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ABSTRACT

REPETITIVE MILD TRAUMATIC BRAIN INJURY INCREASES APP AND
PHOSPHO TAU WITHIN THE HIPPOCAMPUS OF A NOVEL APP/TAU MOUSE
MODEL OF ALZHEIMER’S DISEASE

Natalie Coschigano, MA

George Mason University, 2019

Thesis Director: Dr. Jane Flinn, PhD

Traumatic brain injuries (TBI) are a known risk factor for Alzheimer’s disease (AD).
Mild TBIs are the most common and often occur during adolescence there is an increased
risk of sustaining an additional TBI following the first one. The TBI/AD association thus
demonstrates a need to model repetitive mild TBI (rmTBI) since rmTBIs lead to the
development of tau tangles and amyloid plaques, similar to those in AD. Despite this, no
study to date has assessed the impact of rmTBI during adolescence on a mouse model of
AD containing both amyloid and tau. J20 (hAPP) mice were crossed with rTg4510
(TauP301L) mice to create our novel mouse model displaying both AB plaques and tau
tangles. Mice were split into four groups: AD TBI, AD sham, wildtype (WT) TBI, and
WT sham. At 8 weeks of age, the mice underwent rmTBI every other day for a total of 5
hits. Behavioral assessment of the burrowing and nesting tasks were taken at 9 weeks and

3 months. The mice were aged to 8 months when immunohistochemistry (IHC) was



performed. Behavioral testing and IHC showed that the AD mice performed worse on
burrowing and nesting and also showed higher levels of APP and GFAP than WT mice in
both the hippocampus and infralimbic cortex. AD TBI mice also showed significantly
higher levels of both APP and phospho tau in the hippocampus than AD sham mice,

consistent with other studies and confirming that rmTBI is a risk factor for AD.



INTRODUCTION

Alzheimer’s disease (AD), a degenerative brain disease, is the most common form
of dementia. It accounts for 60-70% of cases and is characterized by a decrease in
memory (Alzheimer’s Association, 2016). A total of 5.4 million Americans have been
diagnosed with AD, including one in nine people over the age of 65 (Alzheimer’s
Association, 2016) and an estimated 44 million people worldwide (Hall & Roberson,
2012). The progression of the disease is divided into four stages: pre-dementia, early,
moderate, and advanced. Pre-dementia symptoms are often mistakenly blamed on aging
or stress and can develop up to eight years before a person is diagnosed with AD
(Backman et al, 2004). Although symptoms are not the same among all individuals, some
are more common. These include memory loss, confusion, problems with speaking and
writing, trouble understanding visual images, poor judgment, social withdrawal, changes
in mood, depression, and anxiety (Alzheimer’s Association, 2016).

Alzheimer’s disease can progress at different rates between individuals.
Behavioral symptoms typically first begin to appear in people in their mid-60s and
damage to the brain often starts ten or more years prior to this (Alzheimer’s Disease
Education and Referral Center, 2016). There is no definitive test that can be used to

diagnose AD other than a brain autopsy following death. Common approaches to



diagnosis include medical and family history, observed changes in behavior or thinking
skills, cognitive tasks, and brain imaging (Alzheimer’s Association, 2016).

Aside from the cognitive symptoms, there are also neurological changes
happening in the brain that begin to occur many years before symptoms appear. Some
characteristics include neurofibrillary tangles, neuritic plaques, and neuron loss
(Khachaturian, 1985). Tau tangles and beta-amyloid (Ap) plagues are believed to be the
main contributing factors to the degrading memory loss and other symptoms associated
with AD (Alzheimer’s Association, 2016). Tau tangles block transportation of essential
molecules inside neurons and A plaques are understood to interfere with the
communication of neurons at the synaptic level (Alzheimer’s Association, 2016). Tangle
production is the main contributor to cell death, which accounts for the shrinkage of the
brain seen as the disease progresses.

Although tau tangles are one of the main contributors to the development of AD,
they are often found in normal aging adults. Tau is a neuronal protein primarily regulated
by phosphorylation. The assembly and stability of microtubules are promoted by tau
(Igbal et al, 2005). Tangles can lead to the weakening of episodic memory, which is one
cause of the decrease in memory as people age. In a healthy human brain, there are 6
isoforms of tau that are expressed (Noble et al, 2013). These isoforms are slightly
different protein sequences that typically are created by alternative splicing. This leads to
different structures which result in an altered number of phosphorylation sites (Noble et

al, 2013).



The difference between tau tangles found in healthy aging adults and patients with
AD, AD patients exhibit abnormally hyperphosphorylated tau, which leads to the
formation of tangles with a different function due to increased number of phosphates
bound. (Igbal et al, 2005). It is thought that this hyperphosphorylation is due to an
imbalance in enzymatic attachment and removal of phosphates (Noble et al, 2013). This
altered tau is one of the primary causes leading to neurodegeneration and dementia. In
particular, phosphorylation at specific serine-proline (SP) and threonine-proline (TP) sites
are associated with a variety of neurodegenerative diseases involving tau, including AD
(Steinhilb et al, 2007). Phosphorylation at these sites has not been seen in healthy adults,
only those displaying neurodegeneration (Steinhilb et al, 2007). It is believed that a
possible cause for the abnormal hyperphosphorylation of tau is due to a structural change
(Igbal et al, 2005). This suggests that AD is in part a direct result of tau mutations which
lead to tangles of a different structure as normal tau tangles.

In healthy adults, tau accumulation is often found in the medial temporal lobe.
Patients with AD show tau tangle formation beginning in the entorhinal cortex. Tau
tangle progression can be broken down into 6 stages (Braak & Braak, 1991). Stages 1 and
2 consist of tangles located in the entorhinal cortex, with minimal spreading into the
hippocampus (HC). During stage 3, tangles make their way into the hippocampus, and
the HC becomes much more affected (Braak & Braak, 1991). Stage 4 shows heavy tangle
formation of CAL in the hippocampus and the transentorhinal layer is completely affected
(Braak & Braak, 1991). Stages 5 and 6 are where the more noticeable and severe changes

take place, with the most notable feature being that the isocortex is tremendously affected



(Braak & Braak, 1991). Tau tangles extend from the entorhinal cortex to most of the
neocortical regions (particularly throughout the temporal, parietal, and frontal lobes).
This leads to the increase in cognitive deficits.

Amyloid precursor protein (APP) is a transmembrane protein that is found in high
levels in the brain. Its full physiological function is still unknown; however, some studies
have suggested that it plays a role in activating cell growth via a regulated enzyme that
attaches a phosphate group (Saobol et al., 2014). APP is produced in large quantities and
transported to the surface of the neuron. Once there, it can be processed in a number of
different ways. One reported mechanism involves proteins being broken down by a-
secretase followed by y-secretase which does not result in production of plaques (O’Brien
& Wong, 2011). A different reported mechanism that results in few to no plaque
production is B-secretase followed by y-secretase, producing ABso (Wright et al, 2013).
This process results in the cleavage of APaso, which does not result in the production of
AP plaques like those seen in AD (O’Brien & Wong, 2011; Wright et al, 2013). An
alternative mechanism of APP processing requires internalization into a vesicle where it
interacts with proteases BACE1 (also known as B-secretase) and y-secretase. A is
cleaved from APP by y-secretase, which results in the release of A4z into the
extracellular space and the formation of plaques (O’Brien & Wong, 2011; Wright et al,
2013). A recent study has suggested that “normal” A plays a role in innate immunity
and helps to protect against infection (Moir, Lathe, & Tanzi, 2018)). Conversely, during
AD this pathway is overactive, which leads to inflammation and neuron damage

contributing to the development of AD (Moir, Lathe, & Tanzi, 2018).



The relationship between AP and tau is not fully understood, like much of AD.
APP mutations lead to the production of Ap plaque formation, and hyperphosphorylated
tau creates tangles. The amyloid hypothesis states that changes in Ap lead to alterations
in tau as soluble amyloid leads to the hyperphosphorylation of tau. This causes a decrease
in microtubule support, resulting in the production of tau tangles and neurodegeneration
along with memory deficits (Hardy, 2002). Following tangle formation, Ap plaques begin
to accumulate. Other studies, however, suggest that instead of a serial pathway, there are
actually parallel elements that converge. For example, it was shown that Ap production
and tau phosphorylation can occur simultaneously, together resulting in cell loss (Small
& Duff, 2008). Another study examining the dual pathways of Ap and tau occurring
alongside each other suggested that tau phosphorylation may not be directly dependent on
AP; with AP effects blocked, tau phosphorylation still occurred (Zempel et al, 2010). The
details of the interactions between A and tau are still under investigation.

Mouse models can be manipulated through gene mutations, surgeries, and other
techniques to create specific circumstances for study. Although most cases of AD in the
human population are late onset, the three main genes of study (APP, presenilin-1, and
presenilin-2) are associated with early onset. This starting point allowed for investigation
into the cellular progression of AD (Hall & Roberson, 2012). Understanding AD
pathophysiology is continually expanding in large part due to the transgenic mouse
models of AD. As more is being tested and discovered about AD, new mouse models are

continuously being generated and used to study different aspects of the disease. Our



novel AD mouse model displaying both AB plaques and tau tangles, was created by
crossing the J20 and rTg4510 mouse models (which are detailed below).

The oldest and most widely used mouse models of AD are based on the transgenic
expression of human APP (hAPP) (Hall & Roberson, 2012). Most of these mouse lines
contain either a mutation of the y-secretase cleavage site or a mutation in the A
sequence (Hall & Roberson, 2012). The J20 mouse model of AD contains the human
form of APP (hAPP), which was created by inserting 2 hAPP mutations, K595N
(Swedish) and M596L (Indiana), into the rodent genome which speeds up the production
of amyloid (Mucke et al, 2000). This mouse model showed impairment in behavioral
testing (radial arm maze) when compared to wildtype mice (Wright et al, 2013). The
deficits increased with age, in that the older the mice got, the worse they performed on
testing. J20 mice also show minimal neuron loss, which is a big part of AD in humans
(Ramsden et al, 2005). Another genetically modified APP mouse model, line APP23,
express less AB plaques in the brain compared to the J20 model (Roberson, 2011).
However, APP23 mice still show behavioral impairment, such as on the Morris water
maze where they performed worse than wildtype mice (Roberson, 2011). They also
demonstrated the development of seizures at higher frequency as A levels increase,
which the J20 mice did not show to the same degree (Roberson et al, 2011). PDAPP mice
express human APOE3 and APOE4. However, they do not begin to show Ap plaque
formation until around 15 months of age (Hartman et al, 2002). This can be undesirable
in that a lot of time must be spent waiting for the mice to reach an age where proper

analysis can take place and elderly mice often exhibit a decrease in mobility, which can



make running behavioral tests a challenge. Although transgenic APP mouse models allow
for further understanding of the effects of APP, they do not acknowledge tau and the
large role it has on the production of human AD.

Other AD mouse models contain hyperphosphorylated tau, which leads to the
production of the tangles. Although none of the mouse models fully replicate the human
version of AD, they have contributed significantly to discovering pieces of the biological
process. Tau only mouse models, such as rTg4510, focus solely on the ramifications of
the presence of tau in the brain, even though it does not lead directly to AD. The rTg4510
mouse model expresses human tau through the P301L mutation which is paired with the
Ca?*-calmodulin kinase Il promoter to activate the tau transgene (Spires et al, 2006).
There are a few major specifics that were taken into account when creating this tau
mouse model. The main goal was to produce neurofibrillary tangles along with neuron
loss, which would result in memory deficits (Ramsden et al, 2005). This mouse showed
tau progression that is age-dependent in that tangle development increased as the mice
got older (Ramsden et al, 2005). This is similar to tau progression in humans. The JNPL3
line is another mouse model that exhibits a mutation of tau (P301L). This model displays
behavioral abnormalities, along with motor deficits (Lewis et al, 2000). These mice
showed a decrease in motor neurons and an increase in neurofibrillary tangles, including
an effect on spinal cord (Lewis et al, 2000). Due to the extreme decrease in motor
abilities, behavioral testing becomes much harder to accomplish and this loses a huge

aspect of AD testing and development. The tau mouse models allow for more



translational data in terms of human tauopathy. However, this is still only half the
pathologies found in AD.

Another transgenic mouse model that was created for AD is the 3xTg-AD model.
This mouse line carries mutations of the APP, tau, and presenilin-1 (PS1) genes. This
mouse model allowed for more translational evaluation of the human form of AD. This
was the first created transgenic model that contained both A plaques and tau tangles
(Oddo et al, 2003). It also contains PS1 (a subunit of y-secretase), which contributes to
early-onset AD (in contrast to the majority of human AD cases that are late-onset). It is
unknown what the normal functions of PS are but it has been suggested that they play a
role in membrane trafficking, APP processing, and the regulation of endoplasmic
reticulum calcium homeostasis including its function in the triggering of action potentials
(Mattson et al, 1998). Although this mouse model contains mutations of both Ap and
tau, because it is early-onset, this makes it slightly less translational to a majority of the
AD population. However, the 3xTg-AD mouse is still important for studying Ap plaque
formation and tau phosphorylation. Ap begins to appear around 3 months of age and can
be found in the HC at 6 months (Oddo et al, 2003). Tau tangles can first be detected in
the hippocampus around 6 months of age and increase as the mice get older (Oddo et al,
2003). Although the 3xTg-AD mouse allows for the study of A and tau side by side, it
does not properly demonstrate the most common form of AD, late-onset.

We are looking to expand on the mouse models currently used for Alzheimer’s
research. A majority of AD mouse models focus on one pathology, either tau tangles or

AP plaques. Our lab has recently created a mouse model that displays both pathologies



(Lippi, Smith, & Flinn, 2018). This mouse model was created by crossing J20 mice,
which contain a mutated APP gene, and rTg4510 mice, which contain a mutated tau
gene. This offers better translational data to the human disease than each mouse line
separately. Both pathologies also present earlier (around 7 months of age) than the
individual, single gene models, in addition to displaying behavioral impairments.
J20/rTg4510 double transgenic mice have been shown to perform significantly worse on
open field, elevated zero, Barnes maze, and forced swim tests when compared to
wildtype mice (Lippi, Smith, & Flinn, 2018). The double transgenic AD mice also
performed significantly worse on the “daily living” activities, burrowing and nesting
(Lippi, Smith, & Flinn, 2018).

There are many risk factors that can influence the development of AD, including
genetics, education, upbringing, and health. Recently, traumatic brain injury (TBI) has
been found to be a risk factor for AD. TBI is the leading cause of severe disability and
death in people under the age of 45 (Finnie & Blumbergs, 2002). TBI is caused by a blow
to the head that ultimately leads to changes in cognitive and motor functioning
(Sivanandam & Thakur, 2012). Resulting symptom changes include memory, mood,
movement, and responsiveness alterations. There are several levels of TBI (mild,
moderate, and severe) and they are categorized on the basis of the consciousness level
(Ghajar, 2000). Most concussions fall in the mild TBI (mTBI) category. This is especially
common among athletes (such as football players and boxers) and deployed soldiers. The
elderly population also displays a number of repetitive TBIs due to falls. Symptoms

associated with TBIs include headaches, trouble concentrating, nausea, and mood change.



The recent discoveries of brain damage among football players in particular, have
brought to light the severity of TBIs and the large impact they can have on the brain.

Mild traumatic brain injuries are estimated to affect more than 6 per 1000 people
a year (Blennow, Hardy, & Zetterberg, 2012). Those receiving one mTBI usually make a
full neurological recovery. However, they may display some short-term memory and
concentration difficulties for a brief amount of time. Moderate TBI leaves patients
lethargic and severe TBI often results in a comatose state (Ghajar, 2000). Neurological
damage usually does not occur immediately after the injury but instead evolves within a
few hours. This is due to swelling in the brain (Ghajar, 2000). Pressure buildup caused by
the brain swelling leads to an increase in brain damage. The degree of the damage
depends on the severity of the injury.

There are several pathological features that are similar between TBI and AD
including ApB deposits, tau hyperphosphorylation, neurite degeneration, and synapse loss
(Sivanandam & Thakur, 2012). Studies have found neurofibrillary tangles in the
neocortical areas of patients suffering from TBI. Tau in AD is often in a
hyperphosophorylated form, which reduces microtubule binding. Cortical tangles are a
key part of AD and the tau tangles found in those with TBI are similar to these tangles.
However, tangles produced from TBI are often found in superficial neocortical layers
(near the site of injury), while AD tangles are located in the deeper layers (Blennow,
Hardy, & Zetterberg, 2012). AD tau tangles work their way from within outward while
tangles from TBI do not seem to penetrate deeper into the brain. The different locations

could lead tau to have slightly altered effects on behavior. Current research has yet to
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examine AD tau and TBI tau side by side (and taking into account the role AP has in
relation to tau).

Studies have examined the effects of TBI on tau in rats by generating cortical
impact injuries of varying grades, either mild, moderate, or severe (Gabbita et al., 2005).
The severity of the injury was determined by the depth of the impact (deeper depth meant
more severe injury). To assess the impact on cleaved tau, ELISA was used. Examining
multiple brain regions, it was found that the severity of the injury can influence tau. Rats
that received no hit and those that experienced a single mild TBI showed similar tau
levels on both sides of the HC and cortex. Moderate TBI rats had significantly higher
levels of cleaved tau on the same side as the injury in both the HC and cortex. Rats with
severe TBI had even higher amounts of tau in the ipsilateral HC and cortex. It was also
found that the rats exhibited increased levels of tau in the opposite side of the HC when
exposed to a severe injury. This suggests that the severity of a single injury can lead to an
increase in brain damage, even in regions not directly receiving the impact.

TBI also causes an accumulation of APP when axonal damage occurs. This can
happen a few hours after the trauma. After APP accumulation and Ap production, Ap is
released into the tissue. Plaque formation begins to occur around the damaged axons
(Blennow, Hardy, & Zetterberg, 2012). A correlation between the severity of the TBI and
AP accumulation has been found. Repeated TBI causes more axonal damage, which in
turn leads to an increase in AB plaque formation. The AB plaque formation that is seen

after TBI is also comparable to that found in AD patients (Blennow, Hardy, & Zetterberg,
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2012). The difference is that plaques following TBI appear a few hours after the injury,
while those found in AD patients develop slowly over a longer period of time.

Many TBI studies use mice displaying AP only or tau only. As previously
mentioned, PDAPP mice begin to show A plaque formation around 15 months of age.
When exposed to a single cortical impact injury between 9 and 10 months of age, it was
found that specifically in the PDAPP:E4 mice, AB plaque formation occurred earlier,
closer to 12 and 13 months of age (Hartman et al, 2002). Another study compared a
single injury versus repetitive injuries. Using 9 month old Tg2576 mice, which display
AP, it was found that repetitive mild TBI (rmTBI) caused an increase in Ap
accumulation, whereas a single injury seemed to have no effect (Uryu et al, 2002). More
recently, an experiment using an APP/PS1 mouse model was exposed to 2 TBIs at either
6 or 13 months of age. They found no differences in behavior and minimal effects to AP
levels (Cheng et al, 2018). When exposed to TBI, mice also display increased levels of
tau. Although they used C57BL/J6 mice (8-12 weeks old), one study found an increased
amount of tau after mice received a moderate-severe TBI (lliff et al, 2014). However,
they did not find heightened levels of glial fibrillary acidic protein (GFAP), which is
associated with inflammation (Iliff et al, 2014). Yet another study involving aged mice
found that 18 month old tau mice subjected to 5 TBIs showed an escalation in tau
pathology whereas the mice that received a single injury displayed no difference (Ojo et
al, 2013). The 3xTG-AD mouse model was also used in a TBI study. Although this
model displays early-onset AD, they found increased Af accumulation and tau

phosphorylation after TBI (Tran et al, 2011). These previous findings have helped to
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examine the effects TBI has on either AP or tau, but not both. Both pathologies play a
vital role in AD, so only examining one give us half the information.

Research has found that TBI is a strong risk factor for AD. Although multiple
studies have suggested different theories, it is still not fully understood how TBI affects
AD. To further this research, we used adolescents of the recently described double
transgenic AD mice developing both AB plaques and tau tangles. These mice also
received rmTBI that includes a rotational method. Injuries occurred when the mice were
adolescents to mimic when a majority of the human population receives similar injuries
(playing sports or being deployed at a young age). Together, this allows for generation
and analysis of more translational data as injuries occurred at a time similar to those seen
in humans and the display of both brain pathologies mimic those found in human AD
patients. No lab has previously studied the effects of rmTBI on adolescence in a double
transgenic mouse model of AD, which makes this innovative experiment important to
further research. The study will allow for a deeper understanding of how Ap, tau, and
TBI all interact.

It is important to study both the behavioral and neurological aspects of AD. Along
with changes in the brain and social behaviors, people with AD begin to show a decrease
in their daily living activities. This includes things such as getting dressed, making their
bed, or even eating. These are things that people think of as actions that come naturally.
Most people do not have to think about the simple actions that are associated with each of
these activities. Similar actions are also present among rodents. To examine the effects of

TBI on AD in mice, two behavioral tasks, burrowing and nesting, will be run. Both are

13



considered to be “daily living” activities. Mice naturally like dark, cozy environments.
During burrowing, wildtype mice will remove small rocks from a tube so that they are
able to sleep in it. Mice also consistently build nests when shredded paper is available to
them. Previous research has found that brain lesions to the HC can cause deficits in
burrowing and nesting (Deacon, 2006). It would be expected that AD and TBI would
exacerbate the effects of each other, with these mice showing a decrease in the “activates
of daily living.”

Aside from behavioral tests, brain imaging will also be performed. For the most
beneficial results, the mice will be aged until they are 8 months old. This is to allow for
the production and accumulation of AP plaques and tau tangles through their interaction
with one another. Once the mice reached 8 months of age, they were euthanized, and
their brains removed and used for immunohistochemistry (IHC). IHC is used to image the
location of specific target proteins. Western blots are a commonly used brain analyses,
however, IHC allows for a visual localization of the proteins of interest. We examined
APP, ABao, AB42, phospho-tau, total tau, and glial fibrillary acidic protein (GFAP). This
creates a comprehensive mapping of the multiple proteins involved in AD and how they
may be influenced by TBI. Tau and Ap are the two proteins that mainly contribute to AD.
As previously mentioned, AB is cleaved from APP by y-secretase. GFAP (found in
mature astrocytes located in the brain) was assessed as it is a measure of inflammation (as
astrocyte number increase) which is important for properly examining TBI. Brain regions
of focus are the infralimbic cortex (IL) and the HC. One of the earlier areas affected by

tau tangles is the HC (Braak & Braak, 1991). It is expected that high levels of both total
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and phospho-tau (with phospho-tau showing a slightly higher elevation) will be present in
the AD mice in the HC. However, mice receiving TBI often display tau more towards the
top of the brain (around where the impact occurred). It is hypothesized that AD mice who
received TBI will show an increase in tau tangles due to them appearing early in both
areas, the HC and IL (where the injuries took place). AB plaque formation is also
extremely prevalent in the HC of AD mice and it is expected that these levels will be
slightly heightened in AD TBI mice.

This experiment carries high importance, in that a novel double transgenic mouse
model is being used. Our mouse model will allow us to examine both AD pathologies,
AP and tau, as they are not often displayed together. As there is little to no research on
TBI and AD, we will use our novel mouse model displaying both pathologies and subject
them to rmTBI. Immediately following the injuries, behavioral assessment will occur.
Both behavioral tests will be repeated again at 3 months of age. Once all behavioral
testing is completed, the mice will be aged to 8 months to allow for a more realistic
assessment for neurological deficits. IHC will be used for the quantification and
localization of AD related proteins. It is hypothesized that the AD groups will perform
worse on the behavioral testing than the wildtype mice. It is also expected that the mice
receiving TBI will also score lower than the sham (no TBI) mice on all behavioral tasks.
It is predicted that the AD only mice will slightly underperform the TBI only mice.
Finally, it is hypothesized that the AD TBI mice will perform the worst on both
burrowing and nesting. The wildtype sham mice will perform the best of all 4 groups and

show no deficits. For IHC, the AD TBI mice will show higher levels of tau, A, APP,
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and GFAP than AD sham. The AD mice will show increased levels overall of APP and
GFAP compared to WT mice. The WT TBI mice will show slightly increased levels of
APP and GFAP than WT sham.

This experiment is a portion of a larger project. Using the same mice, a PhD
student will be collecting data from the open field maze, elevated zero maze, and Morris
water maze. Open field will be used as a measure to test mobility along with anxiety.
Mice displaying more anxious behavior will spend a majority of their time along the
other edges of the box and less time in the center. Elevated zero is another measure of
anxiety. More anxious mice will spend less time in the open arms and more time in the
closed arms. Morris water maze is an important task that measures spatial memory. This
is done by analyzing the distance traveled and latency to find a hidden platform. This task
takes place over 7 days. She also conducted brain analyses through western blots (using
the same antibodies as previously mentioned), congo red and cresyl violet staining. As
previously mentioned, IHC will allow for mapping the locations of the proteins in this
experiment. Western blots will allow for a proper measurement of the levels of protein
present. Together, this will give us a more rounded quantification of each protein. The
remaining aspect of the project will be completed by our OSCAR student. She will be
running circadian rhythm (CR), which is a measure of activity. However, it has also been
found that mice with AD run less but also begin running later. Using blood gathered from
the mice, she will also be running ELISAs to measure melatonin levels. All together, this
project will allow for a rather thorough exploration of TBI and AD, and their effects on

one-another.
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MATERIALS AND METHODS

Subjects

A total of 55 mice were used in this study. Twenty-five double transgenic
hAPP/P301L (AD) mice were split into two groups, those that received TBI (12 mice)
and those that did not and were considered sham (13 mice). 30 wildtype (WT) mice were
also separated into a TBI group and a sham group (16 mice and 14 mice, respectively).
Twelve transgenic tau P301L (rTg4510) female mice and six transgenic hAPP (J20) male
mice were purchased from The Jacksons Laboratory for breeding at George Mason
University in Krasnow Institute. Before pairing, all breeders received pellets of “Love
Mash” to help increase fertility and milk production. One male J20 mouse was paired
with 2 female rTg4510 mice for a 2 week period. Just before birthing, the females were
separated and singly housed until the pups were weaned. Pups were weaned between 21-
28 days of age. After weaning, the female mothers were returned to group-housing with
other females.

Female progeny were housed in groups of 2-6, while males were housed in groups
of 2-4. Rat cages were used to allow the use of a regular ‘igloo’ and an ‘igloo’ consisting
of a running wheel attachment. Nylabones were also be added for chewing. Food and
water was consistently available. The housing room was kept on a 12-hour light/dark

cycle.
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Genotyping

Through the breeding process, there were 8 possible genotypes. For the purpose
of this experiment, only wildtype and double transgenic mice were used in testing. To
determine the genotypes, between 11 and 21 days of age, mice had a maximum of 2 mm
snipped from the ends of the tails. These tails snips were then sent to Transnetyx for
genotype determination.
rmTBI

Starting at 8 weeks of age, the first rmTBI took place. With 48 hours between
each round, a total of 5 consecutive TBIs occurred. Mice were first anesthetized using
isoflurane until they were unresponsive to a toe pinch. Using a nose cone to keep
isoflurane flowing, the mouse was positioned on the platform so that the head was
directly in the path of the CCI device by placing the device on the midline of the head in
front of the ears. The Leica CCI device was set to a force of 3.0 m/s and, prior to the
impact, the rod was dropped to a depth of 5 mm. Once properly placed, anesthesia was
removed and the mouse was struck by the CCI device. Upon impact, the platform
dropped and the mouse rotated to the pad below. Immediately after the fall, a timer began
to determine time to righting (standing on all four legs) and time to ambulation (walking
normally). The mouse was then placed in an individual mouse cage for post-injury
monitoring. After no signs of neurological damage were detected (such as hunched
bodies or irregular motor movements) the mouse was placed back into its home cage

where it continued to be monitored for the next few hours.
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Sham mice not receiving TBI still underwent anesthesia. Once they were
unresponsive, the mouse was placed directly onto the pad. Once the nose cone was
removed, the timer began to measure time to righting and ambulation. The mouse was
then placed in an individual mouse cage to be monitored until it was ready to be placed
back into its home cage.

Behavioral Tasks

The day following TBI, the first round of behavioral testing began, around 9
weeks of age. The second round of testing occurred at 3 months of age. Behavioral
testing consisted of two tasks that are used to measure “daily living” activity, burrowing
and nesting. Once behavioral testing was complete, the mice were aged to 8 months
where they were then euthanized to examine their brains at this later time point.
Burrowing

Mice were individually housed in mouse cages for the 17-hour (5pm — 10am)
duration of the test. A hollow tube with one end closed off was filled with 2509 of
peashingles (small rocks). A filled tube was placed into each cage already containing
normal bedding. After the mouse had the ability to interact with the tube for 2 hours, the
amount of peashingles in the tube was weighed and recorded. Without adding or
removing any weight, the tube was placed back into the cage. This first round of
weighing occurred an hour before lights off. The next morning (a few hours after lights
on), the weight of the remaining peashingles left in the tube was collected and recorded.

No additional enrichment was added to the cages to allow for proper assessment of the
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interactions with the peashingles. Directly following the burrowing task, the mice were
assessed in the nesting task.
Nesting

Mice were individually housed in mouse cages for the 24-hour duration of the
task. The mice used the same cage they used during burrowing. Once the peashingles and
bedding had been disposed of, the bottom of the cage was covered with corn cob
bedding. 3.5g of shredded paper was scattered around the bottom of the cage. After 24
hours, the mice were removed and placed back into their home cages. Images of the nests
were taken with a number placed in the top corner. Blind scoring was completed by
undergraduates who were not familiar with the test. Using a number to label the nests
instead of the mouse ID helped to keep the scorers from showing bias. Nests were scored
on a 1-5 scale. 1: the shredded paper appears untouched; 2: some attempt to build a nest
but a majority of the shredded paper is still scattered throughout; 3: a nest was
constructed using a majority of the paper but some still remains scattered around the
cage; 4: a nest was constructed with very little left out; 5: all of the paper was used to
build the nest.
Behavioral Data Analyses

Data for both burrowing and nesting were collected manually. Data for burrowing
consisted of the weight of peashingles removed from the tube. Both the 2 hour and 24
hour time period were analyzed using a two-way, treatment by genotype, analysis of
variance (ANOVA) design. Data for nesting, average nest building score on a scale of 1-

5, was analyzed using a two-way, treatment by genotype, ANOVA design. Data from 9
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weeks and 3 months of age were analyzed separately and later compared to see if there
were any changes in behavioral deficits.
Immunohistochemistry

Upon completion of all behavioral tests, the mice were aged until they were 8
months old. At this time, the mice were euthanized, their brains removed and
immediately placed on dry ice. Samples were then stored at -80°C until ready for use.
The frozen tissue was cut using a cryostat to produce 30um coronal slices. Slices were
collected from the IL and HC areas of interest. Brain slices were mounted to positively
charged slides, which allowed for the negatively charged tissue to attach. One slice per
brain antibody was used. Once mounted on the slides, the tissue was post-fixed using 4%
paraformaldehyde (PFA) for 10 minutes. The slides were washed using 0.01 M PBS 3
times, for 5 minutes each. The samples were blocked with 5% normal goat serum for 1
hour at 25°C in a closed container lined with wet paper towels. The serum was removed
by gently shaking the slides and the primary antibody was added immediately, no
washing took place between these steps. The antibodies were against APP
(ThermoFisher), ABa4o (ThermoFisher), AB42 (ThermoFisher), phospho-tau (abcam), total
tau (ThermoFisher), and GFAP (ThermoFisher). Each antibody was properly diluted into
50 wl normal goat serum, 0.1 ul/ml, 0.0005 ul/ml, 0.00167 pul/ml, 0.0000455 pl/ml,
0.0001 pl/ml, 0.00004 pl/ml, respectively. One brain from each of the four groups was
also incubated with an isotype control diluted to the proper concentration of the paired
primary antibody. Antibodies APP, AB4o, and APa2 were paired with the rabbit polyclonal

isotype control (ThermoFisher). The phospho-tau antibody paired with the rabbit
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monoclonal isotype control (abcam) and both the antibodies for total tau and GFAP
paired with the mouse monoclonal isotype control (ThermoFisher). The use of the isotype
controls was to determine background signal that does not pertain to the antibodies of
interest and normalize the samples to. The tissue was incubated overnight at 4°C in the
same covered container lined with wet paper towels to keep the samples from drying out.

The next morning, the primary antibodies were removed from the samples by
gently shaking the slides and washed using PBS for 5 minutes, 3 times. The sections were
covered with a 50 ul of the Boost detection reagent (the secondary antibody) (CellSignal)
and incubated at 25°C for 30 minutes in the covered container. Slides were then washed
with PBS for 5 minutes, 3 times. The DAB substrate kit (CellSignal) was applied to the
tissue (40 ul) in the dark for 30 seconds. The slides were rinsed off with PBS into a waste
container and then washed for 3 minutes. Slides were quickly rinsed with tap water and
dipped into hematoxylin for 8 seconds before being placed into a container with tap water
continually flowing for 10 minutes to wash the tissue. Sections were finally dehydrated in
70% ethanol for 1 minute, 95% ethanol for 1 minute, and 100% ethanol twice for 1
minute each. The slides were cleared in xylene twice for 1 minute each. Coverslips were
mounted using DPX (mounting medium), and the slides allowed to dry overnight before
imaging.
Imaging

To image, slides were placed under a light microscope and captured using the
microscope camera, connected to a computer. It was set to ISO 800, 1/800 exposure, and

the white balance was turned on (red = 1.2, green = 1, blue = 1.2). Using the correct
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magnification (4x and 10x), multiple images were captured from both the HC and IL.
ImageJ was used to measure the signals produced by the IHC analysis on 10x images
similar to as described by Mizukami et al (2015). Before analysis, the image was set to 8-
bit and the threshold was adjusted to Yen. To measure the protein of interest, the target
area (within the HC or IL) was first outlined. Pixel size was set to measure 50 and up (to
capture mostly protein and less background) and the particles were analyzed to determine
the percent area covered. APP, AB4o, AB42, phospho tau, total tau, and GFAP were all
analyzed in both brain regions and the average of each protein from the four groups was
calculated.
Immunohistochemistry Data Analyses

Percent area for each protein of interest was collected from both the hippocampus
and infralimbic cortex. The percent area of all the brains was normalized to the paired
isotype control. Any negative number was depicted as 0.001 to allow for proper analysis.
Data for APP and GFAP from all four groups were analyzed using a two-way, treatment
by genotype, ANOVA design. Data for ABao, AB42, phospho tau, and total tau from both

AD groups were analyzed using an independent sample t-test.
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RESULTS

25 double transgenic hAPP/P301L (AD) mice and 30 wildtype (WT) mice either
received rmTBI or no injury. It was hypothesized that over all, the AD mice would
perform worse on the behavioral tasks than the WT mice and that the TBI mice would
perform lower (worse) than the sham mice. Of the four groups, it was hypothesized that
the AD TBI mice would score the lowest, followed but the AD sham, WT TBI, and WT
sham groups. It was hypothesized that the AD mice in this study would show higher
levels of APP and GFAP than the WT groups with TBI being slightly higher than sham
and AD TBI mice would show higher levels of some or all of APP, ABa4o, AB42, phosphor
tau, total tau, and GFAP than AD sham.

Behavior

At 9 weeks of age, directly following TBI, the mice underwent the first round of
behavioral testing, burrowing and nesting. In burrowing, there was a significant main
effect for genotype, F(1,47) =51.129, p < 0.001 (Figure 1). AD mice (M =63.732, SD =
9.981) burrowed significantly less than WT mice (M = 159.775, SD = 8.989). There was
no significant main effect for TBI, F(1,47) = 0.262, p = 0.611, and no significant

interaction between genotype and TBI, F(1,47) = 2.831, p = 0.099.
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Table 1. Average burrowing scores collected at 9 weeks. Amount of peashingles
burrowed (measured in grams) were collected when the mice were 9 weeks old. Data

were obtained at two time points, 2 hours and 12 hours.

AD TBI AD Sham WT TBI WT Sham

2 Hours 51.017 (SD= | 25.308(SD= | 99.494 (SD= | 107.250 (SD =
52.873) 25.961) 102.423) 73.704)

12 Hours | 112.692(SD= | 77.300 (SD = | 204.331 (SD = | 229.586 (SD =
64.626) 42.339) 41.539) 25.467)
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Figure 1. Burrowing scores collected at 9 weeks. Amount of peashingles burrowed
(measured in grams) were collected when the mice were 9 weeks old. Data were obtained
at two time points, 2 hours and 12 hours. A two-way, genotype by treatment, ANOVA
was run. Error bars depict standard error. Asterisk (*) indicate p < 0.05. genotypes.

Nesting also showed a significant main effect for genotype, F(1,47) = 62.160, p <
0.001 (Figure 2). AD mice (M = 2.106, SD = 0.201) built worse nests than WT mice (M =
4.240, SD = 0.181). There was not a significant main effect for TBI, F(1,47) = 0.029, p =

0.866, or a significant interaction, F(1,47) = 2.565, p = 0.116.
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Table 2. Average nesting score collected at 9 weeks. Average nesting score collected
when the mice were 9 weeks of age. Scoring was based on a 1-5 scale: 1- shredded paper
appears untouched; 2: some attempt to build a nest but a majority of the shredded paper is
still scattered; 3: a nest was constructed using a majority of the paper but some still
remains; 4: a nest was constructed with very little left out; 5: all of the paper was used to
build the nest.

AD TBI AD Sham WT TBI WT Sham

2.333 (SD = 0.888) | 1.846 (SD = 1.028) | 4.000 (SD = 1.000) | 4.500 (SD = 0.920)
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Figure 2. Nesting score collected at 9 weeks. Average nesting score collected when the
mice were 9 weeks of age. Scoring was based on a 1-5 scale: 1- shredded paper appears
untouched; 2: some attempt to build a nest but a majority of the shredded paper is still
scattered; 3: a nest was constructed using a majority of the paper but some still remains;
4: a nest was constructed with very little left out; 5: all of the paper was used to build the
nest. A two-way, genotype by treatment, ANOVA was run. Error bars depict standard
error. Double asterisks (**) indicate p < 0.001.

The mice underwent the second round of behavioral testing at 3 months of age.
Burrowing showed a significant main effect for genotype, F(1,47) = 63.185, p < 0.001
(Figure 3). AD mice (M =73.774, SD = 11.009) burrowed less than WT mice (M =
191.538, SD = 9.914). TBI showed no significant main effect, F(1,47) = 0.001, p = 0.981,

and there was no significant interaction, F(1,47) = 0.148, p = 0.702.
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Table 3. Average burrowing scores collected at 3 months. Amount of peashingles
burrowed (measured in grams) were collected when the mice were 3 months old. Data
were obtained at two time points, 2 hours and 12 hours.

AD TBI AD Sham WT TBI WT Sham
2 Hours 50.042 (SD = 43.062 (SD = 149.088 (SD = | 160.814 (SD =
56.788) 48.509) 69.057) 59.748)
12 Hours 116.425 (SD = 99.823 (SD = 228.644 (SD = | 220.229(SD =
84.634) 78.530) 38.563) 52.759)
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Figure 3. Burrowing scores collected at 3 months. Amount of peashingles burrowed
(measured in grams) were collected when the mice reached 3 months of age. Data were
obtained at two time points, 2 hours and 12 hours. A two-way, genotype by treatment,
ANOVA was run. Error bars depict standard error. Asterisk (*) indicates p < 0.05.
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Nesting once again showed a significant main effect for genotype, F(1,47) =
52.423, p < 0.001, where AD mice (M =2.184, SD = 0.203) continued to build worse
nests than WT mice (M = 4.161, SD = 0.183) (Figure 3). No significant main effect for
TBI was found, F(1,47) = 0.373, p = 0.545, along with no significant interaction between

genotype and TBI, F(1,47) = 0.246, p = 0.622.

Table 4. Average nesting score collected at 3 months. Average nesting score collected
when the mice were 3 months of age. Scoring was based on a 1-5 scale: 1- shredded
paper appears untouched; 2: some attempt to build a nest but a majority of the shredded
paper is still scattered; 3: a nest was constructed using a majority of the paper but some
still remains; 4: a nest was constructed with very little left out; 5: all of the paper was
used to build the nest.

AD TBI AD Sham WT TBI WT Sham

2.167 (SD = 1.135) | 2.115 (SD = 1.064) | 4.313 (SD =0.574) | 4.036 (SD = 1.082)
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Figure 4. Nesting score collected at 3 months. Average nesting score collected when the
mice were 3 months of age. Scoring was based on a 1-5 scale: 1- shredded paper appears
untouched; 2: some attempt to build a nest but a majority of the shredded paper is still
scattered; 3: a nest was constructed using a majority of the paper but some still remains;
4: a nest was constructed with very little left out; 5: all of the paper was used to build the
nest. A two-way, genotype by treatment, ANOVA was run. Error bars depict standard
error. Double asterisks (**) indicate p < 0.001.

Immunohistochemistry

The mice were aged to 8 months and then the brains were collected for IHC. Four
brains were used for both AD groups for APP, ABao, AB42, phosphor tau, total tau, and
GFAP antibodies and the WT groups for APP and GFAP. Slices were taken from the HC
and IL. One slice per antibody per brain was used. Percent area of the target areas were

measured and normalized to the paired isotype control. A previous study reported that
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WT mice (including those having received TBI) do not show A or tau (both phospho
and total) through immunohistochemistry and western blots (Tran et al, 2011).

Within the HC, the APP antibody was measured in all four groups. A significant
main effect was found for genotype, F(1,12) = 17.185, p = 0.001. AD mice (M = 18.158,
SD = 11.645) showed more APP in the HC than WT mice (M = 2.704, SD = 3.296).
There was no significant difference between animals receiving TBI and those that did
not, F(1,12) = 1.251, p = 0.285. A significant interaction between genotype and TBI was
found, F(1,12) = 5.192, p = 0.042. AD TBI mice (M = 24.491, SD = 13.776) did not
show a significantly higher percent area than AD sham (M =11.826. SD = 4.439), p =
0.200. AD TBI mice were significantly higher than WT TBI (M = 0.542, SD = 0.678), p
= 0.004, and WT sham (M = 4.866, SD = 3.525), p = 0.017 (Table 5, Figure 5).

GFAP showed a significant main effect for genotype in the HC, F(1,12) = 26.843,
p < 0.001, with AD mice (M = 27.370, SD = 12.654) showing a higher percent area than
WT mice (M = 1.551, SD = 4.383) (Table 5). No significant main effect was found for
TBI, F(1,12) = 0.026, p = 0.876, along with no significant interaction, F(1,12) = 0.611, p
= 0.450. A breakdown of the specific means of all four groups can be found in Table 5

(Figure 5).
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Table 5. Immunohistochemistry analysis of the hippocampus. Average percent area of
protein present within the hippocampus normalized to the correct isotype control (as
described in methods) for APP and GFAP in AD TBI, AD sham, WT TBI, and WT sham.

N = 4 per group.

AD TBI AD Sham WT TBI WT Sham
APP 24.491 (SD = 11.826 (SD = 0.542 (SD = 4.866 (SD =
13.776) 4.439) 0.678) 3.525)
GFAP 25.024 (SD = 29.716 (SD = 0.001 (SD = 0.001 (SD =
16.073) 10.030) 6.199) 0.000)
50.000 **
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30.000
20.000
10.000
0.000 T [
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Figure 5. Immunohistochemistry analysis of the hippocampus. Average percent area of
protein present within the hippocampus normalized to the correct isotype control (as
described in methods) for APP and GFAP in AD TBI, AD sham, WT TBI, and WT sham.
N = 4 per group. Asterisk (*) indicates p < 0.05 and double asterisk (**) indicates p <

0.001.
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Figure 6. Immunohistochemistry imaging of the hippocampus at 4x. A. Example AD TBI
mouse brain tagged with APP B. Example AD sham mouse brain tagged with APP C.
Example WT TBI mouse brain tagged with APP D. Example WT sham mouse brain
tagged with APP E. Example AD TBI mouse brain tagged with GFAP F. Example AD



sham mouse brain tagged with GFAP G. Example WT TBI mouse brain tagged with
GFAP H. Example WT sham mouse brain tagged with GFAP

Phospho tau displayed a significant difference in percent area between AD TBI
and AD sham, t(6) = -1.772, p = 0.004. AD mice that received TBI (M = 30.712, SD =
25.044) showed a higher percent of phospho tau than AD mice that did not receive TBI
(M =7.539, SD = 7.543) (Table 6, Figure 7). No significant TBI effect was found
between the AD mice for ABao, t(6) =-1.512, p = 0.154, and total tau, t(6) =-1.264, p =
0.122 (Table 6, Figure 7). No analysis could be run on the AB42 data because there was

no deviation.

Table 6. Immunohistochemistry analysis of the hippocampus. Percent area of protein
present within the hippocampus normalized to the correct isotype control (as described in
methods) for ABa4o, AB42, phospho tau, and total tau in both AD groups. N = 4 per group.

AD TBI AD Sham
ABao 20.766 (SD = 19.590) 7.786 (SD = 7.735)
AR 0.001 (SD = 0.000) 0.001 (SD = 0.000)
Phospho Tau 30.712 (SD = 25.044) 7.539 (SD = 7.543
Total Tau 19.497 (SD = 23.328) 1.839 (SD = 5.340)
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Figure 7. Immunohistochemistry analysis of the hippocampus. Percent area of protein
present within the hippocampus normalized to the correct isotype control (as described in
methods) for ABao, AB42, phospho tau, and total tau in both AD groups. N = 4 per group.
Asterisk (*) indicates p < 0.05.
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Figure 8. Immunohistochemistry imaging of the hippocampus at 4x. A. Example AD TBI
mouse brain tagged with AP0 B. Example AD sham mouse brain tagged with AB4o C.
Example AD TBI mouse brain tagged with AB42 D. Example AD sham mouse brain
tagged with AP42 E. Example AD TBI mouse brain tagged with phospho tau F. Example
AD sham mouse brain tagged with phospho tau G. Example AD TBI mouse brain tagged
with total tau H. Example AD sham mouse brain tagged with total tau
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Percent area of the antibodies was also measured in the IL. APP and GFAP were
measured in all four groups. A significant main effect for APP was found for genotype,
F(1,12) =5.826, p = 0.033 (Table 7, Figure 9). AD mice (M = 2.758, SD = 3.147) had a
significantly higher amount of APP than WT mice (M = 0.001, SD = 0.000). There was
no significant main effect for TBI, F(1,12) = 0.646, p = 0.437, and no significant
interaction, F(1) = 0.646, p = 0.437 (Figure 9).

Percent area of GFAP also displayed a significant main effect for genotype,
F(1,12) = 6.293, p = 0.027, with AD mice (M = 11.711, SD = 7.228) showing higher
levels than WT mice (M = 3.197, SD = 5.975) (Table 7, Figure 9). No significant main
effect of TBI, F(1,12) = 0.221, p = 0.646, or a significant interaction, F(1,12) =1.139, p

= 0.307, was found (Figure 9).

Table 7. Immunohistochemistry analysis of the infralimbic cortex. Average percent area
of protein present within the infralimbic cortex normalized to the correct isotype control
(as described in methods) for APP and GFAP in AD TBI, AD sham, WT TBI, and WT
sham. N = 4 per group.

AD TBI AD Sham WT TBI WT Sham

APP 3.676 (SD = 0.109 (SD = 0.001 (SD = 0.001 (SD =
2.710) 3.678) 0.000) 0.000)

GFAP 14321 (SD = 8.753 (SD = 0.751 (SD = 0.001 (SD =
8.095) 6.183) 3.117) 8.417)
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Figure 9. Immunohistochemistry analysis of the infralimbic cortex. Average percent area
of protein present within the infralimbic cortex normalized to the correct isotype control
(as described in methods) for APP and GFAP in AD TBI, AD sham, WT TBI, and WT
sham. N = 4 per group. Asterisk (*) indicates p < 0.05.
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Figure 10. Immunohistochemistry imaging of the infralimbic cortex at 4x. A. Example
AD TBI mouse brain tagged with APP B. Example AD sham mouse brain tagged with
APP C. Example WT TBI mouse brain tagged with APP D. Example WT sham mouse
brain tagged with APP E. Example AD TBI mouse brain tagged with GFAP F. Example
AD sham mouse brain tagged with GFAP G. Example WT TBI mouse brain tagged with

GFAP H. Example WT sham mouse brain tagged with GFAP



Within the IL, the percent area of AP0, AB42, phospho tau, and total tau were

measured between AD TBI and AD sham. Neither ABao, t(6) =-2.092, p = 0.387, nor

APa2, t(6) = -2.395, p = 0.062, displayed a significant difference. There was also no

significance for phospho tau, t(6) =-1.912, p = 0.544, and total tau, t(6) =-1.543, p =

0.988 (Table 8, Figure 11).

Table 8. Immunohistochemistry analysis of the infralimbic cortex. Percent area of protein
present within the infralimbic cortex normalized to the correct isotype control (as
described in methods) for ABao, AB42, phospho tau, and total tau in both AD groups. N =

4 per group.
AD TBI AD Sham
ABao 6.898 (SD = 4.446) 1.431 (SD = 2.421)
ABa2 15.720 (SD = 12.234) 0.626 (SD = 0.895)
Phospho Tau 8.109 (SD = 2.749) 1.155 (SD = 4.408)
Total Tau 12.812 (SD = 8.273) 3.172 (SD = 7.935)
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Figure 11. Immunohistochemistry analysis of the infralimbic cortex. Percent area of
protein present within the infralimbic cortex normalized to the correct isotype control (as

described in methods) for AB4o, AB42, phospho tau, and total tau in both AD groups. N =
4 per group. Pound (#) indicates p < 0.1.
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Figure 12. Immunohistochemistry imaging of the infralimbic cortex at 4x. A. Example
AD TBI mouse brain tagged with Ao B. Example AD sham mouse brain tagged with
Apa4o C. Example AD TBI mouse brain tagged with AB42 D. Example AD sham mouse
brain tagged with AB42 E. Example AD TBI mouse brain tagged with phospho tau F.
Example AD sham mouse brain tagged with phospho tau G. Example AD TBI mouse
brain tagged with total tau H. Example AD sham mouse brain tagged with total tau
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For APP and GFAP, the HC and IL were compared to determine if there is a
difference in location between all four groups. APP showed a significant main effect for
brain region, F(1,24) = 21.558, p < 0.001. The HC showed a higher percent area of APP
(M =10.431, SD = 11.491) than the IL (M = 1.379, SD = 2.579). There was a significant
two-way interaction between genotype and brain region, F(1,24) = 10.606, p = 0.003.
The AD mice showed significantly higher amounts of APP in the HC (M = 18.158, SD =
11.645) than the IL of AD mice (M =2.758, SD = 3.147), p < 0.001, the HC of WT mice
(M =2.704, SD = 3.296), p < 0.001, and the IL of WT mice (M = 0.001, SD = 0.000), p <
0.001. There was no significant interaction for brain region and TBI, F(1,24) = 0.696, p =
0.412, or a significant three-way interaction, F(1,24) = 3.776, p = 0.064. GFAP also
showed a significant main effect for brain region, F(1,24) = 5.401, p = 0.029. The HC
showed a higher percent area (M = 14.460, SD = 16.170) than the IL (M =7.454, SD =
7.770). There was also a significant interaction between genotype and brain region. The
HC of AD mice showed significantly higher levels of GFAP (M = 27.370, SD = 12.654)
than the IL of AD brains (M = 11.711, SD = 7.228), p = 0.004, the HC of WT mice (M =
1.551, SD =4.383), p < 0.001, and the IL of WT mice (M = 3.197, SD =5.975), p <
0.001. There was no significant interaction between brain region and TBI, F(1,24) =
0.158, p = 0.695. The three-way interaction was also not significant, F(1,24) = 1.555, p =
0.224.

ApBao, ABa2, phospho tau, and total tau were compared between brain regions for
the AD groups. AB4o showed no significant difference in brain regions, F(1,12) = 4.507,

p = 0.055, and no significant interaction of brain region and treatment, F(1,12) = 0.963, p
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= 0.346. AP42 showed both a significant main effect for brain region, F(1,12) = 7.459, p =
0.018, and a significant interaction for brain region and TBI, F(1,12) = 5.735, p = 0.034.
The AD TBI mice showed significantly higher amounts of AB4z in the IL (M = 15.720,
SD = 12.234) than the IL of the AD sham mice (M =1.032, SD = 0.895), p = 0.032, the
HC of AD TBI brains (M = 0.001, SD = 0.000), p = 0.021, and the HC of AD sham mice
(M =0.001, SD =0.000), p = 0.021. Phospho tau showed no significant main effect for
brain region, F(1,12) = 4.100, p = 0.066, or a significant interaction effect for brain
region and TBI, F(1,12) = 1.865, p = 0.197. Total tau also showed no significant main
effect for brain region, F(1,12) = 0.351, p = 0.565, or a significant interaction, F(1,12) =

0.224, p = 0.644.
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DISCUSSION

The purpose of this study was to further examine a known risk factor
(TBI) for AD and the effects it has on the brain and behavior in AD. TBIs are often seen
in athletes, deployed soldiers, and the elderly. With mTBIs affecting more than 6 per
1000 people a year (Blennow, Hardy, & Zetterberg, 2012), it is important to understand
the neurological damage occurring. Due to recent media exposure, TBI research has
expanded drastically and become a highly examined topic. To properly study AD, it is
important to use a model that closely displays the pathologies and behavioral symptoms
found in humans. A majority of mouse models focus on either AP plaques or tau tangles
only. The 3xTg-AD mouse model displays both but also includes PS1 (Oddo et al, 2003).
This 3xTg-AD model shows similar symptoms as those found in early-onset AD. Our
novel mouse model contains the human form of both Ap plaques and tau tangles to
mimic late-onset AD, as seen in the human population, but does not contain PS1.

Two rounds of behavioral testing were conducted on the mice. The first occurred
immediately following repeated mTBIs when the mice were nine weeks old; this allowed
us to see short-term effects. The second round took place once the mice reached three
months of age, allowing us to examine long-term effects. The mice were aged to eight
months before IHC was conducted. This allowed for the brains to mature, along with the

possibility of Ap plaques and tau tangles forming. It was hypothesized that the AD mice
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would perform worse on the “daily-living” behavioral tasks (burrowing and nesting) than
the WT mice and that the TBI mice would perform worse than the sham mice. To break it
down further, it was hypothesized that the AD TBI mice would score the lowest,
followed by the AD sham, WT TBI, and WT sham mice, respectively. With
immunohistochemistry at 8 months of age, it was hypothesized that the AD mice would
show higher levels of APP and GFAP than the WT groups, with TBI being higher than
sham. It has previously been found that WT mice do not show A or tau (Tran et al,
2011). With this in mind, only the AD groups were examined for differences in Ao,
APa2, phospho tau, and total tau. It was also hypothesized the AD mice that received TBI
would show higher levels of some or all of the proteins when compared to AD sham.
Behavior

Mice were split into four groups: AD TBI (N = 12), AD sham (N = 13), WT TBI
(N =16), and WT sham (N = 14). The first round of behavioral testing began when the
mice were 9 weeks old. As expected, the AD mice performed significantly worse than the
WT mice by burrowing less (Table 1 & Figure 1). However, there was no significant
difference found between mice that received rmTBI and those that did not. When looking
at the 2 hour and 12 hour time points, it is interesting to see that the AD mice burrowed
about as much at 12 hours as the WT mice burrowed at 2 hours. This could suggest that
AD mice just take longer to perform the task. It would be interesting to see how much the
AD mice burrowed at 24 hours and if it would be similar to the WT mice at 12 hours.
Similar results were found in the nesting task as in burrowing since AD mice built

significantly worse nests than WT mice and no significant difference was found in

47



relation to TBI (Table 2 & Figure 2). These results agree with a previous study conducted
in our lab that found no significant difference between WT mice that received TBI and
those that did not on both the burrowing and nesting tasks (Kochen, 2019). (However, the
conditions of that experiment were slightly different in that some of the mice were placed
under stressful conditions and some were treated with zinc.) In our experiment, a second
round of behavioral testing occurred once the mice reached 3 months of age. The only
significant difference found for both burrowing and nesting was between genotypes. AD
mice burrowed significantly far less than WT mice (Table 3 & Figure 3). However, the
WT groups burrowed slightly more than they did in round 1. This could indicate that they
learned from the first time which is why they performed better. The AD mice burrowed
about the same amount in both rounds showing that they did not learn, or possibly did not
remember having done the task already. The AD groups also built significantly worse
nests than the WT (Table 4 & Figure 4). Once again, TBI did not have a significant effect
on the “daily living” activities.

Other portions of this study were completed by a PhD student (K. Craven) and an
undergraduate OSCAR student (T. Gervase). Significant genotype effects were found in
all of the other behavioral tasks: open field, elevated zero, Morris water maze, and CR.
The behaviors that had a significant interaction effect with TBI were head dips in the
elevated zero maze (Craven, 2019) and activity during CR (Gervase, 2019). In CR, AD
TBI mice showed a significant increase in activity compared to AD sham, and WT TBI
mice showed similar activity to AD sham mice (Gervase, 2019). These significant CR

differences appeared during the second round of testing but not the first, suggesting a
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delay effect. This suggests that over time the damage to the brain caused by the injuries
compound and had a long-term effect on the brain. It was surprising that TBI had no
effects on any of the other behavioral tasks. rmTBIs can have long-term effects, so it is
possible that behavior was examined too early to see these changes, especially in WT
mice.
Immunohistochemistry

To further examine the effect of TBI1 on AD, IHC was also conducted. Although
no behavioral differences due to TBI were seen in this study, CR differences due to TBI
were seen by Gervase (2019). Thus, it is possible that there is a difference in brain
pathology for AD mice and TBI mice compared to WT sham, since damage to the brain
often begins ten years or more before behavioral symptoms in humans (Alzheimer’s
Disease Education and Referral Center, 2016). Previous research has found that TBI
causes APP to accumulate, followed by A production (Blennow, Hardy, & Zetterberg,
2012). An increase in hyperphosphorylated tau using IHC has also been found following
TBI (Sivanandam & Thakur, 2012). A majority of these findings came from elderly mice,
between 8 and 15 months of age. IHC was used to visualize the location of important
proteins associated with AD and TBI in this study. The tau tangles produced from TBI
are similar to those found in AD patients but in somewhat different locations (Blennow,
Hardy, & Zetterberg, 2012). An increase of APP accumulation is also seen following TBI
which leads to the production of A (Blennow, Hardy, & Zetterberg, 2012). These
plaques from TBI are thus comparable to AD plaque formation. These data suggest that

when AD and TBI are combined, they could cause an increase in either or both Af and
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phospho tau. To test this, we examined APP, ABa4o, AB42, phospho tau, and total tau using
IHC. GFAP was also included to measure possible inflammation caused by the injuries.
The brain regions of focus were the hippocampus and infralimbic cortex, as both play a
large role in AD.
APP and GFAP

APP and GFAP were analyzed in all four groups. As expected, mice with AD
displayed higher APP levels (measured through percent area) in the HC than WT mice
(Table 5, Figures 5 & 6). AD TBI mice showed higher levels of APP in the HC followed
by AD sham, WT sham, and WT TBI, respectively. It is likely that the axonal damaged
caused by the injuries led to the accumulation of APP. However, there was no difference
in APP levels at the IL. This could mean that the APP proteins migrated to the HC, or
that there were more located in the HC to begin with and the TBIs built on what was
already there due to AD. GFAP was also higher in AD mice compared to WT (Table 5 &
7, Figures 5, 6, 9, & 10). TBI mice did not show higher levels of GFAP as expected,
although it is often connected to brain injuries. An increase in GFAP levels has often
been noted to occur immediately after TBI. It is possible that in this experiment levels
may have decreased over time, as levels were not examined until the mice were 8 months
old. If GFAP had been measured directly following the TBIs, it is more likely a
difference would have been found.
Phospho Tau and Total Tau

Phospho tau and total tau were only examined within the AD groups since

previous work has shown no difference in WT (Tran et al, 2011). Higher phospho tau
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levels were found in the HC of the AD TBI mice (Table 6, Figures 7 & 8). This adds to
previous research having found that TBI increased hyperphosphoralated tau (1liff et al,
2014). However, there was no difference in total tau levels between AD TBI and AD
sham. These results suggest that TBI affects the state of phosphorylation of tau and not
the amount of tau present or produced. This adds to the research supporting TBI
increasing tau phosphoralation. A similar lack of significant difference in pathology was
found in the IL for total tau and also phospho tau. However, the pattern seen with both
phospho tau and total tau within the HC are similar to those found in the IL. The lack of
significance in the IL could be due to the large SDs. This increase in phospho tau for the
AD TBI mice aligns with the findings from the western blots (Craven, 2019). Higher
levels of phospho tau were noted in the AD TBI brains compared to the AD sham brains.
These findings support the dual pathway hypothesis which states that Ap plaques and tau
tangles form simultaneously, as opposed to the amyloid hypothesis that says AB leads to
the hyperphosphorylation of tau.
AP and Apisz

ApBa4o and AB42 were also only compared between the AD groups. When AB40 and
AB42 were examined between the AD TBI mice and the AD sham mice, no difference in
levels were found (Tables 7 & 8, Figures 7, 8, 11, & 12). Although there were no
significant differences in ABo and ABa2, ABa4o appeared higher than ABaz in the HC. It is
unclear why this occurred, but it is thought is that a majority of secreted Ap is in the form
APao. It is thought that ABao inhibits AB42 plaque formation (Zou et al, 2013). This could

account for why there was less ABaz in the HC when there were higher levels of ABao.
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However, AB42 did show a strong trend in the IL for the AD TBI mice (p = 0.062) and
when a Mann Whitney U-test was run, a significant difference was found (p = 0.029)
(Table 8, Figures 11 & 12).
Other Results

Another aspect of this study included the thioflavin-s stain to visualize tangles and
the congo red stain to visualize plaques. When examining tangle formation through the
use of the thioflavin-s stain, the infralimbic cortex showed a significantly higher number
of tangles following TBI (Craven, 2019). However, thioflavin-s is not as specific as IHC
because it tags B-pleated sheets, which includes tau tangles and AB plaques. The two
proteins will look different, which is how they can be distinguished, but this could be
subjective. IHC specifically tags phospho tau, whereas theoflavin-s stains §-pleated
sheets and the interpretation relies on morphology. This makes it difficult to directly
compare the results. IHC within the infralimbic cortex showed AD mice to have a higher
percent areas of both APP and GFAP than the WT mice (Table 7, Figures 9 & 10). No
difference was found due to TBI. There was also no statistically significant difference
shown by the congo red stain, although AD TBI mice showed, on average, more Ap
plaques in the HC than AD sham mice (Craven, 2019).
Summary

The IHC results show the pathology presence found in the AD brains was as
expected. Our results also showed an increase in APP and phospho tau localized in the
hippocampus of AD mice that received TBI. This increase supports previous research

indicating that TBI causes an increase in APP and the hyperphosphoralation of tau when
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paired with AD. However, we did not see an increase in any other pathologies associated
with TBI, although there was a pattern of higher means and large SDs. These may in part
be due to the strong effect AD has on brain pathology which could overpower the effects
of TBI. A larger sample size could decrease the variation and allow for a better analysis
of the antibodies. This could also be accomplished by analyzing more than one slice per
antibody per brain. An average of each antibody for each brain would allow for a better
representation. See Tables 9 and 10 for overall effects summary.

These results also show the difference between our AD mice and WT mice in
behavior and IHC. This helps to support our novel APP/tau mouse model as being similar
to AD human patients. The results show that our AD mice show behavioral deficits
consistent with those seen in humans. Patients with AD show a decrease in the ability to
complete simple daily-living activities such as getting dressed in the morning. When
tested for “daily-living” activities through the burrowing and nesting tasks, our AD mice

also showed the inability to complete these instinctual activities.

Table 9. Immunohistochemistry summary of the hippocampus. A brief summary for APP,
ApBao, ABa2, phospho tau, total tau, and GFAP in the HC.

APP Significant genotype effect (AD higher than WT)

Significant interaction (AD TBI highest)
ABao No significance, but high SDs (AD TBI higher than AD sham)
APz No significance, very low values

Phospho Tau | Significant TBI effect (AD TBI higher than AD sham)

Total Tau No significance, similar pattern to IL (AD TBI higher than AD sham)

GFAP Significant genotype effect (AD higher than WT)
No significant interaction (AD sham slightly higher)
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Table 10. Immunohistochemistry summary of the infralimbic cortex. A brief summary for
APP, ABao, AB42, phospho tau, total tau, and GFAP in the HC.

APP Significant genotype effect (AD higher than WT)

No significant interaction (AD TBI slightly higher)
AB 4o No significance, but high SDs (AD TBI higher than AD sham)
ABa2 No significance but trending (AD TBI higher than AD sham)

Phospho Tau | No significance (AD TBI higher than AD sham)

Total Tau No significance, similar pattern to HC (AD TBI higher than AD
sham)

GFAP Significant genotype effect (AD higher than WT)
No significant interaction (AD TBI slightly higher)

Although APP, GFAP, and AB42 showed a significant difference in protein
amount between the HC and IL (with the HC being higher), AB4o, phospho tau, and total
tau did not. AD brains often display higher levels of these proteins in the HC while TBI
patients see these proteins spread throughout the brain, including the IL. Throughout the
study, AD TBI brains continued to show higher levels of each protein in both the HC and
IL compared to the AD shams. This pattern suggests that TBI is affacting the brain
although the findings are not significant.

To further this research, it would be interesting to examine levels of Ap, tau, and
GFAP at different time periods. We waited until 8 months to examine the brains. This
allowed for the production of AB plaques and tau tangles to form due to the AD
mutations. This happens over a longer period of time, whereas following TBI AB appears
much sooner. It is possible that Af levels are higher early-on in AD mice having received

TBI than those that did not. In this case, AB would be different in TBI vs sham AD mice
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at an earlier time point but production would catch up in the shams over time. Earlier
analysis could help create a timeline on the pathology formation.

These experiments showed changes in APP of both AD and WT mice and
phospho tau of AD mice due to TBI. Similar patterns were seen amongst the other
antibodies (AP4o, APa42, total tau, and GFAP) but they displayed higher SDs and where
therefor not significant. IHC was conducted on 8 month brains, once AD pathologies
were well established. This emphasizes a continued need for more data collection due to
the persisting occurrence of TBIs in the population and the need to further understand the

causes of AD.
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APPENDIX
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Figure 13. Individual APP immunohistochemistry scores of the hippocampus. Percent
area of protein present within the hippocampus normalized to the correct isotype control
(as described in methods) for APP of each brain within the four groups.
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Figure 14. Individual ABs immunohistochemistry scores of the hippocampus. Percent
area of protein present within the hippocampus normalized to the correct isotype control
(as described in methods) for Ao of each brain within the AD groups.
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Figure 15. Individual A2 immunohistochemistry scores of the hippocampus. Percent
area of protein present within the hippocampus normalized to the correct isotype control
(as described in methods) for A4z of each brain within the AD groups.
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Figure 16. Individual phospho tau immunohistochemistry scores of the hippocampus.
Percent area of protein present within the hippocampus normalized to the correct isotype
control (as described in methods) for phospho tau of each brain within the AD groups.
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Figure 17. Individual total tau immunohistochemistry scores of the hippocampus. Percent
area of protein present within the hippocampus normalized to the correct isotype control
(as described in methods) for total tau of each brain within the AD groups.
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Figure 18. Individual GFAP immunohistochemistry scores of the hippocampus. Percent
area of protein present within the hippocampus normalized to the correct isotype control
(as described in methods) for GFAP of each brain within the four groups.
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Figure 19. Individual APP immunohistochemistry scores of the infralimbic cortex.
Percent area of protein present within the infralimbic cortex normalized to the correct
isotype control (as described in methods) for APP of each brain within the four groups.
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Figure 20. Individual A immunohistochemistry scores of the infralimbic cortex.
Percent area of protein present within the infralimbic cortex normalized to the correct
isotype control (as described in methods) for ABa4o of each brain within the AD groups.
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Figure 21. Individual ABs2 immunohistochemistry scores of the infralimbic cortex.
Percent area of protein present within the infralimbic cortex normalized to the correct
isotype control (as described in methods) for AB42 of each brain within the AD groups.
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Figure 22. Individual phospho tau immunohistochemistry scores of the infralimbic
cortex. Percent area of protein present within the infralimbic cortex normalized to the
correct isotype control (as described in methods) for phospho tau of each brain within the
AD groups.
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Figure 23. Individual total tau immunohistochemistry scores of the infralimbic cortex.
Percent area of protein present within the infralimbic cortex normalized to the correct
isotype control (as described in methods) for total tau of each brain within the AD
groups.

66



25

20

15

10

AD TBI

GFAP

WT Sham

Figure 24. Figure 19. Individual GFAP immunohistochemistry scores of the infralimbic
cortex. Percent area of protein present within the infralimbic cortex normalized to the
correct isotype control (as described in methods) for GFAP of each brain within the four

groups.

Table 11. Individual immunohistochemistry scores of the hippocampus for AD TBI.
Measured percent area of protein present within the hippocampus. Data were normalized
to the correct isotype control (as described in methods) for each brain within the

antibodies: APP, ABao, AP42, phospho tau, total tau, and GFAP.

AB4o

Antibody Percent Area Normalized
0.1 ul/ml Rabbit Polyclonal 9.374
Isotype Control APP
0.1 ul/ml APP 26.506 17.132
0.1 pul/ml APP 53.945 44.571
0.1 pul/ml APP 23.563 14.189
0.1 ul/ml APP 31.445 22 071
0.0005 pl/ml Rabbit
Polyclonal Isotype Control 21.176
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0.0005 pl/ml AB4o 39.472 18.296
0.0005 pl/ml ABao 51.2 30.024
0.0005 pl/ml AB4o 67.692 46.516
0.0005 pl/ml ABao 9.405 -11.771
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 14.726
AB42
0.00167 pwl/ml ABaz 7.524 -7.202
0.00167 pl/ml ABa2 5.907 -8.819
0.00167 pwl/ml APaz 12.786 -1.94
0.00167 pl/ml ABa42 7.386 734
0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 5.752
Phospho Tau
0.0000455 pl/ml Phospho 51.085
Tau 45.333
0.0000455 pl/ml Phospho 64.214
Tau 58.462
0.0000455 pl/ml Phospho 15.013
Tau 9.261
0.0000455 pl/ml Phospho 15.543
Tau 9.791
0.0001 pl/ml Mouse
Monoclonal Isotype Control 8.867
Total Tau
0.0001 pl/ml Total Tau 61.939 53.072
0.0001 pl/ml Total Tau 26.943 18.076
0.0001 pl/ml Total Tau 17.239 8.372
0.0001 pl/ml Total Tau 7.333 -1.534
0.00004 pl/ml Mouse
Monoclonal Isotype Control 9.365
GFAP
0.00004 pwl/ml GFAP 33.662 24.297
0.00004 pl/ml GFAP 32.81 23.445
0.00004 pl/ml GFAP 55.155 45.79
0.00004 pl/ml GFAP 15.93 6.565
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Table 12. Individual immunohistochemistry scores of the hippocampus for AD sham.
Measured percent area of protein present within the hippocampus. Data were normalized
to the correct isotype control (as described in methods) for each brain within the
antibodies: APP, AB4o, AP42, phospho tau, total tau, and GFAP.

Antibody Percent Area Normalized
0.1 ul/ml Rabbit Polyclonal
Isotype Control APP 7.65
0.1 pl/ml APP 16.157 8.507
0.1 pul/ml APP 25.169 17.519
0.1 ul/ml APP 20.824 13.174
0.1 pl/ml APP 15.753 8.103
0.0005 pl/ml Rabbit
Polyclonal Isotype Control 8.535
APao
0.0005 pl/ml AB4o 14.152 5.617
0.0005 pl/ml ABao 11.677 3.142
0.0005 pl/ml ABao 11.664 3.129
0.0005 pl/ml ABao 27.789 19.254
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 9.879
AB42
0.00167 pwl/ml ABa42 5.906 -3.973
0.00167 pwl/ml ABa2 8.822 -1.057
0.00167 pl/ml ABaz 8.032 -1.847
0.00167 pl/ml ABaz 6.923 -2.956
0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 17.674
Phospho Tau
0.0000455 pl/ml Phospho
Tau 23.374 5.7
0.0000455 pl/ml Phospho
Tau 24.135 6.461
0.0000455 pl/ml Phospho
Tau 16.267 -1.407
0.0000455 pl/ml Phospho
Tau 35.669 17.995
0.0001 pl/ml Mouse
Monoclonal Isotype Control 17.062
Total Tau
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0.0001 pl/ml Total Tau 26.23 9.168
0.0001 pl/ml Total Tau 5.388 -11.674
0.0001 pl/ml Total Tau 17.334 0.272
0.0001 pl/ml Total Tau 26.651 9.589
0.00004 pl/ml Mouse
Monoclonal Isotype Control 4.221
GFAP

0.00004 pl/ml GFAP 38.164 33.943
0.00004 pl/ml GFAP 28.208 23.987
0.00004 pl/ml GFAP 45.868 41.647
0.00004 pl/ml GFAP 23.508 19.287

Table 13. Individual immunohistochemistry scores of the hippocampus for WT TBI.
Measured percent area of protein present within the hippocampus. Data were normalized
to the correct isotype control (as described in methods) for each brain within the
antibodies: APP, AB4o, AP42, phospho tau, total tau, and GFAP.

Antibody Percent Area Normalized
0.1 ul/ml Rabbit Polyclonal
Isotype Control APP 10.415
0.1 ul/ml APP 11.174 0.759
0.1 ul/ml APP 8.383 -2.032
0.1 ul/ml APP 7.541 -2.874
0.1 ul/ml APP 11.821 1.406
0.0005 pl/ml Rabbit
Polyclonal Isotype Control 16.841
APBao
0.0005 pl/ml ABao 12.085 -4.756
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 2.808
AB42
0.00167 pwl/ml ABaz 8.345 5.537
0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 3.363
Phospho Tau
0.0000455 pl/ml Phospho
Tau 14 10.637
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0.0001 pl/ml Mouse
Monoclonal Isotype Control 12.164
Total Tau
0.0001 ul/ml Total Tau 21.579 9.415
0.00004 pl/ml Mouse
Monoclonal Isotype Control 11.239
GFAP
0.00004 pl/ml GFAP 2.814 -8.425
0.00004 pl/ml GFAP 2.082 -9.157
0.00004 pl/ml GFAP 3.726 -7.513
0.00004 pl/ml GFAP 23.638 12.399

Table 14. Individual immunohistochemistry scores of the hippocampus for WT sham.
Measured percent area of protein present within the hippocampus. Data were normalized
to the correct isotype control (as described in methods) for each brain within the
antibodies: APP, ABa4o, AP42, phospho tau, total tau, and GFAP.

Antibody Percent Area Normalized
0.1 pl/ml Rabbit Polyclonal
Isotype Control APP 7.277
0.1 pl/ml APP 15.222 7.945
0.1 ul/ml APP 11.91 4.633
0.1 pl/ml APP 14.161 6.884
0.1 ul/ml APP 1.601 -5.676
0.0005 pl/ml Rabbit
Polyclonal Isotype Control 7.361
AB4o
0.0005 pl/ml ABao 19.071 11.71
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 30.875
AB42
0.00167 pwl/ml APa2 36.617 5.742
0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 5.132
Phospho Tau
0.0000455 pl/ml Phospho
Tau 11.714 6.582
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0.0001 pl/ml Mouse
Monoclonal Isotype Control 11.522
Total Tau
0.0001 ul/ml Total Tau 20.979 9.457
0.00004 pl/ml Mouse
Monoclonal Isotype Control 15.336
GFAP
0.00004 pl/ml GFAP 5.487 -9.849
0.00004 pl/ml GFAP 5.823 -9.513
0.00004 pl/ml GFAP 8.767 -6.569
0.00004 pl/ml GFAP 13.054 -2.282

Table 15. Individual immunohistochemistry scores of the infralimbic cortex for AD TBI.
Measured percent area of protein present within the infralimbic cortex. Data were
normalized to the correct isotype control (as described in methods) for each brain within
the antibodies: APP, ABao, AB42, phospho tau, total tau, and GFAP.

Antibody Percent Area Normalized
0.1 pl/ml Rabbit Polyclonal
Isotype Control APP 11.288
0.1 ul/ml APP 18.822 7.534
0.1 ul/ml APP 12.776 1.488
0.1 ul/ml APP 14.822 3.534
0.1 pl/ml APP 13.434 2.146
0.0005 pl/ml Rabbit
Polyclonal Isotype Control 9.001
AB4o
0.0005 pl/ml ABao 22.169 13.168
0.0005 pl/ml AB4o 15.514 6.513
0.0005 pl/ml ABao 14.076 5.075
0.0005 pl/ml ABao 11.836 2.835
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 7.076
AB42
0.00167 pwl/ml ABaz 39.833 32.757
0.00167 pl/ml ABa2 12.209 5.133
0.00167 pwl/ml ABa2 23.168 16.092
0.00167 pl/ml ABaz 15.975 8.899
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0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 2.469
Phospho Tau
0.0000455 pl/ml Phospho
Tau 7.729 5.26
0.0000455 pl/ml Phospho
Tau 8.716 6.247
0.0000455 pl/ml Phospho
Tau 12.931 10.462
0.0000455 pl/ml Phospho
Tau 12.935 10.466
0.0001 pl/ml Mouse
Monoclonal Isotype Control 9.041
Total Tau
0.0001 pl/ml Total Tau 22.296 13.255
0.0001 pl/ml Total Tau 17.729 8.688
0.0001 pl/ml Total Tau 33.216 24.175
0.0001 ul/ml Total Tau 14.17 5.129
0.00004 pl/ml Mouse
Monoclonal Isotype Control 12.397
GFAP
0.00004 pl/ml GFAP 16.698 4.301
0.00004 pl/ml GFAP 24.962 12.565
0.00004 pl/ml GFAP 36.054 23.657
0.00004 pl/ml GFAP 29.157 16.76

Table 16. Individual immunohistochemistry scores of the infralimbic cortex for AD sham.
Measured percent area of protein present within the infralimbic cortex. Data were
normalized to the correct isotype control (as described in methods) for each brain within
the antibodies: APP, ABao, ABa42, phospho tau, total tau, and GFAP.

Antibody Percent Area Normalized
0.1 pl/ml Rabbit Polyclonal
Isotype Control APP 10.756
0.1 ul/ml APP 9.785 -0.971
0.1 pul/ml APP 9.8 -0.956
0.1 ul/ml APP 5.763 -4.993
0.1 ul/ml APP 18.112 7.356
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0.0005 pl/ml Rabbit

Polyclonal Isotype Control 9.326
AB4o
0.0005 pl/ml ABao 10.18 0.854
0.0005 pl/ml ABao 9.683 0.357
0.0005 pl/ml Ao 8.644 -0.682
0.0005 pl/ml ABao 14.522 5.196
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 10.5
AB42
0.00167 pl/ml ABaz 8.874 -1.626
0.00167 pl/ml ABa2 12.555 2.055
0.00167 pwl/ml ABaz 11.154 0.654
0.00167 pwl/ml APaz 11.919 1.419
0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 13.534
Phospho Tau
0.0000455 pl/ml Phospho
Tau 5.584 -7.95
0.0000455 pl/ml Phospho
Tau 13.783 0.249
0.0000455 pl/ml Phospho
Tau 16.391 2.857
0.0000455 pl/ml Phospho
Tau 22.999 9.465
0.0001 pl/ml Mouse
Monoclonal Isotype Control 9.175
Total Tau
0.0001 pl/ml Total Tau 8.226 -0.949
0.0001 pl/ml Total Tau 8.847 -0.328
0.0001 pl/ml Total Tau 7.268 -1.907
0.0001 pl/ml Total Tau 25.046 15.871
0.00004 pl/ml Mouse
Monoclonal Isotype Control 8.262
GFAP
0.00004 pl/ml GFAP 6.87 -1.392
0.00004 pl/ml GFAP 19.853 11.591
0.00004 pl/ml GFAP 22.05 13.788
0.00004 pl/ml GFAP 19.288 11.026
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Table 17. Individual immunohistochemistry scores of the infralimbic cortex for WT TBI.
Measured percent area of protein present within the infralimbic cortex. Data were
normalized to the correct isotype control (as described in methods) for each brain within
the antibodies: APP, AB4o, AB42, phospho tau, total tau, and GFAP.

Antibody Percent Area Normalized
0.1 ul/ml Rabbit Polyclonal
Isotype Control APP 28.159
0.1 pl/ml APP 4.352 -23.807
0.1 pul/ml APP 6.181 -21.978
0.1 ul/ml APP 3.26 -24.899
0.1 ul/ml APP 6.657 -21.502
0.0005 pl/ml Rabbit
Polyclonal Isotype Control 27.317
APao
0.0005 pl/ml AB4o 26.646 -0.671
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 11.566
AB42
0.00167 pwl/ml ABa2 6.076 -5.49
0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 6.229
Phospho Tau
0.0000455 pl/ml Phospho
Tau 20.142 13.913
0.0001 pl/ml Mouse
Monoclonal Isotype Control 11.001
Total Tau
0.0001 pl/ml Total Tau 21.798 10.797
0.00004 pl/ml Mouse
Monoclonal Isotype Control 9.628
GFAP
0.00004 pl/ml GFAP 5.728 -3.9
0.00004 pl/ml GFAP 11.75 2.122
0.00004 pl/ml GFAP 7.795 -1.833
0.00004 pl/ml GFAP 16.241 6.613
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Table 18. Individual immunohistochemistry scores of the infralimbic cortex for WT sham.
Measured percent area of protein present within the infralimbic cortex. Data were
normalized to the correct isotype control (as described in methods) for each brain within
the antibodies: APP, AB4o, AB42, phospho tau, total tau, and GFAP.

Antibody Percent Area Normalized
0.1 ul/ml Rabbit Polyclonal
Isotype Control APP 33.376
0.1 pl/ml APP 5.419 -27.957
0.1 pul/ml APP 5.859 -27.517
0.1 ul/ml APP 5.495 -27.881
0.1 ul/ml APP 5.811 -27.565
0.0005 pl/ml Rabbit
Polyclonal Isotype Control 6.087
APao
0.0005 pl/ml AB4o 20.181 14.094
0.00167 pl/ml Rabbit
Polyclonal Isotype Control 39.279
AB42
0.00167 pwl/ml ABa2 13.188 -26.091
0.0000455 pl/ml Rabbit
Monoclonal Isotype Control 13.445
Phospho Tau
0.0000455 pl/ml Phospho
Tau 22.927 9.482
0.0001 pl/ml Mouse
Monoclonal Isotype Control 19.662
Total Tau
0.0001 pl/ml Total Tau 18.786 -0.876
0.00004 pl/ml Mouse
Monoclonal Isotype Control 16.712
GFAP
0.00004 pl/ml GFAP 33.547 16.835
0.00004 pl/ml GFAP 5.594 -11.118
0.00004 pl/ml GFAP 6.009 -10.703
0.00004 pl/ml GFAP 19.883 3.171
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