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ABSTRACT

Alzheimer’s disease (AD), a form of dementia, is the 6" leading cause of death in the
U.S. and its incidence continues to climb. One of the primary areas of study in this field is the
role of environmental factors in disease progression. The prevalence of stress in society is
ubiquitous with chronic stressors such as personal finances, work, and the economy ranking as
the top causes of stress. Studies examining the role of chronic unpredictable stress (CUS) in AD
progression have exhibited a deleterious effect in familial AD (FAD) models. FAD, however,
only accounts for a small proportion of the AD seen in humans. The aim of this present study
was to elucidate the relationship between CUS, inflammation, and AD pathology in non-
transgenic mice. Both stress and inflammation have been independently shown to negatively
affect AD pathology. We hypothesized that aggravating the stress response by exposing mice to
CUS for 28 days while simultaneously introducing inflammation via lipopolysaccharide (LPS)
injections during the final 7 days would further exacerbate the cognitive deficits and AD

pathology compared to control groups.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder affecting a
substantial and ever-growing proportion of the population. It is currently the sixth leading cause
of death in the United States and the only leading cause of death still on the rise (1). With the
population increasing in both number and age, the burden of Alzheimer’s disease is expected to
double by 2060 (2). Treatments cost society approximately $100 billion each year and it has
become the third most expensive disease in the United States (3). As the social, psychological,
and financial burden falls not only on patients, but also their surrounding communities, questions
arise regarding the cause of its pervasiveness.

Known pathological markers are useful in studying progression of the disease
quantifiably. Alzheimer’s disease has several characteristic pathological markers such as
amyloid-beta (AP) plaques and neurofibrillary tangles of hyperphosphorylated tau (p-Tau) (4, 5).
AP is a small peptide composed of 40-42 amino acids which can aggregate into insoluble, senile
plaques responsible for synaptic loss and neuronal cell death (6, 7). It is presumed that A3
deposition is the central etiological event contributing to AD, with amyloid deposition leading to
neurotic plaques and neurofibrillary tangles, which then leads to neuronal damage and synaptic
loss, which then leads to dementia (8, 9). However, the simplicity of this amyloid hypothesis
cannot account for the cases where A} plaques and neurofibrillary tangles are seen in
nondemented individuals postmortem (10, 11, 12) or where demented individuals show no signs
of the AD pathological markers (13). This evidence suggests that this biologically complex
disease does not follow a linear progression and its complete etiology is not yet fully understood.
Although not as straightforward as once predicted, the amyloid hypothesis still offers a useful

approach to understanding common aspects of AD and is well-studied. AP} peptide formation



results from the processing of the amyloid precursor protein (APP), a type 1 transmembrane
protein (14). APP cleavage in the brain occurs normally and can follow one of two pathways: the
non-amyloidogenic pathway and the amyloidogenic pathway (15). In the non-amyloidogenic
pathway, APP is cleaved by a-secretase and y-secretase to yield protein fragments soluble alpha
APP (sAPPa), the APP intracellular domain (AICD), and P3, while in the amyloidogenic
pathway, APP is cleaved by B-secretase and y-secretase to yield protein fragments soluble beta
APP (sAPPp), the APP intracellular domain (AICD), and AB (16, 17).

Multiple factors contribute to altered APP metabolism favoring the amyloidogenic
pathway such as mutations in the APP gene, mutations in the presenilin gene (PSEN), a
component of y-secretase, mutations in the apolipoprotein E gene (APOE), partly responsible for
AP clearance, trisomy 21, and environmental factors (8, 18, 19, 20, 21). In almost all cases,
environmental and genetic factors both contribute to development of the disease (6, 7). There are
two categories of AD: sporadic AD (SAD), in which environmental factors play a larger role and
familial AD (FAD), in which genetic factors play a larger role. Sources estimate that FAD
accounts for approximately 2-10% of the cases of AD while SAD accounts for the remaining 90-
98% (22, 23, 24). Our lab studies the progression of AD in mice, which do not naturally exhibit
the disease, however, there are several transgenic models for FAD in mice with mutated human
copies of the APP, PSEN1, and PSEN2 genes (25, 26). These mice cleave APP and produce A3
at an accelerated rate, leading to plaque formation that can be seen by 4-6 months of age (27,
28). Exploring the progression of FAD in transgenic mice accounts for only a small proportion of
the AD seen in humans and ignores the largely important environmental factors. This study uses

non-transgenic mice to highlight the environmental component of AD.



Because AD is multifactorial in nature with environmental factors contributing
immensely, one area of great interest is the study of these environmental factors to determine if
they play a role in development of AD, and thus could be targets for disease prevention. This
includes environmental factors such as diet, exercise, sleep, and stress. The gut-brain axis (GBA)
and the role gut microbiota play in neurodegenerative diseases is a recent prospect for the field,
but early clinical trials have promising implications for the role of diet in AD incidence (29, 30,
31). Similarly, exercise, specifically aerobic exercise, has been shown to both minimize the risk
of AD and improve cognitive function for those already diagnosed with AD (32, 33, 34).
Additionally, chronic sleep restriction has been shown to increase brain vulnerability to A}
plaques and neurofibrillary tangles (35, 36), while stress has been shown to accelerate the
progression of AD in vulnerable individuals (37, 38, 39). Each of these factors offers promising
implications to this field of study and this project focuses on the contribution of stress to AD.

The prevalence of stress in society is ubiquitous with chronic stressors such as personal
finances, work, and the economy ranking as the top causes of stress (40). Americans on average
rate their stress levels as a 4.9 out of 10 with 10 being “a great deal of stress” (41). Chronic
unpredictable stress (CUS) in mice has been used as a model to study behavioral and psychiatric
abnormalities such as depression and anxiety (42, 43, 44). A meta-analysis conducted by Dallé
and Mabandla found that early life stress may contribute to the development of depression and
later Parkinson’s disease (45). Stress has also been shown to aggravate AD pathology in FAD
transgenic mice (37, 38, 39). Han et al. (38) has shown that four weeks of chronic unpredictable
mild stress (CUMS) increases cognitive impairment and Af} deposition in APP/PS1 mutant mice.
Ayuob et al. (46) similarly showed mice suffered memory deficits in forced swimming and

elevated plus maze tests along with hippocampal neurodegenerative changes after CUMS



exposure. The aim of this study is to further elucidate the relationship between CUS and AD in
non-trasngenic mice that do not naturally exhibit A} plaques.

Stress is defined as any state of disharmony to homeostasis and the stress response is
regulated via the hypothalamic-pituitary-adrenal (HPA) axis (47). The major components of the
HPA axis are the hypothalamus which releases corticotropin-releasing hormone (CRH), the
anterior pituitary which releases adrenocorticotropic hormone (ACTH), and the adrenal gland
which releases glucocorticoids (GC). The HPA axis shares a bidirectional relationship with the
immune system. Immune cells release proinflammatory cytokines which stimulate the HPA axis
to increase glucocorticoid release, which in turn negatively feeds back to the immune system to
suppress further proinflammatory cytokine release (48). However, chronic exposure to stress can
induce GC resistance (49, 50). The reduced inhibitory feedback caused by GC resistance triggers
a feed-forward cycle between the HPA axis and inflammatory responses with each exacerbating
the other (48, 51, 52).

The 28-day protocol used in this study introduced the mice to both stress and
inflammation. The mice were subjected to six intermittent, randomly ordered stressors every day
for 28 days. During the last 7 days of the experiment, they were also injected intraperitoneally
with lipopolysaccharide (LPS), a bacterial endotoxin that induces inflammation by stimulating
the innate immune system (53). LPS is a component of the outer membrane of Gram-negative
bacteria which acts via toll-like receptor 4 (TLR4) to activate a cascade that results in the
transcription of pro-inflammatory genes (53). Our lab has previously demonstrated that 7
consecutive days of peripheral LPS administration in mice leads to cognitive deficits in a
contextual fear conditioning (CFC) paradigm (54, 55). CFC is a behavioral test that assesses the

mouse’s ability to associate a specific, novel context with an aversive stimulus (56). The



hippocampus and amygdala are involved in performing this task (57, 58). On the first day of
CFC, the mouse is introduced to a new environment which has both visual and olfactory cues
and allowed to habituate. Following the habituation period, a tone sounds, then a mild foot shock
is applied. The mouse is returned to the home cage for completion of the training phase. The
following day, the mouse is reintroduced into the same environment and the procedure is
repeated. A computer monitors how much time the mouse spends frozen, defined as no
movement other than respiration (56). Freezing time correlates to learning and memory with a
higher freezing time corresponding to better learning that the specific context is associated with
the aversive stimulus. Mice injected with LPS for 7 days displayed decreased freezing time
compared to the control group, thus indicating that the induced inflammation leads to cognitive
dysfunction (55). Our lab has additionally demonstrated that the cognitive decline associated
with 7 days of intraperitoneal LPS administration is also associated with elevated hippocampal
AP deposits (55). Seven days of LPS administration results in tolerance to the endotoxin and
removal of negative inhibition on the HPA axis (55). To further expand upon these results, this
project studied whether agitating the HPA axis with CUS before and during the introduction of
inflammation via LPS administration would intensify the dysregulation of the HPA axis and
inflammatory response, thus exacerbating Alzheimer’s pathology and cognitive decline in non-

transgenic mice.

METHODS
Subjects:
Experimentally naive 4-6 month-old male C57BL/6J mice, bred in the Texas Christian
University vivarium from a breeding stock obtained from Jackson Laboratory (Bar Harbor, ME),

were utilized for the experiment. All subjects were singly housed in standard polycarbonate



mouse cages. All subjects were on the same 12-h light/dark schedule, and both food and water
were available ad libitum. All animals were housed and cared for in accordance with the Guide
for the Care and Use of Laboratory Animals (National Research Council, 2010), and in
accordance with protocols approved by the Institutional Animal Care and Use Committee
(IACUC) of Texas Christian University.

Chronic Unpredictable Stress Paradigm:

When mice were 4-5 months old, they were exposed to either the CUS or control protocol
for 28 days. The CUS group consisted of 21 mice while the control group consisted of 20 mice.
In the CUS paradigm, subjects were intermittently exposed to 4-6 various stressors throughout
the day in a random order. The six aversive stressors included: restraint — mice were placed in a
50mL plastic tube (CELLTREAT Scientific, Pepperell, MA) with openings in both sides for air
flow for 30 minutes; forced swim — mice were placed in a 1000mL beaker filled with 800mL of
lukewarm water for 5 minutes; wet bedding — 100-200mL of water was poured into the home
cage to dampen bedding for 2 hours, then mice were transported to new home cages with dry
bedding; cage tilt — home cages were placed on a 45 degree incline for 2 hours; empty cage —
mice were placed in an empty study cage without bedding but with access to food and water for
1 hour; and nesting removal overnight. In the control paradigm, mice were housed in groups of
3-4 in identical home cages in the same study room and not exposed to any of the stressors.
During the last 7 days of the study, mice were injected with either LPS or saline. During
injection week, the mice were weighed daily to monitor a proper LPS response. On the 29th day,
mice were subjected to CFC training. On the 30th day, mice were subjected to CFC testing

followed by hippocampal tissue collection.



Figure 1. 28-day CUS Timeline:
The mice underwent CUS for 28
consecutive days. During the last

Day 1 7 14 21 28 29 30 7 fiays, mice were also injepted
with LPS or saline. The mice

CFC were then subjected to CFC
Training training on the 29" day and CFC
CFC testing on the 30" day which was
Testing + followed by tissue collection.
Tissue
Collection

Intraperitoneal LPS Injections:

LPS or saline injections occurred during the last 7 days of CUS. Following the first 21
days of CUS, mice were intraperitoneally injected once-daily for 7 consecutive days with either
LPS (Escherichia coli serotype 026: B6; Sigma Aldrich, St. Louis, MO) or sterile, phosphate-
buffered saline (Dulbecco’s PBS; Caisson Laboratories). LPS was administered to CUS subjects
at a concentration of 250 pg/kg of body weight while 200uL of sterile phosphate-buffered saline
was administered to all control subjects.

Contextual Fear Conditioning:

Twenty-four hours after the conclusion of CUS and injections, mice underwent
contextual fear conditioning (CFC). CFC is a behavioral test which evaluates learning after
exposure to an aversive stimulus. CFC is performed using a chamber (7W x 7D x 12H) with an
electrified grid floor that delivers a 0.7 mA shock to the feet for two seconds (Coulbourn
Instruments, Whitehall, PA). Additionally, animals are provided with both visual and olfactory
cues: black and white polka dot walls and peppermint oil (peppermint oil in a 1:10 dilution of
distilled water). The process for CFC consists of two days: one day of training followed by one
day of testing. During training, mice were placed in the CFC apparatus and allowed to acclimate

to the new surrounding for 120 seconds, followed by a brief, mild foot shock. Mice remained in



the apparatus 60 seconds after the foot shock before being returned to their home cages. Testing
occurred twenty-four hours after training. During testing, mice were placed back in the CFC
apparatus for 120 seconds, this time with no shock. Freezing behavior was monitored and
computed by FreezeFrame™ software (ActiMetrics Software, Wilmette, IL) during both the
training and testing trials. Since freezing is a mouse’s natural fear response, freezing is measured
to assess the strength of the learned association between the context of the CFC chamber and
aversive foot shock. As previously explained, higher percentage of time freezing during testing
correlates to better learning.

Tissue Collection and Protein Quantification:

Immediately following CFC testing, mice were euthanized via rapid decapitation. The
hippocampus was removed from each animal and both hemispheres of the hippocampus were
collected and placed in 250 pL of Proprep (PRO-PREP, Bulldog Bio, Portsmouth, NH) and
disrupted using a pestel. Tissue lysates were then rapidly frozen on dry-ice following the
collection process and stored at -80° C. For later assays, tissue samples were thawed on ice and
then centrifuged at 15,000 rpm for 40 minutes to collect clear lysates. Protein assays (DC Protein
Assay; Bio-Rad Laboratories, Hercules, CA) were performed to determine the protein
concentrations in all hippocampal lysates before conducting enzyme-linked immunosorbent
assays (ELISAs).

AP42 ELISA:

Following tissue collection and protein quantification, a Mouse ABs2 ELISA (Invitrogen,

ThermoFisher Scientific) was completed to quantify soluble AB42 from the hippocampal region.

First, lysates were diluted in incubation buffer (1:2 dilution). The A4 standard was

reconstituted with standard reconstitution buffer and diluted sequentially. 100 pL of standards



and lysates were plated into the antibody-coated wells and incubated at room temperature for two
hours, after which the plates were aspirated and washed four times with 1X wash buffer. The
plate was then treated with AP4> Detection Antibody solution and incubated at room temperature
for one hour, after which the plates were washed and treated with 100 uL of HRP-tagged
detection antibody (Anti-Rabbit IgG). Following incubation at room temperature for 30 minutes,
the plates were washed and treated with 100 pL stabilized chromogen (tetramethylbenzidine)
and incubated at room temperature in the dark for 30 minutes. Subsequently, 100 uL of stop
solution was added to each well and the plate was read at an absorbance of 450nm (BMG
LabTech FLUOstar Omega, Cary, North Carolina).
Statistical Analyses:

All data was analyzed using Statistical Package for Social Sciences (SPSS; Version 23.0,
IBM, Armonk, NY). The experimental design of the study consisted of two, two-way analyses of
variance (ANOV As): stress condition — CUS vs. control and treatment condition — LPS or saline.
Multiple ANOVAs were conducted to examine the dependent variables of both stress conditions
and hippocampal A lysates. In all statistical analyses, an alpha level < 0.05 was considered

significant.

RESULTS
A 2x2 analysis of variance (ANOVA) was performed to assess the behavioral effect of 28
days of CUS and 7 days of LPS injections on CFC performance. Evaluation by the SPSS
interquartile range rule established two mice in the study as statistical outliers because they
demonstrated increased freezing behavior before the presentation of the foot shock during the
training session. These two mice were excluded from further statistical analysis. The results

revealed a significant main effect of treatment condition such that the mice receiving LPS
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injections froze more than the mice receiving saline injections (LPS or saline; /(1,35)=6.172, p
=0.018) (Figure 2). No significant main effect was found in stress condition (CUS or control;
F(1,35) =0.087, NS) or interaction between treatment condition and stress condition (F(1,35) =

1.988, NS).

404
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mm CUS Figure 2. Contextual Fear Conditioning:
301 1 [J Control A 2x2 ANOVA indicated a significant
—|_ effect in treatment condition such that
mice receiving LPS injections froze

significantly more than mice receiving
saline injections (p= 0.018). There was
no statistical significance found in the
freezing time between stress conditions.
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<
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<
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A second 2x2 ANOVA was performed to assess the pathological effect of 28 days of
CUS and 7 days of LPS injections on hippocampal soluble AP4, peptide. The results revealed no
main effect of treatment condition (F(1,37) = 0.647, NS) or stress condition (F(1,37) = 0.430,
NS) (Figure 3). An interaction between treatment condition and stress condition was found to be
approaching significance (F(1,37) = 3.105, p = 0.086) such that the mice subjected to CUS and

LPS injections had the highest level of soluble AP in the hippocampus.

500 4
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< was no main effect found in treatment
0 condition or stress condition.
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Mice were weighed daily during injection week to ensure that the mice receiving LPS
injections had an appropriate inflammatory response to the endotoxin. Weight loss is expected
during the first few days after injections as the mice will be exhibiting sickness behavior. A
repeated-measures ANOVA revealed a significant main effect of treatment such that the mice
receiving LPS injections weighed less than the mice receiving saline injections (F(1,37) =
11.865, p = 0.001) (Figure 4). There was also a significant Treatment X Day interaction
(Fs(1,37) > 5.923, ps < 0.020), such that animals receiving LPS injections weighed less than the

mice receiving saline injections on days 2, 3, 4, 5, and 6 of injection week (ps < 0.020) (Figure

4).
28
27
26 . .
= Figure 4. Mouse Weight Loss
TE’ During Injection Week: The mice
) 25 LPS (N=21) re-:ce?ving LPS injections we.ighed
= * significantly less than the mice
24 Saline (N=20) receiving saline injections during
days 2,3,4,5, and 6 (ps < 0.020) and
23 overall during the injection week
(p=0.001).
22
1 2 3 4 5 6 7
Day
DISCUSSION

This experiment tested the hypothesis that 28 days of exposure to chronic unpredictable
stress and 7 days of LPS injections would cause cognitive deficits and increased AP
accumulation in non-transgenic mice. The results did not support this hypothesis. In the
behavioral experiment conducted using CFC, the mice injected with LPS froze significantly

more than the mice injected with saline (Figure 2), indicating increased cognitive performance,
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the opposite of the expected effect. Exposure to CUS had no effect on cognitive performance in
the CFC test. There was also no significant interaction between the stress condition and
treatment condition in the behavioral experiment (Figure 2). The pathological analysis revealed
that mice exposed to CUS and receiving LPS injections had the highest levels of hippocampal
AP (Figure 3). The interaction between stress condition and treatment condition was approaching
significance, but not yet there. Neither CUS nor LPS injections significantly increased AP as
expected.

Though our lab has previously demonstrated that 7 days of LPS administration increases
cognitive dysfunction and AP accumulation (54, 55), the results from this study did not support
similar findings. The LPS injections in this study decreased cognitive dysfunction and had no
effect on AP accumulation (Figure 2, Figure 3). To ensure that the LPS was being administered
properly and accurately inducing sickness behavior, the mice’s weights were monitored during
injection week. As expected, the mice receiving LPS injections lost weight during the first
several days after injections and exhibited sickness behavior while the mice receiving saline
injections maintained their weight and did not exhibit sickness behavior (Figure 4). Sigma
Aldrich, the company responsible for making the LPS used in these experiments, produces
serotypes of varying potency, measured by their endotoxin units. The endotoxin units of the
serotype used in this experiment were much lower than the endotoxin units used in the previous
trials exhibiting cognitive effects. Perhaps a higher potency of LPS is needed to cause effects in
cognitive performance and A deposition which this serotype did not achieve. Another possible
confounding variable was the original health of the mice. After the experiment, it was discovered
that the mice tested positive for various pathogens including pinworms, murine norovirus, and

Helicobacter pylori. If they were infected with pathogens and already displaying sickness
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behavior, this could have confounded the effect of the LPS, though the weight data revealed no
sickness behavior in the control mice when compared to the mice exposed to LPS (Figure 4).
Exposure to CUS had no significant effect on either CFC performance or levels of
hippocampal A (Figure 2, Figure 3). In this experimental design, the mice undergoing CUS
were removed from their home room and taken to a separate room in which the stressors were
conducted. After the stressors were completed, the mice were returned to their home room. This
resulted in the mice in the CUS stress condition being removed and replaced into the home room
approximately eight times per day. Since the control mice were housed in the same room as the
CUS mice, the additional noise and disruption from sliding the cages in and out of the rack could
have disturbed and stressed the control mice. Exposing the control mice to stress would have
confounded the effect of CUS so as to see no difference in CFC performance or Ap accumulation
between the two groups. To address this concern, two further CUS experiments were similarly
conducted in which the CUS paradigm lasted only 21 days and the control and CUS groups were
housed in different rooms to decrease unnecessary disruption of the control mice. The results of
the CFC test have been analyzed and both of the 21-day CUS experiments revealed a significant
main effect of stress so that the mice who underwent CUS froze significantly less than the
control mice, revealing cognitive dysfunction as predicted. The A4, ELISAs have yet to be
conducted for these experiments. These results have been delayed due to the unforeseen
circumstances surrounding the COVID-19 pandemic. When the ELISAs are able to be
completed, we hypothesize we will see a main effect of stress so that the CUS mice display
significantly higher levels of hippocampal AP compared to control mice. We also hypothesize

we will see a significant interaction between stress condition and treatment condition so that the
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CUS mice that received LPS injections have the highest levels of A compared to any other
group.

Future studies involving the impact of CUS on AD pathology would help expand the
knowledge we have about this disease and its contributing factors. Further directions include
modifying the stressors, modifying the length of the CUS timeline, including female mice,
including mice of different ages, and studying the effects of CUS independent of inflammatory
stress. Our lab is currently conducting studies regarding shorter CUS timelines and older mice in
which the preliminary results look promising.

Though the results of this study do not support the hypothesis that CUS leads to AD
pathology and behavioral effects in non-transgenic mice, results from the modified 21-day
studies suggest further research is needed in this area to draw conclusions regarding CUS’s
possible causative role in AD. Broader studies involving the development of AD in non-
transgenic mice are important to understand the progression of the sporadic form of AD which
effects the majority of AD patients. By better understanding the environmental factors that
contribute to the onset of SAD, people can attempt to minimize their exposure to harmful
influences or seek treatment to mitigate disease progression during its earlier stages if already

exposed.
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