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Abstract:

Post Traumatic Stress Disorder (PTSD) afflicts many people across the United States,
however there is still not a standard beneficial treatment. This experiment aimed to better
comprehend the neurobiology of the disorder and add to the growing research on what can be
done. People with PTSD often struggle to differentiate between safe and threatening
environments. The retrosplenial cortex (RSC) of the brain helps to discern environmental
contexts and was studied for this experiment. Five mice were injected with a MCherry virus in
the RSC to determine whether cells that create PAC1 receptors were expressed. PACI1 receptors
bind with pituitary adenylate cyclase-activating polypeptide (PACAP) which are associated with
stress disorders. Research shows that greater expression of PACAP and its corresponding
receptor, PACI1, have induced anxiety-like behaviors which indicates why this peptide was
analyzed along with previous links to PTSD. This specific study has limited research but based
on prior findings it is expected that the RSC is involved in context and therefore related to PTSD
associated levels of PACAP. The results showed expression of cells that create PAC1 receptors in
the RSC which conclude further implications in PTSD and inspires future research regarding

disproportionate sex differences.



Introduction:

Post Traumatic Stress Disorder (PTSD) occurs after someone has witnessed or directly
experienced a traumatic event that is physically and/or emotionally threatening. Some incidents
include sexual assault, abuse, war, natural disasters, terrorist attacks, and severe accidents. Most
people who undergo these scenarios do not end up developing PTSD but may experience some
symptoms in the days following the event. However, to be diagnosed with PTSD the symptoms
of intrusion, avoidance, cognition and reactivity changes must continue for at least a month while
disrupting daily life. The prevalence in the United States is approximately 3.9% of the population
experiencing PTSD, with six out of every 100 people dealing with lifetime persistence of the
disorder (Taylor-Desir, 2022). One of the outcomes of PTSD being a dysregulation in fear
responses and the inability to discern between contexts that are safe and those that pose a threat
(Johnson et al., 2020). Studying the brain regions involved in these symptoms is crucial to
understanding the neurobiology of the disorder in order to discover better treatment strategies.

PACAP and the receptor that corresponds, PAC1, have been shown to be crucial in
atypical processes after physiological trauma. Evidence in the previous labs suggests that PAC1
receptor is important for stress effects and that it possesses a single nucleotide polymorphism.
This is a singular point within the nucleotide sequence that varies within a population. It was
observed in the PACI1 receptor gene related to PTSD and predicted PTSD symptoms and
diagnosis in females (Ressler et al., 2011). The PAC1 receptor is metabotropic which is a type of
receptor that initiates a number of intracellular events. It falls under the category of G-coupled
protein receptors that signal with a second messenger instead of directly opening an ion-gated
channel (Sureshkumar et al., 2022). Additionally, the PAC1 receptors are excitatory since their

activation increases excitability across various neuronal systems. The receptor is also neurotropic



and increases plasticity and neuronal survival (May et al., 2021). The peptide’s regular process
starts by PACAP binding with PAC1 receptors as well as VPAC1 and VPAC2. PACAP is in the
vasoactive intestinal polypeptide (VIP) superfamily. Therefore, VIP also binds with VPACI and
VPAC2 but binds with the PACI receptor to a lesser degree. This is because PAC1 receptors are
selective and possess a high aftinity for PACAP (Sureshkumar et al., 2022). This displays why
the PACI receptor is critical to this study compared to the other receptors involved with PACAP.
Additionally research indicates that disruption in this peptide system could be related to
PTSD. For example, In previous research, women’s symptoms of PTSD have been correlated
with PACAP blood levels and the PAC1 receptor gene’s single nucleotide polymorphism
(Ressler et al., 2011). When women had more PTSD symptoms it was directly associated with a
higher level of PACAP blood levels (Ressler et al., 2011). Hammack’s lab as well as others have
research suggesting that PACAP through the PACI receptors stimulate behaviors observed in
stress exposure as well as PTSD. A lot of research regarding this has been done with the bed
nucleus stria-terminalis (BNST). For example, chronic exposure to stress has shown greater
expression of PACAP and PACI receptors in the BNST which leads to more dysfunctional
anxiety-like behavior (Hammack et al., 2009). The role of BNST is involved in interpreting and
consolidating the stress response, especially when the stressor is over a long period of time,
which explains the results of the previous study. Additionally, BNST PACAP injections into
rodents can increase anxiety-like behavior as well as an uptick in PAC1 receptor transcript
expression (Roman et al., 2011). PACAP and corticotropin releasing hormone (CRH), which are
also involved in stress pathways, have been shown to mediate the BNST’s functions and
upregulate the behavior noted previously (Hammack et al., 2009). Overall research regarding this

topic has delved deep into this region of the brain and a few other places.



For example, research has also been done on PACI receptor’s part in fear conditioning
within the hippocampus dentate gyrus, a region of the brain important for memory and
contextual discernment. There have been an abundant amount of PAC1 receptors and PACAP
terminals located in hippocampal brain regions when exposed to stress which indicates that
PACAP and stress circuits are intertwined throughout various areas of the brain related to stress
pathologies (Johnson et al., 2020). When PACAP is injected into the dentate gyrus granule cells,
there is a notable increase in excitability within the signaling pathways related to fear-like
behavior, addressing the receptor’s excitatory abilities. There is also delayed extinction meaning
the responses dont disappear quickly. The injection also caused consolidation of fear memories.
Additionally, when mice do not have PACAP and PAC1 receptors they display changes within
behaviors that are contingent on the hippocampus, such as foreground and background
contextual fear conditioning, emphasizing the importance of this peptide’s system in the
hippocampal region of the brain (Johnson et al., 2020). Fear conditioning studies based on
context and cues are important to study PTSD. Other studies looked at primates such as the
marmoset and macaque. The researchers found that PAC1 receptors were found in a lot of areas
of the brain with a greater amount in the habenula, septum, and hypothalamus. A reverse
transcriptase polymerase-chain reaction determined a high density of PACI receptors in the
cerebral cortex of both species whereas the other receptors associated with PACAP were
recorded at much lower quantities (Jolivel et al., 2009). Overall, the hippocampus has been
extensively studied whereas its primary neocortical output region, the RSC, and its potential to
transform spatial information into contextual relevance has not been studied.

The RSC is responsible for contextual awareness and determining associated safety,

which people experiencing PTSD struggle to comprehend (Mitchell et al.,2018). Similar to the



hippocampus, the RSC also plays a crucial role in memory processing (Corcoran et al., 2018).
These two brain regions are connected and work together on many different levels. The
connectivity of the RSC makes it difficult to isolate. However, in neuroimaging of a human’s
RSC there was activation when emotionally salient words appeared, which proposes a
relationship between emotion and the RSC’s episodic memory role (Maddock, 1999). There has
also been evidence to suggest that neurological disorders that harm memory directly affect the
RSC in a negative manner (Vann et al., 2009). Retrieval of traumatic memories also relates to the
RSC representing a crucial factor in PTSD of recurring visions and experiences of the event even
if it is not in the right contextual environment (Corcoran et al., 2018). Therefore, PTSD
symptoms and memory are connected which makes the RSC an interesting region to study.

The association between PAC1 and PTSD with the potential role of RSC led to this
experiment to determine whether or not PAC 1 receptors are expressed in the RSC. That is why
PAC1-cre mice were utilized to allow the double floxed inverse orientations switches to occur to
observe expression. In this study PAC1-cre mice are injected during a stereotaxic surgery with a
MCherry virus in the RSC. After a couple of weeks the brain slices were mounted onto slides
and analyzed for fluorescents indicating if the cells that create the PAC-1 receptors reside within
the RSC. It is expected that PAC1 receptors would be located in the RSC given the previous
literature and the associated relationships between PAC-1 receptors and stress disorders. Overall,
this experiment focuses on the potential presence of cells that create PACI receptors’ in the

retrosplenial cortex and investigates the implications in relation to PTSD.



Methods:

Subjects:

In order to calculate the number of PAC1 receptors in the retrospinal cortex of the brain a
stereotaxic surgery was performed on the female and male mice. There were five mice in total,
four males and one female. The PACI cre mice were bred in house, a prior gift from Richard
Palmiter at the University of Washington. When the experiment was done the mice were
approximately a year old.

Virus:

The virus being used was mCherry, one of the lowest biosafety level viruses. The full title
of the virus was AAV2-hSyn-DIO-mCherry. This was bought from Addgene, a repository whose
headquarters are located in Watertown, Massachusetts.

Stereotaxic Surgery & Virus Injection:

To initiate the procedure a singular mouse was grabbed from their enclosure which either
possessed male or female mice. Then the mouse was weighed in grams and the value was
recorded. The mouse was placed in the anesthesia box with the isoflurane levels at four and the
oxygen at two while ensuring that the negative airflow occurred through the scavenger device.
This required that the knob connected to the box was parallel to the wall allowing airflow. The
other knob connected to the stereotaxic device was perpendicular to the wall to prevent any
airflow going towards the device.

When the mouse appeared unconscious and their breathing slowed, the mouse was
removed from the anesthesia box and their head was shaved with a pair of razors from the back
of the ears towards eye level of the mouse. If the mouse began to wake, it was placed back into

the box until unconscious.



When complete, the mouse's nose was placed into the cone and the airflow was
redirected from the box towards the cone. This entailed flipping the perpendicular knob to
parallel and vice versa. Next, the mouse’s foot was pinched to guarantee unconsciousness, and
test for withdrawal reflexes. When fully unconscious, the ear bars are affixed to be up and in
front of the ear canal. Then using the weight of the mouse to support positioning the ear bar was
placed four to five mm on the right side. The location was then mirrored on the left side of the
head but inserted no further than approximately three mm. The bar should experience resistance
if the ear bar on the left was placed correctly. The head should be secure with the skull as flat as
possible. The mouse’s head was placed back into the nose cone and the surgery could begin.

Artificial tears were put onto the mouse’s eyes to prevent excessive dryness during the
procedure. The top of the head, which was shaved, was then cleaned with betadine followed by
70% ethanal. This step can be repeated several times to ensure sterilization.

Utilizing a scalpel a single incision was made from the anterior towards the posterior.
Since this surgery requires a viral infusion smaller incisions are more effective. Additionally, the
levels of isoflurane were turned down to two after this step and sometimes to level one as the
procedure nears the end, considering that too much isoflurane can be fatal.

Bregma was identified, which is the meeting location of the dorsal and lateral skull
sutures. Bregma was then marked with a pen to hold its position. The drill was aimed in the
location marked as bregma while taking measure of the anterior posterior and medial lateral
coordinates using the machine. Given the coordinates the arithmetic needed for locating the
injection spot over the retrosplenial cortex (A/P: -1.5mm, M/L: £ 0.5mm, no angle).Two holes
were drilled at these coordinates then the arm was moved away from the mouse and replaced

with the infusion pump which was necessary for the injection. The virus was drawn into the



syringe, ensuring there was enough for the injection. The arithmetic was remeasured using the
syringe to ensure that the injection would happen in the correct site that was previously drilled.
Then the syringe was lowered into the drill spot and the dorsal ventral measurement was
calculated before the placement was finished. Then the play button was hit to initiate the
injection process, which lasts about five minutes. During this time the mouse is given 0.3 mL of
Ringer with 0.15 mL on each side of the mouse, injecting a little above their hind legs. This
dosage is based on the mouse’s weight and given for recovery after the procedure in case there
was dehydration or blood loss. The amount provided above was what’s given to a mouse that
weighs 30 grams. Approximately 0.03 mL of carprofen is also injected into the mouse’s scruff
while the injection is occurring to reduce pain.

After the injection the mouse remained in the same position for another five minutes to
allow for diffusion of the injection and provide rest for the mouse. During that time the
isoflurane was lowered down to level one. Then the syringe was carefully taken out and any
remains of the virus were ejected .

Using g-tips the folds of skin were brought together on top of the mouse’s head in order
to close the incision. Super glue closed up the site when placed in between the two pieces. Once
completed the ear bars were removed. The mouse was then placed into a clean cage that had a
heating pad underneath to promote comfort and healing. Then food nuggets were put into an
accessible location for when the mouse woke up so it does not have to strain itself for
nourishment. The mouse was left there for roughly 20 minutes and checked up to ensure the
mouse was breathing and beginning to wake.

The next day the mouse was weighed and given another 0.03 mL dose of carprofen. The

mouse was weighed each day for another two weeks until it was perfused. Then, the brain was



harvested and put into the freezer. The brains were dehydrated and placed into hard resin. A
week later, one brain at a time was put into the cryostat, a machine used to create brain slices.
The first few slices were taking off pieces of resin and being discarded until the brain was
reached. The slices were delicately picked up by a paint brush and played into different sections
of a container, each hole filled with Phosphate-buffered Saline (PBS) solution. Using the brain
atlas as a guide the beginning slices were placed in the pre-RSC section. When the RSC was
reached those slices were placed in a separate part. This process was completed for each animal.
The containers were then marked based on the mouse’s number as well as the different brain
sections, then placed into the lab refrigerator.

The brain slices were then mounted onto slides. In total there were ten slides, two for
every mouse. Each slide included 15 brain slices. Initially, PBS was lightly spattered onto the
slides as a base. Then the brain slices were carefully removed with a thin paint brush from the
PBS solution labelled “RSC” and placed onto the slide. This process continued till all 15 brain
slices were on a slide. If one slice was misshapen in the procedure another slice was utilized
instead since extra cuts were made with the cryostat. The glass protector was then applied at an
angle to keep all the slices in place and protected.

After all the slides were mounted, a microscope was used to observe the fluorescent
expression that may have occurred in the brain as a result of the virus injected during the
stereotactic surgery. The microscope is connected to a computer software that is able to take live
images of what the lens observed. Therefore this captured the images utilized to analyze the
overall results of the experiment. Once the images were transferred to a flash drive and uploaded

to a laptop qualitative data could be collected and reported.



Results:

= Where expression was shown in the RSC

Fig 1. A rough outline of the brain with a focus on the RSC region including the (RSG/RSA).
The red highlights represent the cells that were expressed during this study, observed in the later
figures.

As observed in Fig.1 there was expression of PAC1 receptors on cells in various regions
of the RSC throughout the examination of the five mice brains. Within the rest of the photos,
expression is represented by the fluorescents. Not labelled in Fig. 1, but there was some
expression noted outside of the RSC in the areas just outside being the MPtA and LPtA as well
as the Alveus, a part of the hippocampus important for memory and learning as an axonal
pathway. Overall, the most identifiable shape in the images is the cell body of the neurons
whereas it is challenging to discern the fibers connected that transmit the message.

Animal One:

In the first mouse a high density of expression within the RSC. In Fig. 2 the four best

images from the set are displayed. This mouse was a female. The majority of expression was

located in the RSC with a little right outside the boundary in the MPtA. The expression indicates



neurons although it is hard to identify singular cells due to the large cluster captured with the
microscope. The corpus callosum connects the left and right hemisphere of the brain together
and is drawn as the middle line in Fig. 2 this shows how the expression was located on each side
of the hemisphere. Additionally, this expression was the most intense seen across all subjects.
Although conclusions on sex differences cannot be made due to a small sample size it is
important to note that the most expression was detected in the female’s RSC. These results would
be expected given the disproportionate rate that stress disorders affect females.

Animal Two:

In all of the brain slices collected from mouse two there was no expression in the RSC of
the brain. In Fig. 3 there still is expression, however on the outskirts of the RSC. This mouse was
a male. This is in the areas of MPtA and LPtA as well as the area of the hippocampus referred to
as the Alveus. The microscope clearly caught the shape of the cells that create the PAC 1
Receptors. They are still in high densities with another but not as extreme as in Fig. 2, the cells
are able to be counted individually. Overall, it is responsible to conclude that the injection site
was missed.

Animal Three:

In mouse three the expression was found solely in the RSC of the brain. The two images
in Fig. 4 show the clearest results that the microscope could get. The sex of this mouse was male.
Once again the more intense bright red indicates that there was more expression and therefore
more cells that create PAC1 receptors. However, it is difficult to count the amount present.
Animal Four:

In mouse number four three images were selected for Fig. 5 to display the expression

shown in the RSC. The sex of this mouse was male. In addition to the RSC, the cells that create



PACI1 receptors also appeared in the LPtA area of the brain. In one of the images the expression
is notable on both sides of the RSC.
Animal Five:

When mouse five’s brain slices were analyzed no expression was shown. This mouse’s
sex was male. Therefore no images were taken. No expression could be due to the injection

placement or several other factors.

Fig 2. Four brain images of Animal One captured under a microscope. The fluorescents represent
the expression of the cells that produce PACI1 receptors. The expression appeared in the RSC

which is labelled above.



Fig. 3 Animal Two did not have any expression in the RSC of the brain, however as depicted in
this image there were cells that create PAC1 receptors in the surrounding areas. This could be

due to injection placement.

Fig 4. Two brain images of Animal Three captured under a microscope. The fluorescents
represent the expression of the cells that produce PAC1 receptors. The expression appeared in the

RSC which is labelled above.



Fig 5. Three brain images of Animal Four captured under a microscope. The fluorescents
represent the expression of the cells that produce PACI receptors. The expression appeared in the

RSC which is labelled above.



Discussion:

The images captured of the mice brains depicted high densities of cells that create PACI
receptors in the RSC. Although, it was challenging to discern between the individual cells. The
cell bodies were easier to identify whereas the fibers of the neuron are not as detectable within
the images. According to the overall results, the RSC appears to possess PACI receptors but
there were not enough animals utilized to conclude potential differences in expression seen in the
RSC due to sex (Underpowered). The intial hypothesis is supported by the results indicating the
prescence of PACI receptor presenting cells are within the RSC.

The RSC which was used in this study is a vital part of the brain to analyze. It is
responsible for contextual awareness and the ability to determine whether a location is safe or
dangerous. Additionally, it plays a critical role in learning and memory, similar to the
hippocampus (Mitchell et al.,2018). However, it is different. The RSC and its neurons work as a
gyroscope which is unlike many other brain regions (Brennan et al., 2021). The location of the
RSC is reciprocally connected between the thalamus and the hippocampus, which allows for
important information between the complex brain structures regarding learning and fear
conditioning (Yousuf, 2021). It is behind the splenium, the posterior part of the corpus callosum,
how the RSC received its name. It is deep within the midline of the brain within humans, making
it difficult to access. In mice it is closer to the surface of the brain and therefore easier to utilize
(Alexander et al., 2023).

When an individual is faced with chronic stress the PACAP systems have increased
activity since they are deeply rooted in anxiety-like behavior (Hammack et al., 2009).. Therefore,
if the RSC has PACI1 receptors as previously concluded, it would be expected that anxiety-like

behaviors would be upregulated. The individual would no longer know which environments



present threats or not. Additionally it may affect memory and learning. This is directly related to
people with PTSD since the inability to comprehend safety and always being on guard is one of
the symptoms.

These effects that happen are due to projections received and sent by the RSC. The RSC
neurons receive input from the thalamus, parietal cortex, visual cortex, cingulate cortex,
orbitofrontal cortex, and the claustrum (Lin et al., 2024). It also projects back to these brain
regions. Overall, the RSC receives and projects to a plethora of brain regions and its connectivity
makes it an important area of research. It is considered a hub within many brain regions
(Alexander et al., 2023). In a study, evidence for a reciprocal connection of the excitatory
synaptic activity occurring between the RSC and M2 of mice. In a bigger picture, indicating the
representation of a cellular mechanism for consolidation of information originally from the
subiculum and hippocampus to these areas of the brain as well as associative learning, based on
environmental contexts (Lin et al., 2024). These recent discoveries are important especially
regarding disorders such as PTSD. PACAP could be already expressed in the RSC or transferred
to the RSC through a projection from another brain region. If PACAP is present that could
impact behaviors within the animal, more research still needs to be done.Therefore further
exploration can be done to determine where PACAP is coming from in regards to the RSC. The
RSC is extremely interconnected and PACAP is scattered across the brain so it is challenging to
pin-point the exact connection. This is a limitation within the study since this is novel material it
is difficult to prove if specific circuits involing PACAP are more or less involved within circuits
related to fear processing or PTSD.

The RSC also projects the frontal cortico-basal ganglia circuits which is an important

system in working memory, decision making, and learning with novel stimuli (Monko &



Heilbronner, 2021). The densest projection from the RSC is sent to the dorsomedial striatum
which is a critical part of the circuit previously mentioned that receives excitatory signals.
Additionally, due to the RSC anatomical proximity and connectivity to the medial temporal lobes
the two regions have often been studied together and noted to possess overlaps within the
cortico-basal ganglia loops. However there are differences since the RSC projects to one area
whereas the hippocampus projects to the medial nucleus-accumbens, also involved in the ganglia
tract, but in a different direction that does not align with the RSC, even though both regions have
similar responsibilities (Monko & Heilbronner, 2021). Overall, the RSC projects to areas with a
similar role and therefore if PACAP were present in the RSC, as the PACI receptors are, it may
show an upregulation of PACAP within the activity of the frontal cortico-basal ganglia circuits
implicating anxiety-like behaviors.

In addition to projections, there has been limited research on sex differences in the RSC.
However, one dissertation studied the various neuronal firings and maturity levels that happen in
this region. When the rodents were faced with trace fear conditioning, a type of classical
conditioning, the two sexes had different responses (Yousuf, 2021). The males presented better
trace fear retrieval in early adolescents than females. Males also showed non-linear projection in
the development of trace memories whereas females had a positive linear pattern. The positive
linear trijectory indicates that as time went on the females elicited more fear- like behaviors, such
as freezing, rather than decreasing these responses. As far as maturity within neuronal firing
when males are presented with novel or unexpected stimuli the decreased excitability of neurons
in early-adolescents, mid-adolescents, and adulthood. Females only show reduced excitability in
adulthood within the RSC (Yousuf, 2021). The conclusions determine that male and female

rodents possess different maturity timelines of responding to fear stimuli and processing novel



experience in the RSC. Given that the RSC is important in fear contexts and PTSD, it is
important to investigate these differences since females are affected at a higher rate by anxiety
disorders.

Future directions for this study to determine better treatment strategies could focus on the
sex differences presented in Post Traumatic Stress Disorder (PTSD). As described previously,
exposure to chronic stress is associated with the upregulation of PACAP in various areas of the
brain. In humans the dysregulation of PACAP is observed in PTSD especially in women. Women
are twice as susceptible to PTSD compared to their male counterparts (Ramikie & Ressler,
2016). Therefore, studying the sex differences in the density of PAC1 receptors will help to
determine how neurocircuitry relates to the various potential outcomes, which will be explored in
rodents. Therefore the hypothesis would be that there's a higher number of PAC1 receptors in the
RSC of females compared to males given the research on PACAP predictability factors in

females.
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