hole — “hole 24 — to allow for escape away from open
field exposure. The arena was also split into four equal quadrants associated with each cardinal
direction (i.e. Northern Quadrant, Eastern Quadrant, etc.). Day 1 consisted of one 5-minute
habituation trial, where the mouse was placed in the escape box. If the mouse left the escape box
during the trial, they were allowed to explored the arena and were guided back to the box upon
completion of the trial. Training days 2-4 consisted of four 4.5-minute trials. the mouse was
randomly assigned a cardinal direction to which they would face during their first trial. The
mouse subsequentially initiated the next three trails facing a different cardinal direction, rotating
clockwise. By the fourth trial all four cardinal directions had been faced. This was repeated Day
3 and 4. If the mouse did not find and enter the escape box by the end of each training trial, the
mouse was guided to the escape box and habituated for 30-seconds. Day 5 — test day — consisted
of one 5-minute trial in which the escape box was removed and the total time spent within each
quadrant was measured. Ethno-Vision® recordings were analyzed for latency to escape box (sec),

number of errors, and pathlength (cm) for training days and compared between genotype groups.



Test day analysis focused on time spend withing the desired quadrant — Southern Quadrant —

where the escapes box had been placed during training trials.

2.5 Laser Speckle Contrast Imaging (LSCI)

Upon completion of behavioral studies, cerebral blood flow was imaged using LSCI
(Perimed, 0.2 um resolution). Mice were anesthetized with isoflurane and an incision was made
in the skin to expose the skull. The isoflurane was maintained at a low dose (< 2%) to minimize
anesthesia-mediated CBF changes. Imaging was then conducted within 5-minutes of
anesthetizing the animals. Perfusion was measured for each cerebral hemisphere using PIMSoft®

software.

2.6 Flow Cytometry for Infiltrated Leukocytes

Infiltration of leukocytes into the brain was analyzed as previously performed.3 Briefly,
mice were perfused, brains dissected and digested into a single cell suspension using Liberase
TL (Sigma), and myelin removed using a Percoll (Sigma) gradient separation. Cells were then
stained with an indicator dye for live versus dead cells followed by incubation with a panel of
antibodies to identify microglia and infiltrated leukocytes (CD45), neutrophils (Ly6G), myeloid
cells (CD11b), and T cells (CD3). Samples were then analyzed using a Cytek Aurora benchtop
analyzer. Appropriate gating strategies were obtained using single stained and fluorescence

minus one (FMO) controls.
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2.7 Statistics
All statistical analysis was conducted using Prism® software version 10.4.1. Mean +

SEM. T-tests and two-way ANOVA (with repeated measures) were used as appropriate.

* p<0.05, ** p<0.005, *** p<0.0005.

2.8 Contributions

All genotyping of mice was performed by Transnetyx. All behavioral experiments
including NOR, BMz, and OLT were done by Mauricio Ruiz Soler. Surgical procedures and
LSCI CBF imaging were done by Mauricio Ruiz Soler, and when absent, by Dr. Amanda Mauro.
Initial perfusion and tissue processing for leukocyte infiltration was done as a collaborative effort
by all Good Lab members. Flow cytometry was performed by Mauricio Ruiz Soler, with Dr.

Miranda Good conducting preliminary data experiments.
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Chapter 3: Results
3.1 EC Panx1 deletion does not improve recognition memory in a mouse model of AD.

To determine if EC Panx1 deletion restores AD-associated recognition memory, we tested 9-
month mice in a NOR assay. Although most groups showed no differences in the time spent with
the novel object (Dltime), 9-month male APP/PS1 neg Panx1 Deleted mice trended to stronger
preference for the novel object compared to controls and AD mice, although the frequency of
visits between objects (Dlrequency) remained the same (Figure 1A, 1B). APP/PS1 Tg+ Panx1
Intact female mice have impaired recognition memory, with reduced time spent with and reduce
frequency of visiting the novel object compared to WT control female mice (Figure 1C, D).
Deletion of EC Panx1 in APP/PS1 Tg mice did not significantly change novel object recognition
in both male and female 9-month-old mice (Figure 1C, D).

To test if EC Panx1 deletion affects recognition memory with progression of AD pathology,
we examined 12-month old mice. Male mice showed no differences in discrimination between
objects (Figure 2A, 2B). Our small sample size of mice demonstrate that AD mice trend towards
reduced recognition memory with reduced discrimition indexes for time and frequency of
visiting the novel object, although not significantly (Figure 2C, D). However, unlike at 9-
months of age, EC Panx1 deletion did not alter NOR results in either control APP/PS1 neg mice

or APP/PS1 Tg+ mice (Figure 2C, D).
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Figure 3.1 APP/PS1 Tg mice have reduced recognition memory at 9-months of age.
Recognition memory evaluated by novel object recognition and a discrimination index using
time or frequency of object visits as the ratio’s metric (A) Male Dltime (B) male Dlfrequency (C)
female Dliime (D) female Dlfrequency. 2-way ANOVA with Tukey multiple comparison post-hoc
test (*p<0.05). APP/PS1 neg Panx1 intact (N=13 males, 15 females); APP/PS1 neg Panx1
deleted (N=8 males, 8 females); APP/PS1 Tg+ Panx1 intact (N=10 males, 12 females); APP/PS1
Tg+ Panx1 deleted (N=10 males, 9 females).
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Figure 3.2 EC Panx1 deletion does not improve recognition memory in 12-month mice.
Recognition memory evaluated by novel object recognition and a discrimination index using
time or frequency of object visits as the ratio’s metric (A) Male Dltime (B) male Dlfrequency (C)
female Dltime using time as our metric. (D) Female D lfrequency. 2-way ANOVA with Tukey
multiple comparison post-hoc test (*p<0.05). APP/PS1 neg Panx1 intact (N=4 males, 9 females);
APP/PS1 neg Panx1 deleted (N=6 males, 6 females); APP/PS1 Tg+ Panx1 intact (N=6 males, 5
females); APP/PS1 Tg+ Panx1 deleted (N=2 males, 4 females).
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3.2 EC Panx1 deletion elicits minimal spatial memory and learning improvement

To test the mechanistic effects of EC Panx1 deletion on spatial memory, we used a BMz
assay to minimize stress induced effects associated with MWM. 9- and 12-month-old male and
female mice showed no significant differences between groups in latency to reach the goal hole,
number of errors, and total movement within the maze suggesting a steady improvement in
spatial learning and unaltered spatial memory across all groups (Figure 3.3A-C). To test spatial
memory retention after training, we removed the goal hole on test day 5 and examined percent-
time spent within target and non-target quadrants. No significant differences were observed
between genoytpes for both male and female mice at 9-months of age (Figure 3.3D). The small
cohort of 12-month mice prompted us to combine the male and female data points and no
conclusions can be currently made from the data (Figure 3.3E-G).

To test spatial memory in an assay similar to NOR, we tested 9- and 12-month-old mice in an
OLT assay. This assay was initiated after the BMz did not demonstrate AD-related differences
resulting in smaller cohorts for testing. Therefore, male and female mice were combined within
their appropriate age and genotypic groups. No significant differences were observed between
genoytpes for both male and female mice at 9-months of age (Figure 3.4A, 4B). 12-month-old
APP/PS1 Tg+ Panx1 Deleted mice had a trend of increased preference for the displaced object
compared to AD mice, while all other groups failed to successfully discriminate between objects

(Figure 3.4C, D).
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Figure 3.3 EC Panx1 deletion does not alter spatial memory via the Barnes Maze and
learning in 9- and 12-month APP/PS1 Tg mice. Spatial memory and spatial learning was
measured using the Barnes Maze with (A) Latency to escape box, (B) total errors (non-goal hole
visits), (C) total pathlength per trial, and (D) percentage of time spent within non-goal (north,
east, west) and goal (south) quadrants on test day measured in 9-month old male and female
mice. 12-month old male and female mice were combined for (E) latency to escape box, (F) total
errors, (G) total pathlength, and (H) percent-time spent in non-goal and goal quadrants. 2-way
ANOVA with Tukey multiple comparison post-hoc test (*p<0.05). APP/PS1 neg Panx1 intact
(N=5 males, 11 females); APP/PS1 neg Panx1 deleted (N=4 males, 6 females); APP/PS1 Tg+
Panx1 intact (N=5 males, 9 females); APP/PS1 Tg+ Panx1 deleted (N=3 males, 7 females).
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Figure 3.4 EC Panx1 deletion trends to improved spatial memory via the OLT in 12-month
APP/PS1 Tg+ mice. Spatial memory was evaluated through the object location test. 9-month-
old combined male and female (A) Dliime and (B) Dlsrequency and 12-month-old combined male
and female (C) Dltime and (D) Dlrequency. Were analyzed. 2-way ANOVA with Tukey multiple
comparison post-hoc test (*p<0.05). Nine-month-old mice: APP/PS1 neg Panx1 intact (N=5
males, 3 females); APP/PS1 neg Panx1 deleted (N=5 males, 1 females); APP/PS1 Tg+ Panx1l
intact (N=3 males, 1 females); APP/PS1 Tg+ Panx1 deleted (N=4 males, 2 females). Twelve-
month-old mice: APP/PS1 neg Panx1 intact (N=2 males, 5 females); APP/PS1 neg Panx1
deleted (N=3 males, 5 females); APP/PS1 Tg+ Panx1 intact (N=4 males, 2 females); APP/PS1
Tg+ Panx1 deleted (N=1 males, 2 females).

3.3 EC Panx1 deletion rescues cerebral blood perfusion deficits in 9-month AD mice.
To test whether EC Panx1 deletion rescues decreased cerebral blood flow associated with
AD, we imaged cerebral perfusion in 9- and 12-month cohorts using laser speckle contrast

imaging. Both 9-month male and female AD mice exhibited decreased cerebral perfusion
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compared to controls which was rescued to baseline with deletion of EC Panx12 in female mice
and trending to significance in male mice (Figure 3.5A, B). Preliminary data from a small cohort

of mice at 12-months shows no significant differences in CBF thus far (Figure 3.5C, D).
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Figure 3.5 EC Panx1 deletion prevents decreased cerebral blood flow in 9-month-old AD
mice. Global cerebral vascular perfusion measured by LSCI 9-month (A) male and (B) female
and 12-month (C) male and (D) female total cerebral perfusion. 2-way ANOVA with Tukey
multiple comparison post-hoc test (*p<0.05). 9-month-old mice: APP/PS1 neg Panx1 intact (N=
19 males, 26 females); APP/PS1 neg Panx1 deleted (N=15 males, 20 females); APP/PS1 Tg+
Panx1 intact (N=15 males, 11 females); APP/PS1 Tg+ Panx1 deleted (N=10 males, 19 females).
12-month-old mice: APP/PS1 neg Panx1 intact (N= 6 males, 8 females); APP/PS1 neg Panx1
deleted (N=4 males, 8 females); APP/PS1 Tg+ Panx1 intact (N=8 males, 4 females); APP/PS1
Tg+ Panx1 deleted (N=2 males, 4 females).

18



3.4 APP/PS1 Tg mice may have increased infiltration of circulating leukocytes.

To examine the effects of EC Panx1 deletion on AD-associated peripheral leukocyte
infiltration into the brain, we conducted flow cytometry experiments on isolated leukocytes from
harvested brain tissue in 9-month-old mice. Total leukocyte infiltration (CD45"9" expressing
cells) was increased, although not significantly in AD mice compared to control WT mice only
in males (Figure 3.6A). AD mice exhibited a trend of higher myeloid cell infiltration (CD11b*
cells) compared to controls in both sexes (Figure 3.6B). No significant differences were found in

infiltrated neutrophils (Ly6G™ cells; Figure 3.6C) or T cells (CD3* cells; Figure 3.6D).
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Figure 3.6. 9-month-old AD mice trend to higher infiltration of leukocytes. Infiltrated
leukocytes subsets were evaluated, including: (A) CD45Hi9 for total leukocytes, (B) CD11b* for
myeloid cells, (C) Ly6G* for neutrophils, and (D) CD3"* for all T-cells. 1-way ANOVA with
Tukey multiple comparison post-hoc test (*p<0.05). APP/PS1 neg Panx1 intact (N=5 males, 6
females); APP/PS1 neg Panx1 deleted (N=3 males, 4 females); APP/PS1 Tg+ Panx1 intact (N=4
males, 5 females); APP/PS1 Tg+ Panx1 deleted (N=5 males, 4 females).

20



Chapter 4: Discussion

The present study tested the hypothesis that EC Panx1 mediates AD progression through
decreased cerebral perfusion and increased infiltration of leukocytes, which together impairs
cognitive function. We evaluated this hypothesis by deleting EC Panx1 in our APP/PS1 Tg*
mouse model of AD and studied the effects on behavioral memory, cerebral vascular physiology,
and leukocyte cerebral infiltration. We observed: 1) no differences in male memory behavior, but
a trend to worse recognition and spatial memory in 9-month-old AD female mice; 2) only spatial
memory is improved with deletion of EC Panx1 in APP/PS1 Tg+ mice; 3) decreased
cerebrovascular perfusion at 9 months in AD mice is rescued with Panx1 deletion; and 3) no
differences in leukocyte infiltration; but a trend of increased leukocytes is present in AD mice.
These findings confirm EC Panx1’s role in vascular tone and cerebral-vascular perfusion;
however, these CBF benefits may not significantly impact AD-associated neuroinflammation or

cognitive deficits.

4.1 EC Panx1 deletion does not rescue recognition cognitive function

We observed overall lower discrimination index between 9-month-old male groups,
expect in APP/PS1 neg EC Panx1 deleted mice that have a significant increase in the time spent
with the novel object in the NOR test and frequency of visiting the moved object in the OLT.
(Figure 3.1, 3.2, 3.4). Female baseline data in control WT mice demonstrated appropriate
discrimination between novel and familiar objects; however, 9-month APP/PS1 neg EC Panx1
deleted female mice exhibited reduced novel object recognition, an effect that was not present in
12-month female mice (Figure 3.1, 3.2). These findings suggest an impaired recognition

memory in younger healthy female mice with EC Panx1 deletion. These findings were
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unexpected since baseline 9-month males showed minimal discrimination between the novel and
familiar objects, when a previous NOR study indicates male mice distinguish novelty better than
female mice, especially when the object is dissimilar.%’

A study, measuring different objects with varying size, material, and shape, suggest that
mice prefer shiny — metal or glass — material compared to plastic, and male mice prefer larger
objects compared to smaller ones.® The present study utilized two dissimilar rectangular objects
-- a small glass object (novel) and a larger plastic object (familiar). Since the smaller object was
used as the novel object, this could have influenced male mice exploration behavior and
disinterest in the novel object skewing the results so that baseline mice did not properly
discriminate.

The small 12-month-old cohort produced vastly different results than the younger mice.
The older group, which has further progression of AD pathology, shows the expected trend of
reduced recognition memory in AD mice, suggesting further progression of disease is necessary
to observe differences in this mouse model in our hands. This conclusion is further justified by a
study conducted in 2022 where experimenters found the 9-month APP/PS1 strain did not exhibit
differences in NOR; however, it’s important to note they used a 24-hour interval before
introducing the novel object whereas the present study used a 20-minute interval . In
conclusion, future studies should take into consideration, material and size of objects, age of
subject cohorts, and time interveals to minimize innate confounders and maximize disease

phenotypic effects.
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4.2 EC Panx1 deletion has minimal effects on spatial memory and spatial learning

We observed no differences in latency to goal hole, errors made, and pathlength traveled
during training days in 9-month mice, and we only observed that male and female WT mice
spent less time in the goal quadrant with no effect of EC Panx1 expression on functional
outcome (Figure 3.3). 12-month-old mice exhibited similar lack of differences in learning during
training trails of the BMz (Figure 3.3). Given the small cohort of mice, conclusions cannot be
drawn from the 12-month-old BMz data. These results suggest no differences in spatial learning
and improved spatial memory in AD mice. The results conflict with previous literature that
indicate 9-month APP/PS1 mice exhibit behavioral differences in BMz; however, our data may
be under powered to identify difference at this young age.*°

A review written in 2018 highlights various considerations -- such as maze platform
material and proper weak-aversive stimuli use — which are needed for proper function of this
assay.*? In the present study, the surface of the maze was made of a porous absorbent material
which could have influenced odor cues aiding AD mice to perform comparably, if not better, to
healthy mice. However, in the present study we rotated the platform 90 degrees and sterilized it
between trials so this might not be the sole confound. Although the review argues the open-space
of the BMz functions as a type of “weak-aversive stimuli” they also urge readers to consider
more motivative cues such as noise, because if the environment around the open-space is not
aversive enough to elicit a innate hiding response, it will encourage exploration — behavior which
would skew healthy mice data to AD-like behavior.° Other BMz studies take into consideration
a scoring scheme on test day to determine the subject’s search strategy -- direct, correctness,
serial, or random.** Therefore, it is likely non-AD mice utilized a serial search strategy— where

they search each hole for the box when it is not found — whereas AD-mice do not search and
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remain in the area in a confused state creating the illusion that AD mice had better spatial
memory than healthy mice.

OLT data suggest no differences in discrimination between the stationary and displaced
object in 9-month-old mice. However, an intriguing effect occurs in the 12-month age group
(Figure 3.4). These results mimic the previous NOR data in which younger mice displayed no
differences in both DI metrics and older mice showed a trend of improved spatial memory in
APP/PS1 Tg mice with EC Panx1 deleted. It is important to take into consideration that our OLT
data combines male and female data points because of low sample sizes. Therefore, since
previous data suggest a clear behavioral sex difference, further testing is necessary before any
meaningful conclusions are made. However, if the suggested trend continues with increased
sample size, EC Panx1 inhibition in later-stages of AD could have enhancing effects in spatial

memory.

4.3 AD associated deficits in global cerebral perfusion are rescued with EC Panx1 deletion

We conclude that AD mice have cerebrovascular hypoperfusion at 9-months of age, a
physiological effect that is rescued upon EC Panx1 deletion; however, no differences were found
in our preliminary data in 12-month-old mice (Figure 3.5). These results underscore previous
cerebrovascular dysfunction in AD patients and mice, which affect cognitive function and A
plaque deposition.1”8

In recent decades, new data illustrates cerebrovascular dysfunction is one of the earliest
detectable events in AD progression and has begun to be considered as an underlying factor in
disease development; however, no clear mechanistic causes have been presented.*? Our data,

now offers a novel mechanism for such physiological deficits. Since EC Panx1 is a crucial player
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in purinergic signaling and vascular function;3'32 increased Panx1 expression as AD progresses
may alter vascular reactivity and decrease global cerebral perfusion. Our 12 month old AD
cohort currently shows no differences from baseline; however, its readily accepted that global
perfusion decreases with age, so it is unsurprising that the 12-month healthy cohort dropped to
AD-like perfusion.*

Taken together our data highlights the need for future studies to examine the mechanism

by which EC Panx1 regulates CBF and if this has effects on long-term cognitive function.

4.4 EC Panx1 deletion does not alter infiltrated leukocytes in AD

We conclude that leukocytes trend to elevated levels in our AD mouse model at 9 months
of age (Figure 3.6). The lack of significance in our results were unexpected since inflammation
increases as BBB breakdown occurs with AD progression.*”?6 However, EC Panx1 may also
regulate activation of resident glial cells to impact neuroinflammation. Overall, larger cohort
sizes are necessary to investigate if genotype or sex-specific differences exist in EC Panx1-

mediated AD-associated neuroinflammation.

4.5 Clinical Applications

The current study offers a novel mechanism for addressing clinical cerebrovascular
deficits in AD patients. A previous study investigating effects of Panx1 deletion in hippocampal
brain regions suggests that pyramidal cell have a compensatory effect and more complex
arborization allowing for baseline-like excitability.*® Therefore, EC Panx1 inhibition or CRISPR
genetic modification is an intriguing therapy to investigate. If such effects carry over to clinical

AD patients it could lighten AB deposition, improve blood delivery to tissue, and improve
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cognitive function. Effects that could slow the progression of AD and improve patient and family

burden.

4.6 Limitations

The present study had various limitations affecting the viability of results. First, the
previously explained innate behavioral confounds could have skewed our behavioral data
providing unrealistic and non-representative results. Second, various experiments had small
sample sizes. This arose from the unpredictability of genotypic outcome when breeding our
mice, coupled with the longitudinal ageing process required for appropriate AD progression.
These small sample sizes urged us to combine data, and thus produced potentially skewed results
or small non-representative sex group data. Future studies will provide additional cohorts to

strengthen the power of our studies.
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