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ABSTRACT OF THE THESIS

Disease Modifying Effects of Stress and CRF Receptor 1 antagonism on Alzheimer’s Disease
Pathology

by

Jasmine Patanapirom

Master of Science in Biology

University of California San Diego, 2019

Professor Robert Rissman, Chair
Professor Nick Spitzer, Co-Chair

Alzheimer’s disease (AD) is a debilitating form of dementia associated with cognitive
disabilities. The underlying mechanisms that cause AD are still relatively unknown but stress and
corticotropin releasing factor (CRF) has been shown to contribute to disease progression. CRF
receptors have become a target for therapeutic potential in AD as it is part of the stress-signaling
pathway. CRF antagonist (R121919) has shown to decrease amyloid beta plaques in animals
early in AD development. Since R121919 is most affective in early stage disease development,

we tested if this antagonist could produce the same results in transgenic AD mice (PSAPP) that

vii



were in late stage disease progression and when chronically stressed. We observed that R121919
is most affective in decreasing AD pathology and phenotypic changes in early stage AD mice
when stressed; AD pathology was diminished in late stage AD progression as well. These
findings indicated that drug administration with CRF antagonist slows down AD progression
when stress is present in early stage AD development and has the potential to do the same in late
stage AD progression. Our data demonstrate that CRFR1 receptors are a potential preventative
therapeutic target for AD and that targeting them may be particularly beneficial for individuals

who are prone to experiencing traumatic event.
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Chapter 1: Introduction
Alzheimer’s Disease

Alzheimer’s Disease (AD) is a neurodegenerative disorder associated with progressive
memory loss and cognitive impairment. Clinically diagnosed AD patients have difficulties in
performing and concentrating on daily tasks (Alzheimer’s Association, 2009). This impairment
can cause patients to become depressed, confused, and can change a patient’s personality
(Alzheimer’s Association, 2009). An AD patient’s quality of life is impacted, as well as that of
the patient caregiver, due to increased behavioral disturbances, increased dependency on the
caregiver, and lack of resources to reduce symptoms (Masters et al., 2004). Current therapies for
AD focus on improving the cognitive impairment but current therapies have done little to
significantly decrease AD development and improve cognitive disabilities permanently
(Mendiola et al., 2016). Current treatments for AD focus on treating AD once symptoms arise
whereas there are no current treatments for preventative therapeutics. Research into preventative
therapies and pathological treatments are therefore indispensable to improve quality of life for
those who may be diagnosed as well as for their caregivers.

AD is typically diagnosed in patients between the ages of 49-80 as one of two forms,
sporadic or familial (Selkoe, 2001). Sporadic cases, also known as non-familial forms of AD, are
the most common with a 95% incidence (Masters et al., 2004; Selkoe, 2001). Sporadic cases,
considered late-onset, have a mean age beginning at 80 years of age; familial forms vary from 5-
10% of cases with a mean of onset at the age of 45 (Masters et al., 2004; Selkoe, 2001). In both
AD forms, pathology and cognitive symptoms are equivalent and often indistinguishable but the
main difference is the age of onset. Improper clearance of pathological substances, namely

amyloid peptide, is thought to be the main reason that accounts for AD progression (Masters et
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al., 2004; Kametan & Hasegawa, 2018). Mutations accounting for sporadic and familial forms
are commonly gene missense mutations in genes such as APP, Presenilin 1, Presenilin 2, and
APOE; these mutations phenotypically cause an increase in production of amyloid beta peptides
as well as development of AD (Masters et al., 2004; Kametan & Hasegawa, 2018). Mutations
seen in both forms are commonly used in mouse models for research.

Amyloid Processing

The two pathological hallmarks of AD are neurofibrillary tangles and amyloid beta
plaques (A) (Selkoe, 2001). Neurofibrillary tangles consist of distorted hyperphosphorylated tau
(Selkoe, 2001). Tau is a microtubule protein that accounts for the stability and structural integrity
of tubulin and microtubules (Masters et al., 2004; Selkoe, 2001). A is a protein byproduct of
amyloid precursor protein (APP) (Masters Et al., 2004; Selkoe 2001). There are two forms of
Ap: soluble (nonfibrillar) and insoluble (fibrillar) (Kirkwood et al., 2013). Insoluble AP is
composed of Af and soluble are oligomeric and monomeric free-floating species (Masters et al.,
2004). According to the amyloid cascade hypothesis, aggregated AP causes hyperphosphorylated
tau to form neurofibrillary tangles in neurons (Hardy and Selkoe, 2002). The amyloid cascade
ultimately causes synaptic dysfunction between neurons, which correlates with cognitive
dysfunction in AD patients.

APP is a large transmembrane protein with two possible processing pathways, the non-
amyloidgenic pathway and amyloidgenic pathway (Tan and Gleeson, 2019). In the non-
amyloidgenic pathway, APP is cleaved by a-secretase to produce a membrane bound fragment
(a-CTF/C83) that is subsequently cleaved by y- secretase. The cleaved APP byproducts such as
sAPPa and APP intracellular domain (AICD) are thought to have neuroprotective properties

involving signal transduction and neuron outgrowth (Kametani & Hasegawa, 2018; Tan &



Gleeson, 2019). In the amyloidgenic pathway, B-secretase cleaves APP and leaves a BCTF/C99
fragment in the membrane; y- secretase sequentially cleaves the membrane bound fragment into
AP peptides. y- secretase cleavage can occur on many sites in the amyloidgenic pathway
producing different forms of AP peptides, namely AB. and AP..(Tan and Gleeson,
2019). Improper clearance of AP peptides causes accumulation of AP in AD. AP..specifically is
neurotoxic and prone to aggregation than other forms of AP, thus causing A plaques to form
(Wang et al., 2017).
Alzheimer’s and Stress

The negative impact of stress seems to play an integral role in many forms of diseases.
There is an overlap of comorbidity between many forms of dementias and psychological
disorders. Stress may play a significant role in the development of AD and has been implicated
in psychological disorders such as depression and posttraumatic stress disorder (PTSD) (Justice
2018; Justice et al., 2015). Stress increases risk of AD through excessive release of corticotropin
releasing factor (CRF) (Hauger et. al., 2009). The key pathway in the stress paradigm involves
CREF release from the hypothalamic pituitary adrenal axis (HPA). CRF is released and activates
CREF receptors on the anterior pituitary, which then releases adrenocorticotropic hormone
(ACTH). The release of ACTH prompts a release of glucocorticoids by the adrenal cortex that
provokes a physiological response in reaction to stress (Carmen, 2013; Hauger et al., 2006). The
mechanisms by which stress, CRF, and the HPA axis exacerbate AD pathology are still
unknown, but in animal models as well as clinical observations, there is a clear connection
amongst these factors. Animal models with human AD expression has shown an increased in the
amount of AP plaques when subjected to different forms of stress (Rissman, 2007; Baglietto-

Vargas, 2015; Dong & Csernansky ,2018; Justice, 2018). Elderly individuals who are prone to



high levels of stress are 2.7 times more likely to develop AD than those who are not as prone to
stress (Wilson et al., as cited by Dong & Csernansky, 2018).

Cognitive functioning is also heavily influenced by stress. Stress causes the HPA axis to
release a range of hormones that affect different brain circuit and signaling pathways that
ultimately affect the brain’s information processing; various types of memory, attention, and
perception are affected by stress (Carmen, 2013). The same forms of cognitive decline are seen
in AD patients. Chronic anxiety after stress exposure has been shown to engage biological
mechanisms predisposing those with PTSD to be twice as likely to develop an AD diagnosis
(Adamec et al., 2010). PTSD is diagnosed in patients who have lived through life threatening
situations resulting in extreme emotional and physical trauma (American Psychiatric
Association, as cited by Qureshi et. al., 2010). Veterans who have served in combat are
particularly vulnerable to PTSD diagnosis. Veterans with PTSD are thought to have an altered
stress response, specifically caused by the over activation of the hypothalamic pituitary adrenal
axis (Justice et al., 2015). PTSD increases the probability of dementia by two times in Veterans
in comparison to those without PTSD (Qureshi et. al., 2010). Thus, Veterans are amongst the
largest group at risk for AD and would benefit from preventative therapies that focus on their
stress responses.

CRF, CRFRI Receptor, and AD

CREF is a stress related neuropeptide that is released by the hypothalamic pituitary adrenal
(HPA) axis (Hauger et al., 2009; Jutkiewicz et al., 2015). Amongst other stress hormones
released downstream of the HPA axis, CRF is thought to be critical for psychological
maintenance, which ultimately allow for adaptive responses for an individual (Carmen, 2013).

CREF receptors are expressed widely throughout the brain and peripheral organs (Dautzenberg



and Hauger, 2002). There are two forms of CRF receptors found in vertebrates, CRFR1 and
CRFR2. Both CREF receptors are subtypes of B class G-protein coupled receptors (Hollensteina
et al., 2014). CRF receptors have a large N-terminus extracellular domain where CRF binds to
(Hollensteina et al., 2014). CRFR1 may be specifically implicate the increases of AP peptides
and phosphorylated tau (Rissman, 2007; Campbell Et al., 2015).

Although CRFR1’s molecular mechanisms of action have yet to be defined in AD,
CRFR1 is a likely target for AD progression. Rissman and colleagues (2007) saw decreases in
hyperphosphorylated tau in CRFR1 knockout mice. With the addition of acute and chronic
restraint stress, CRFR1 receptor knockout improved AD pathology in comparison to wildtype
littermates. Campbell and colleagues (2015) found AP pathology decreased when CRFR1 was
knocked out in mice overexpressing presenilin-1 and ABPP (PSAPP mice) in 12-month aged
mice. The PSAPP mouse model, which accumulates A pathology, has also been used to test a
CRFRI1 antagonist to decrease AD pathology without a CRFR1 knockout. Zang and colleagues
(2016) used a CRFR1 antagonist, R121919, on PSAPP mice and revealed decreases in Af3
plaque load as well as decreases in cognitive deficits in 6-month old mice. These researchers
established CRFR1 as a potential therapeutic target as well as the importance of stress in AD
pathology and cognitive defects. The next steps are to test whether R121919 is able to decrease
pathology in long term AD progression. For those who are at risk to developing AD due to
experiencing traumatic stressful events, such as veterans with PTSD, positive results from these
experiments will prove beneficial.

Stress, AD, and Synaptic Loss
Along with AP plaques and tau neurofibrillary tangles, AD is associated with diminished

numbers of synapses and neuron loss (Ingelsson et al., 2004 as cited by Kirkwood et al., 2013). It



has also been reported that stress impairs synaptic connections (Baglietto-Vargas et al., 2015)
The loss of synapses is one rationale to explain the cognitive impairments seen in AD. Long-
term potentiation (LTP) is caused by high frequency synaptic activity between neurons. LTP
between neurons causes stronger connections and associations between neurons, which is
thought to be the cellular basis of learning and memory (Kirkwood et al., 2013; Baglietto-Vargas
et al., 2015). Enlargement of dendritic spines, which harbor synaptic connections between
neurons, require polymerization of different forms of a structural protein called actin (Okamoto
et al., 2004). Subsequently, depolymerization of actin forms will cause synapse loss, decrease of
dendritic spines and long-term depression (LTD) (Kirkwood et al., 2013).

In one study, a reduced amount of synaptic connections were found in neurons that were
near AP plaques in a PSAPP transgenic mouse model for AD (Kirkwood et al., 2013). Spine
density and size were also affected by the amount of circulating soluble AP implicating a
connection between A and synaptic loss in the brain. This study provides supports for the AP
hypothesis that claims AP is the ultimate cause for neuron loss and ultimately cognitive deficits
in AD.

With the addition of stress, some studies have shown an increased amount of soluble and
insoluble A as well as decreases in dendritic spines in the CA3 area of the hippocampus
(Baglietto-Vargas et al., 2015). Another study conducted by Dong and colleagues (2018)
explored the benefits of CRFR1 antagonist, R121919, on synaptic loss in AD. Mice were
subjected to chronic isolation- restraint stress and tested for memory and learning and for anxiety
like behaviors. Dong and colleagues found that mice that had undergone stress showed an
increased amount of anxiety like behavior and an increased loss in dendritic spines. However,

mice that were treated with R121919 had reversed effects in spine density as well as blocked



anxiety like behavior. These studies suggest a connection between stress and neuronal synaptic
connection. Stress and AD have overlapping features in more areas than one. For those who are
at risk of developing AD or prone to anxiety and stress, there is an even greater risk to cognitive
dysfunction.
Experimental Aims

This study has tested the impact of CRFR1 antagonist, R121919, on amyloid pathology
in the presence or absence of stress. R121919 is a highly lipophilic small molecule allowing it to
pass through the blood brain barrier to reach the brain (Chen et al., 2004). This antagonist will
bind to CRF receptors by allosteric inhibition of the C-terminus of the receptor (Hollensteina et
al., 2014). PSAPP mice underwent CRFR1 antagonism and chronic restraint stress. 6 and 12-
month aged mice were used to show two different time points of AD pathology and progression;
both have been subjected to chronic restraint to induce stress. Because AD pathology is thought
to progress and worsen over time, 6-month old mice represented early progression of AD while
12-month old mice represented late progression of AD (Masters Et al., 2004). 12-month old mice
are expected to have worse cognitive abilities as well as more pathological A plaques in
comparison to 6- month mice. Our goal is to determine whether CRFR1 antagonist could be a
future preventative therapy for those subjected to extreme stress as well as those who are

inherently at risk of developing AD.



Chapter 2: Materials and Methods
PSAPP Mice

AD transgenic mice (JAX MMRRC Stock #34829) were used for this research study.
This model, referred to as PSAPP mice, co-express mutant human APP gene and PS1 genes
(Jankowsky et al., 2001). C57BL/6 wild-type mice (JAX Stock #000664) were bred with PSAPP
mice to generate mice for each age cohort. PSAPP mice were maintained as heterozygous while
wild-type littermates served as control. Mice were weaned at 21 days after birth. Mice were
housed 2-5 per cage in a temperature-controlled room (22°C) with a 12-hour light —dark cycle.
Female transgenic mice were used for this study.
R121919 Administration

R121919 is a small molecule selective antagonist to the CRFR1 receptor (Zhang et al.,
2016). Drug was donated by Dr. Kenner C. Rice from NIDA/ NIAAA/ NIH). R121919 was
dissolved in a solution of 0.01M tartaric acid and 5% castor oil. Vehicle solution consisted of
tartaric acid and castor oil without R121919. R121919 solution was vigorously mixed until the
drug was solubilized in tartaric acid before the addition of castor oil. Mice received
subcutaneous injections of either drug or vehicle beginning at 2 months of age until sacrifice date
at 6 months or 12 months of age. Mice were weighed weekly to determine dosage. 20mg/kg/ day
were administered; 0.1 ml of drug or vehicle was kept constant. Mice were randomly assigned
drug and vehicle administration.
Chronic Resistant Stress Treatment

Mice received injections an hour before chronic stress treatment. Mice cohorts were
chronically stressed until two weeks before sacrificed date. 6- month mice cohorts were stressed

from 2 months to 6 months of age. 12 —month mice cohorts were stressed from 6 months to 12



months of age. Paradigm of stress exposure consisted of 30 min restraint stress in 50 ml conical
tubes. Conical tubes were constructed with multiple air holes to maintain temperature. Chronic

restraint stress consisted of daily stress administration for 2 weeks followed by 2 weeks of rest.

Sample Collection

Isoflurane was used to anesthetize mice before decapitation. Trunk blood was collected
and centrifuged at 3381 RCF for 6 minutes. Plasma was collected and frozen. Brain was
harvested and one brain hemisphere was immediately sub -dissected for hippocampus and cortex
and frozen. Frozen hippocampus and cortex were used for biochemical assays for future
experiments. The other hemisphere was dropped fixed in 4% phosphate buffered
paraformaldehyde for 48 hours.- Eyes and other organs were collected simultaneously and were
frozen.

Immunohistochemical assays

Hemi-brains were cryoprotected in 30% sucrose for 24 hours and then cut, coronally, at
30 um using Leica freezing sliding microtome. Brain sections were stored at -20° C in
cryoprotectant containing 30% glycerol/ 30% ethylene glycol in PBS.

An N-terminal specific anti human A monoclonal antibody (82E1) (IBL #10323) were
used to assess diffuse and neuritic AP plaque (Zhang et al., 2016) Antigen retrieval for Ap was
done with 50% formic acid for 3 minutes. Tissue was permeabilized in 0.1% TritonX/ TBS,
followed by blocking in 3% BSA in 0.1% TritonX/ TBS. 82E1 (0.1ug/ul) was diluted 1:500, and
incubated overnight at room temperature. The next day, tissue was incubated in biotinylated
mouse secondary antibody (VECTOR LABS #BA-2001). Then incubated ABC solution

(VECTOR LABS #PK6100) before the DAB reaction (VECTOR LABS #SK4100).



Double labeling of microtubule-associated protein (MAP2) (Millipore # MAB378) and
synaptophysin (Millipore # MABS528-1) was used to assess cell changes in synaptic density.
MAP2 (1:100) and anti-synaptophysin (1:2000), and secondary antibodies, FITC (VECTOR
LABS #FL2000) and tyramide red (PERKIN ELMER #NEL 70200), were used respectively.
AP Quantification

For identification of AP plaques, images were taken of 82E1 stains using a Leica
confocal microscope. Quantifications of percent plaque load were used through Image J software
to collect several measurements including plaque size and amount of area AP plaque covered
(percent plaque load). T test and ANOVA test using GraphPad Prism software for statistical
analysis. All statistical data is expressed +/- standard error of the mean.

Synaptophysin and MAP2 Quantifications

For identification of synaptic loss, images were taken of synaptophysin and MAP2
double labeled stains. Quantification of percent area of neuropil synaptophysin and MAP2
covered was done through Image J software. T-test and ANOVA testing used GraphPad
Prismsoftware for statistical analysis. All statistical data is expressed +/- standard error of the

mean.
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Chapter 3: Results

To investigate the effects of R121919 during early stage AD development, 6-month old
mice groups were studied. 6-month-old PSAPP mice and wild type (WT) cohorts were subjected
to vehicle or drug injections. Stress was conducted until 2 weeks before sacrifice.
Immunohistochemistry assays were used to determine percent area AP} occupied in brain regions
of the hippocampus and cortex. A nonspecific N-terminus anti-human Af antibody, 82E1, was
used to identify AP plaques. WT cohorts were not quantified when testing for Ap plaque load
because human APP gene was not present. Therefore, human A plaques would not accumulate.
In the 6 -month non-stressed PSAPP cohorts, both vehicle and drug treated mice showed
accumulation of AP plaques, but no significance was determined in brain areas of the
hippocampus or the cortex when mice were treated with drug or vehicle (Figure 4). When 6-
month mice were exposed to chronic stress, significant reductions in plaque load was exhibited.
Specifically, the outer dentate of the hippocampus and the retrosplenial (RS) in the cortex had
showed significant reductions of plaque load in mice when treated with drug compared to vehicle
treated mice (Outer dentate p <0.05; RS p <0.05; Figure 5C and Figure 5E). See Figure 2 for
quantified regions of A plaques. In conclusion, R121919 presented the most significant
reductions in A plaque load for 6-month mice in the presence of stress.

The accumulation of AP may play a role in decreasing synapses and dendritic density
(Kirkwood et al., 2013). A subsequent immunohistochemistry staining was used to determine
percent area axon terminals (Synaptophysin) and dendrites (MAP2) remained in the
hippocampus and the cortex. CA1 and CA3 of the hippocampus as well as cortex regions directly
adjacent to hippocampal regions were quantified (Figure 3). 6- month non- stressed PSAPP mice

displayed an increase amount of dendrites density in the CA3 cortex region (p <0.05) in
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comparison to vehicle treated PSAPP mice (Figure 6I). With the introduction of stress, 6 month
stressed mice displayed an increase in dendritic density in the CA1 (p <0.01; Figure 7C), CAl
cortex (p <0.05; Figure 7E) and CA3 (p <0.01; Figure 7G) when treated with drug in comparison
to vehicle treated mice. In the presence of stress, the administration of R121919 may promote
dendritic formation in AD. The administration of R121919 presented consistent trends in
reducing AD progression in 6-month mice cohort. Drug was most effective in reducing AP
plaque load and AD phenotypes in the presence of stress for early stage AD development.

The presence of stress and R121919 administration was then examined in late stage AD.
Mice were aged to 12 months to represent late stage AD progression. Before chronic stress was
administrated, mice had 6 months to accumulate AD pathology. Age of mice and time period
mice received chronic stress was to determine R121919’s effect when AD pathology had already
accumulated and when stress occurred later in life. Based on trends seen in 6-month mice group,
R121919 was expected to decrease AD progression to some varying degree. 12- month old
groups were quantified under the same conditions as 6-month old age groups. In the 12- month
non-stressed group, whole hippocampus exhibited a significant decrease (p <0.05; Figure 8B) in
AP plaque load in drug administered PSAPP mice in comparison to vehicle treated mice. In the
subdivisions of the hippocampus, the outer dentate (p < 0.05: Figure 8C) and the CA1 (p < 0.05;
Figure 8C) demonstrated the most significant difference in the amount of plaque load. With the
presence of chronic stress, PSAPP mice had reduced accumulation of A in the whole cortex (p
<0.05; Figure 9D), specifically in the RS (p <0.05; Figure 9E) and the ectorhinal/ perirhinal (p
<0.05; Figure 9E) sub-regions of the cortex. Unlike trends seen in 6-month mice group, when
determining changes in synaptic connections and dendritic density no significance was exhibited

for 12-month mice that were not stress (Figure 10). AD pathology may have accumulated to a
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point in which R121919 could not stop disease progression. Similarly, 12-month mice that were
stressed presented an unusual trend showing decreased in dendritic density in CA1 cortex in
PSAPP drug treated mice (Figure 11E). WT cohorts also showed an increase amount of synaptic
connections when treated with drug (Figure 11H). Stressed 12-month mice were expected to
show some varying degree of AD phenotypic reduction with the administration of CRFR1
antagonism. 12-month mice showed reductions in AP plaque load regardless of stress, but
dendritic reductions were not rescued.

T-test and 2-way ANOVA was used to determine significance for all reported results.
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Chapter 4: Discussion

There have been many studies implicating stress and AD. Excessive levels of stress, both
short term and chronic, have been seen to increase AD disease progression through the activation
of the HPA axis; specifically, CRF on to the HPA axis (Dong et al., 2010; Justice et al., 2018).
The exact mechanism that links CRF and AD pathology is largely unknown, but it is clear that
stress plays an important role in accelerating disease progression. There are two primary papers
this study built its foundation on. Both papers focused on the effects of CRFR1 activation on
AD. Campbell and colleagues (2015) developed an AD transgenic mouse model that contained a
knockout for CRFR1. Mice that contained CRFR1 knockout exhibited decreases in two forms of
AP. There were also decreases of A in specific regions including insular, retrosplenial,
ectorhinal, and perirhinal cortices. Quantification of these regions gave rise to the specific areas
quantified in this study. Campbell’s data provided evidence that CRFR1 is linked to AP
accumulation. Campbell also measured C terminal fragments of APP and reported decreased in
the amount in knockout mice which was not done in this study. Another paper by Zhang and
Colleges (2016) looked at the effects of R121919 on 6 month aged PSAPP mice and did a
comprehensive study on synaptic deficits, memory and learning, and different AP species
accumulation. Zhang reported a decrease in synaptic defiticits in PSAPP mice treated with
R121919; memory and learning was retained and there was a decrease in AP formation. Unlike
this study, Zhang tested on both male and female mice and saw reductions in pathology and
retention in learning and memory in both groups. This study focused on female mice as females
are more supseptible to stress than males (Dong et al., 2018). Zhang also measured for C

terminal fragments similarly to Campbell. Zhang provided insight to the importance of CRF in
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AD development, both behaviroally and pathologically. The next steps were to see the
interaction of CRF when chronic stress was introduced.

CRFRI1 antagonist R121919 is expected to decrease amyloid plaque load in brain regions
associated with memory and learning (Zhang et al., 2015). R121919, as an allosteric inhibitor of
CRFR1, should be able to inhibit activation of the HPA axis that ultimately leads to increased
amyloidgenic processing. The goal of this study was to determine R121919’s affect on AD
pathology with the induction of chronic stress. As age is a factor that increases severity of AD,
two different time points of AD progression was also tested in the AD transgenic mouse model.

6-month non-stressed mice was administered R121919 to replicate data as seen in
previous data by Zhang and colleagues (2016). Previous data had reported that same aged
PSAPP mice treated with R121919 displayed a decrease in plaque load in the entire
hippocampus and cortex, but data generated in this study did not show the same results. In this
study, 6-month non-stressed mice showed no significance. A likely explanation could be due to
the age timepoint of AD progression. Mice at 6 months of age have low levels of AP plaque
accumulation as disease is early in progression. This could also account for difficulties in
achieving significance between drug and vehicle-treated mice. With the addition of chronic
stress, 6-month mice exhibited a significant decrease in AP plaque accumulation in certain
regions of the hippocampus and the cortex. When comparing the two 6-month groups, stress
seems to be an important factor in contributing to the effectiveness of R121919.

12-month PSAPP mice are expected to have more plaque load in comparison to 6-month
mice due to AD’s characteristic to worsen over time (Masters et al., 2004). Daily injections of
R121919 decreased AP plaques in the hippocampus of 12-month non-stressed PSAPP mice in

the entire hippocampus and different regions of the hippocampus. With the introduction of stress,
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12- month PSAPP mice treated with drug showed the most significance in the cortex and its sub
regions; there was still a trend toward decreased plaque in the hippocampus. It is likely that the
increasing the n number in the 12- month stressed mice could show a greater reduction of AP
plaque in the hippocampus. If this were to be true, R121919 would show most effective in
reducing AD pathology when mice are subjected to chronic stress regardless of age. What can be
concluded is that R121919 is effective in reducing AP plaques in stressed mice during early AD
development. Additionally, R121919 is effective in reducing AP plaques in late stage AD but
further data is needed to substantiate.

Decreasing memory and cognitive abilities is a major symptom seen in AD. Synaptic
strength between neurons and dendritic density is thought to be foundational to learning and
memory. Changes in the synapses and dendritic areas of the neuron could account for these
symptoms seen in AD (Kirkwood et al., 2013). Neuronal deficits have been seen to increase
when chronic stress is present as well (Baglietto-Vargas et al., 2015). This study wanted to test if
R121919 could save neuronal connection in AD in the presence of stress. It was predicted that
R121919 could save neurons, as the drug would be able to block the HPA axis from producing
more AP plaques and disrupt neuron signaling. AP plaques are thought to be detrimental to
neuron signaling as it may cause a disruption in neuron connection between cells (Kirkwood et
al., 2013). CA1 and CA3 regions of the hippocampus were quantified, as they are important
regions in the hippocampus for learning and memory as well as the most easily defined. 6-month
non-stressed mice showed an increase dendritic density in the cortex when PSAPP mice was
treated with R121919. Treatment with R121919 exhibited neuron rescue as PSAPP mice treated
with vehicle had a reduction of neurons. In the presence of stress, 6- month mice saw an

increased neuronal density in both quantified hippocampal regions and one of the cortex regions.
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Overall it can be concluded that PSAPP mice treated with R121919 had an increase in dendrites,
possibly helping increase neuronal connections that might have been lost otherwise.

In late stage mice, 12-month non-stressed mice showed no clear trends or significance.
Similarly when stressed, 12 month stressed mice showed unexpected trends with decreased
amount of dendritic density in CA1 cortex of PSAPP mice and a significant increase in WT mice
treated with drug. Unexpected results could be due to low n number in PSAPP mice treated with
drug. It has been seen that in the presence of stress and the administration of drug, R121919 has
been the most effective in reducing AD pathology and neuronal deficits. With the addition of
more mice, data may show that with the administration of R121919 synapses and neuron density
may be higher as seen by trends throughout the study.

By the trends exhibited through this study, it can be concluded that CRFR1 antagonists
are most affective in decreasing AD progression in the presence of stress during early AD
development. There is potential that R121919 can slow down disease progression in late stage
AD, but continued testing is needed to determine a final conclusion. These findings show
promise that CRFR1 antagonism can help reduce disease pathology and progression. Decreasing
AP pathology is a possible mechanism in combatting cognitive impairment as less A} plaques
are present to affect dendritic connections (Kirkwood et al., 2013).

Amyloid Beta Problem

This study, like many others, uses the quantitative measure of amyloid beta plaques as a
representation of AD pathology; however, recent studies have questioned its reliability. AP
plaques can be insoluble or soluble (Golde Et al., 2000). Insoluble A results in the characteristic
plaques seen in pathologic AD brains. AP plaques are not the sole indicator for memory

impairment. Studies have shown the number of AP does not correlate consistently with the
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severity of cognitive impairment in human cases, but rather soluble plaques are better correlative
to disease severity (Kametani & Hasegawa, 2018; Selkoe et al., 2002). Soluble AP is not seen in
histological quantifications in the brain but can be seen in cerebral spinal fluid or in plasma
(Masters Et al., 2004; Rissman et al., 2007; Selkoe et al, 2002). Thus, both soluble and insoluble
amyloid beta molecules are important in AD progression but quantifying the molecules to
properly correlate AD progression requires additional testing. Future experiments can include
looking at soluble A levels in plasma to see how much A is circulating and accumulating.

On a greater scale A} may not be a good indicator of AD progression at all. There are
problems with the amyloid cascade hypothesis in which certain AD cases show that the
accumulation of A plaque is inconsistent in correlating neuron cell death and
hyperphosphorylated tau accumulation (Bryan et al., 2009 as cited by Kametani & Hasegawa,
2018). In some cases, older people may have brains riddled with amyloid beta but only showed a
mild form of AD (Edison et al., 2007; Li et al., 2008 as cited by Kametani & Hasegawa, 2018). It
is thought that increased levels of APP may be the reason for neurodegeneration rather than A3
itself (Takahashi et al., 2015; Klevanski et al., 2015; Kametani & Hasegawa, 2018). Some APP
products are seen to have neuroprotective and neuron functional effects. C-terminal fragments
include AICD for signal transduction while N-terminal fragments include sAPPa for neuron
outgrowth (Takahashi et al., 2015; Kametani & Hasegawa, 2018). APP impairment and
overexpression has been seen to increase synaptic deficits, which triggers tau mislocalization
(Kametani & Hasegawa, 2018). Tau mislocalization causes seeding and aggregation. Seeding
then causes synaptic damage to nearby neurons, ultimately leading to neuronal cell death in AD
(Bejanin et al., 2017; Kametani & Hasegawa, 2018). Tau pathology may also be a better

biomarker to test for as it is seen as having a direct cause in neuron dysfunction. The spreading
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of hyperphosphorylated tau has also been correlative to increased cognitive and clinical
symptoms (Braak & Braak, 1991 as cited by Takahashi et al., 2015; Bejanin et al., 2017). In
either case, to accurately quantify AD severity and progression it could be useful to measure
many different forms of AP, to measure tau pathology, and other by products of APP.

Stress and Clinical significance of CRFRI antagonism

Although R121919 is now only used for preclinical work, this drug gives insight to the
potentials of CRFR1 antagonism for future therapeutics. R121919 is an allosteric inhibitor on the
C-terminal side of the receptor. Instead of completely blocking CRF from binding to its receptor,
CRF may still be present on the receptor. Thus, there is still a chance for activation of the HPA
axis depending on when the drug was administered. Further studies can focus on targeting N-
terminal region of CRFR1 to completely block binding of CRF.

Finding targets for therapeutics concerning stress is not only important for AD but for
other stress related diagnosis such as depression, anxiety, and PTSD. Many of these
psychological diseases are comorbid with neurodegenerative diseases. AD patients with
depression have increased amount of AP plaques and tau tangles compared to AD patients
without depression (Kim et al., 2016). PTSD diagnosed Veterans also have a higher chance of
AD development and show symptoms of depression and anxiety (Qureshi et, al., 2010; Justice,
2018). Therefore, future developments toward combatting chronic stress and AD are important

for many different forms of neurodegenerative and neuropsychological diseases.
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Figure 1. Injection and Stress Diagram. Schematic outline of injections and stress for 6 month
and 12-month age mice groups. Injections of R121919 or vehicle began after 2 months of age for
both groups. Injections and stress diagram was conducted for both PSAPP and WT mice.
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Figure 2. Diagram of regions quantified for Ap plaques. Regions quantified include (A)
Whole Hippocampus, (B) Whole Cortex, (C) CAl region, CA2 and CA3, Outer Dentate and the
Hilus of the hippocampus, (D) Retrosplenial to the Rhinal Fissure of the cortex and from the
Rhinal fissure to the end of the cortex, (E) Retrosplenial and the and Ectorhinal/ Perirhinal
region.
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Figure 3. Diagram for regions quantified for Synaptophysin and MAP2. Regions quantified
include (A) CA1 pyramidal cells (B) cortex region directly above CA1 (C) CA3 pyramidal cells
and (D) cortex region directly above CA3.
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Figure 4. Early age effects of R121919 on AP accumulation: 6 Month Non Stressed. Af
plaques were labeled in vehicle and drug (R121919) treated 6-month-old non-stressed PSAPP
mice using 82E1 antibody (greyscale, A). Percent area of plaque load was quantified from
coronal plane brain sections in the hippocampus and the cortex (B-E). Between vehicle and drug
treatment of R121919, data displays no significance in the hippocampus, cortex or subsequent
sub-regions of both areas. All values are expressed as = SEM, n= 5 for each PSAPP mice group.
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Figure 5. Early age effects of R121919 on AP accumulation in the presence of stress: 6
Month Stressed. Ap plaques were labeled in vehicle and drug (R121919) treated 6-month-old
stressed PSAPP mice using 82E1 antibody (greyscale, A). Percent area of plaque load was
quantified from coronal plane brain sections using stereology (B-E). In the outer dentate of the
hippocampus (p < 0.05; C) and the retrosplenial (RS) (p <0.05; E), a decreased amount of
plaque load is observed in drug treated PSAPP mice in comparison to vehicle treated
counterparts. All values are expressed as = SEM, n=6 for vehicle treated and n=7 for drug treated
mice.
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Figure 6. Early age effects of R121919 on Synaptic connections: 6 Month Non-Stressed.
Dendrites (MAP2) and axon terminals (Synaptophysin) were double labeled to see changes in
dendritic and synaptic connection between neurons in WT and PSAPP mice. Figures presented
show images of CA3 cortex region where significance was seen (A-B). Quantifications were
done in the CA1 and CA3 region of the hippocampus as well as cortex regions adjacent to these
hippocampal regions. Percent area of neuropil containing axon terminals and dendrites were
quantified from coronal plane brain sections. Treatment effect showed increased number of
dendrites are present in CA3 cortex region (p < 0.05) in PSAPP mice administered with R121919
(I). All values are expressed as = SEM; n=6 for vehicle and drug treated PSAPP; n=5 for WT
treated mice.
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Figure 6 (continued).
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Figure 7. Early age effects of R121919 on Synaptic connections in the presence of stress: 6
Month Stressed. Dendrites (MAP2) and axon terminals (Synaptophysin) were double labeled to
see changes in dendritic and synaptic connection between neurons in WT and PSAPP mice.
Figures presented show images of CA1 region (A-B). Quantifications were done in the CA1 and
CA3 region of the hippocampus as well as cortex regions adjacent to these hippocampal regions.
Percent area of neuropil containing axon terminals and dendrites were quantified from coronal
plane brain sections. Treatment affects showed increased dendritic density in CA1 (p <0.01; C),
CA1 cortex (p <0.05; E), and CA3 (p <0.01;G) in treated PSAPP mice. All values are expressed
as = SEM; n=9 for vehicle treated and n=10 for drug treated PSAPP mice; n= 6 for vehicle and

drug treated WT mice.
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Figure 7 (continued).
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Figure 8. Late age effects of R121919 on AP accumulation: 12 Month Non Stress. Af
plaques were labeled in vehicle and drug (R121919) treated 12-month-old stressed PSAPP mice
using 82E1 antibody (greyscale; A). Percent area of plaque load was quantified from coronal
plane brain sections using stereology (B-E). AP plaque load in drug treated mice exhibited a
decrease in the whole hippocampus (p < 0.05; B), outer dentate (p < 0.05; C), and CA1 (p <0.05;
C). All values are expressed as = SEM; n=9 for vehicle treated and n=7 for drug treated PSAPP
mice.
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Figure 9. Late age effects of R121919 on AP accumulation in the presence of stress: 12
Month Stressed. AP plaques were labeled in vehicle and drug (R121919) treated 12-month-old
stressed PSAPP mice using 82E1 antibody (greyscale, A). Percent area of plaque load was
quantified from coronal plane brain sections using stereology (B-E). AP plaque load displayed a
decreased amount in the cortex (p < 0.05; D), retrosplenial (RS) (p < 0.05: E), and ectorhinal/
perirhinal regions (p < 0.05; E). All values are expressed as = SEM, n= 4 for both vehicle and
drug PSAPP mice groups.
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Figure 10. Late age effects of R121919 on Synaptic connections: 12 Month Non-Stress.
Dendrites (MAP2) and axon terminals (Synaptophysin) were double labeled to see changes in
dendritic and synaptic connection between neurons in WT and PSAPP mice. Pictures presented
are images of CA3 region (A-B). Quantifications were done in the CA1 and CA3 region of the
hippocampus as well as cortex regions adjacent to these hippocampal regions. Percent area of
neuropil containing axon terminals and dendrites were quantified from coronal plane brain
sections. Between vehicle and drug treatment of R121919, data displays no significance in the
hippocampus or subsequent cortex regions (C-J). All values are expressed as = SEM; n= 10 for
vehicle and drug treated PSAPP mice group; n=7 for vehicle and n=6 for drug treated WT mice

group.




Figure 10 (continued).
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Figure 11. Late age effects of R121919 on Synaptic connections in the presence of stress: 12
Stressed. Dendrites (MAP2) and axon terminals (Synaptophysin) were double labeled to see
changes in dendritic and synaptic connection between neurons in WT and PSAPP mice. Pictures
shown present images from CA1 cortex region (A-B). Quantifications were done in the CA1 and
CA3 region of the hippocampus as well as cortex regions adjacent to these hippocampal regions
(C-J). Percent area of neuropil containing axon terminals and dendrites were quantified from
coronal plane brain sections. All values are expressed as £ SEM; n=6 for vehicle and n=5 for
drug treated PSAPP mice group; n=5 for each WT mice group.
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