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Abstract

Post-Traumatic Stress Disorder is a mental health disorder characterized
by a sex disparity (Friedman et al., 2007). Females are much more likely to
experience PTSD across the life course than males, however, the reasoning for
this difference remains uncertain. Symptoms of PTSD suggest that the ability to
extinguish fear learning may be compromised (Morey et al., 2015), and implicate
regions of the brain involved in this function, including the hippocampal dentate
gyrus (Hayes et al., 2017). Granule cells in this brain region highly express
receptors for pituitary adenylate cyclase activating polypeptide, a neuropeptide
associated with the endocrine and central nervous system’s stress response
(Johnson et al., 2020). Prior work involving the infusion of PACAP into the
dentate gyrus in male rats following fear learning displayed enhanced fear
retention (Johnson, 2019).

The present study extended this research to an all-female animal model,
assessing how retention of contextual fear memories was affected by infusion of
PACAP into the dentate gyrus prior to extinction testing in female rats. Estrous
was also tracked throughout the study to determine if a relationship was present
between persistence of a fear memory and estrous high or low phases among the
animals in the presence of PACAP. Results of this study showed enhanced
freezing behavior and thus enhanced fear memory retention in female rats across
extinction testing, a finding which aligns with the behaviors observed in male rats

under the same conditions. Given the small sample size utilized in the study, no
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correlation could be drawn between estrous and freezing behaviors. This work
will need to be expanded on in future research to further clarify estrus’s role and
whether PACAP in female rats is truly influencing fear memory retention or

increasing fear behaviors in a more general capacity.
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Introduction
PTSD and How it Functions

Post-Traumatic Stress Disorder or PTSD is categorized in the DSM-V as a
trauma and stress disorder wherein following an exposure to a trauma, afflicted
individuals report persistent differences in reactivity, mood, avoidance behaviors,
and intrusive thoughts and memories (American Psychiatric Association, 2017).
Highly common, PTSD, as detailed by the National Institute of Mental Health, has
a lifetime prevalence of 6.8%. While this statistic is striking, perhaps more striking
is the disproportionate degree to which women are affected by this disorder,
diagnosed at approximately double the rate of their male counterparts (Friedman et
al., 2007).

In addition to the psychological burden PTSD poses, the disorder is often
accompanied by other mental health comorbidities and a heavy financial weight as
well (Sareen, 2014). Those afflicted are at a heightened risk for developing other
mental health disorders, most commonly including substance use disorder and
major depression (Sareen, 2014). Furthermore, in a recent study comparing PTSD’s
costliness to that of other mental health disorders, it was estimated that including
healthcare that both directly and indirectly resulted from PTSD, annual per person
costs were between 10,960-18,753 USD, making it difficult to afford long term,
quality care (lvanova et al., 2011). The cost of PTSD coupled with its associated
risks and clear sex differences, display a definitive need for more in depth addressal

of the neurobiological and social origins of the disorder.
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PTSD and Learning: The Role of the Hippocampus

PTSD, from a learning perspective, involves a disruption in contextual fear
learning processes. For those afflicted, fear memories are resistant to extinction and
prone to contextual generalization. Reactivation of a prior fear memory can present
outwardly as difficulty modulating fear response even when situations no longer
present a threat or fearful stimuli. (Lissek & Meurs, 2014). The hippocampus is
largely implicated in the utilization of contextual information in determining fear
responding. Multiple studies assessing the relationship between PTSD and the
hippocampus have indicated that a smaller hippocampal volume is positively

associated with a PTSD diagnosis (Gilbertson et al., 2002).

The Hippocampus: Subregions and Structure

The hippocampus can be divided into various subregions and layers with
distinct structure and function. Across the regions, are the various tissue layers of
the hippocampus which include the external plexiform layer, the stratum orien
layer, the pyramidal cell layer, the stratum radiatum layer and the stratum
lacunosum-moleculare layer (Solomon, 2022). This brain area is largely made up
of pyramidal neurons, a cell type with a characteristic pyramidal cell body and
dendritic branching stemming from the base and tip of said cell body (Solomon,
2022). Broadly, this region is considered essential to the implementation of
“flexible cognition” in response to environmental changes and memory formation

related to environmental cues (Rubin et al., 2014).
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The subregions of the hippocampus, by contrast, are organized into four
cornu ammonis (CA1-CA4), the dentate gyrus, and the subiculum (Solomon,
2022). The CA are labelled 1-4 based on their location in relation to other areas of
the broader structure, with CA1l located nearest to the subiculum (an area
connecting the hippocampus and entorhinal cortex) and CA4 extending into the
hilus of the dentate gyrus (DG), the area of interest in the present study (Wible,

2013).

The Dentate Gyrus: Its Role in the Perforant Pathway and Stress Response

The dentate gyrus, much like the hippocampus of which it is apart, is
comprised of three layers, an outermost, layer with low cell density, a second, dense
layer containing a large number of granule cells, and an innermost layer which is
highly populated with mossy cells (Amaral, Scharfman, & Lavenex, 2007). Much
of the dentate gyrus’s sensory input comes from projections via the entorhinal
cortex, specifically cell layer 1l (Witter, 2007). The dendrites of granule cells are
responsible for receiving entorhinal lateral and medial input and mossy cell fibers
for projecting this input further to the CA3 region of the hippocampus. To complete
the circuit, the CA3 region subsequently projects to the CALl region of the
hippocampus which then projects back to the entorhinal cortex’s fifth cell layer
(Wible, 2013).

Multiple studies have found this projection pathway, known as the perforant
pathway to be linked to contextual memory and learning (Burke et al., 2018). In a

recent study, conducted by Sara Burke and colleagues, it was demonstrated that
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severing perforant pathway fibers unilaterally, impacted rat performance on an
object discrimination task (Burke et al., 2018). Furthermore, recent work has
indicated that rats with DG lesions specifically struggle to recognize context cues
when distinguishing between two contexts with differing odors (Kesner, 2013). In
addition to the contextual role of the dentate gyrus, it appears it may also be a
critical region to the brain’s stress response. Fa and colleagues noted an increase in
long term potentiation induction in the dentate gyrus when exposure to a stressor
that induced memory formation was present (Fa et al., 2014), indicating that the

dentate influences how we process and later recall fearful stimuli.

PACAP and its Receptors in the Context of Stress

While it is likely the perforant pathway and various subregions of the
hippocampus are together driving the linkage noted between PTSD and the
hippocampus, the dentate gyrus is of particular note in this study due to its above
functions and its relationship with pituitary adenylate cyclase activating
polypeptide (PACAP). The dentate gyrus appears to receive a dense input of fibers
containing PACAP. PACARP is a neuropeptide integral to the body’s stress system
due to a variety of its neurobiological effects. After PACAP is released by “stress-
transducing neurons” (Stroth et al., 2011), it spurs a series of neurochemical events
that include activation of the body’s hypothalamic-pituitary-adrenal circuit (HPA)
(King et al., 2017). The HPA circuit is a system which is activated when one is
faced with a physical or emotional stressor. It involves interplay between the body’s

central nervous system and the endocrine system (The HPA Axis, 2016). The
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sympathetic branch of the autonomic nervous system may also be activated in
response to PACAP. This division of the autonomic nervous system is highly
responsive in conditions of stress (Jansen et al., 1995). In addition to the
neurobiological changes which occur as a consequence of PACAP signaling,
behavioral changes are also of note. Anxiety, hyperalgesia (heightened pain
sensitivity), and changes in fear retention are all examples of these effects (King et
al., 2017).

There are 3 g-protein coupled receptors that PACAP binds to, PAC1,
VPAC1, and VPAC2. While VPAC1 and VPAC2 bind both PACAP and
vasointestinal peptide (VIP), PACL is unique in that it only binds to PACAP. PAC1
receptors can come in many isoforms and are highly expressed in the dentate gyrus
among both males and females (Johnson et al., 2020). Furthermore, Greg Johnson
of the Hammack and May labs measured the effects of PACAP and VIP on
excitability in dentate gyrus neurons. While excitement was elicited by PACAP,
the same degree of excitement was not mimicked by VIP, suggesting excitation was

likely due to PAC1 receptors as opposed to VPAC receptors (Johnson et al., 2020).

Informing Research: PACAP infusion and its Influence on Fear Retention

In 2019, the Hammack and May labs investigated the relationship between
PACAP injection in the dentate gyrus and fear extinction processes in a rat
population. Researchers exposed rats to a simple contextual classical conditioning
experiment wherein they were placed in a shock chamber and administered a shock,

which acted as the unconditioned stimulus for freezing behavior. Following this
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learning, PACAP was injected into the dentate gyrus of each rat. After injection,
the fear extinction process was measured via re-exposure to the fear context and
conceptualized as the amount of freezing behavior engaged in by the animal.
Evidence suggested that injection of PACAP consistently facilitated excitation of
dentate gyrus neurons and also enhanced the retention of a fear memory (Johnson,
2019). While significant, the work was conducted solely in male rats, and it is

unknown whether the same effect will be observed in females.

The Functions of Estrogen and Sex Differences in the Diagnosis of PTSD

Female rats were selected for this study due to the disparity in diagnosis of
PTSD between men and women. This is of particular note because despite
differences in the types of traumas experienced, the overall likelihood of
experiencing trauma in one’s lifetime is similar independent of gender (Friedman
etal., 2007). From a neurobiological standpoint, studying fear retention differences
in female rats is essential as well. Estrogen, a primary female sex hormone, has
been shown to have DNA regulating effects (King et al. 2017). Relevantly to this
study, the PAC-1 receptor can display gene variation in females (King et al., 2017).
Furthermore, recent work has shown PTSD symptoms to be positively correlated
with PACAP blood levels in females. This same association was not denoted in
males, indicating how PACAP may differentially function among the two sexes

(Ressler et al., 2011).
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The Present Study

Our current, behavioral study assessed the relationship between dentate
gyrus infusion of PACAP and fear memory retention in a female rat population.
Continuing the research of the Hammack and May labs conducted in 2020, PACAP
was injected into the hippocampal dentate gyrus prior to extinction exposure in our
female animals and freezing behavior was measured. Given the DNA-regulating
properties of estrous and the differential experience of PTSD among women,
estrous was tracked for a duration of this study to measure any potential effect of
estrous stage on freezing behavior. In investigation of the receival of PACAP in the
dentate gyrus by female rats who undergo a fear acquisition process, we
hypothesized that female rats would show greater fear memory retention in the
presence of PACAP, akin to their male counterparts and additionally, that variation
in fear memory retention might occur in line with estrous stage. A primary
alternative hypothesis for this experiment was that no significant difference in
memory retention would be observed between PACAP and non-PACAP female
animals. This result would suggest that the difference in propensity toward PTSD
in women is likely not driven by the interaction between PACAP in the dentate
gyrus and estrogens, but by other factors that require alternative and deeper
investigation. While this study is not sufficiently powered to determine that results

are significant, future studies may be informed by this work.
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Materials and Methods

Animal Subjects

A cohort of 8 female rats of the Sprague-Dawley strain, aged 88 days upon
use, were supplied from Charles River for this study. After arrival, the rats were
placed in a colony room with a light cycle on from 7am to 7pm, and a consistent
temperature of 74 degrees F. Each rat was singly housed and provided free access
to food and water ad libitum. Estrous was also tracked among this group of animals
as described below. All of the housing and rat care procedures utilized in this study
were approved by the University of Vermont’s Institutional Animal Care and Use

Committee (IACUC).

Cannulation Surgery and Post-Operative Procedures

A cannulating surgery was performed on each of the rats following a 7-day
period of habituation. Prior to the procedure, the rats’ heads were shaved and
cleansed using povidone-iodine and alcohol. The animals were then secured in a
stereotaxic device using an ear bar to provide stabilization during surgery where
they were administered 2-3% isoflurane in oxygen via nose cone. Once secured, an
incision was made along the scalp of the rat to prepare the drill site area. To reach
the intended brain region (the dentate gyrus), a stereotactic device was set at 10-
degree angle at the coordinates -3.5 A/P, +1.9 M/L, -3.5 D/V from Bregma. After

setting these coordinates, an electric surgical drill was used to drill cannula holes.
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Drilling was stopped as soon as the animal’s dura came into view and the cannula
were subsequently inserted. To assure the cannula were protected, headcaps
equipped with dummy cannula were fastened onto the rats’ skulls using bone
cement. Post procedure, the rats were weighed and provided an analgesic (SC,
carprofen 150 mg/kg). Analgesic was administered the day following surgery as
well if pain was indicated by the rats’ behavior (arched back, decreased appetite,
weight loss, or decreased grooming as demonstrated by rough coat).

48 hours post operation, daily handling and weighing of the animals for a
7-day period occurred. Weight was recorded in kilograms and assessed by placing
rats in a small container on a zeroed scale. Handling involved swaddling the rats in
a sterile towel and sitting with each of them individually for a 3-5-minute period.
The cannulation operation and post-op procedures selected for this study follow the

lab protocol utilized in the Hammack and May laboratories.

Behavioral Testing: Fear Acquisition and Extinction

The female rats underwent two distinct phases of behavioral testing: a
contextual fear acquisition phase and a fear extinction phase. In the fear acquisition
portion of the experiment, each of the rats were individually placed in a
conditioning chamber. The chamber’s dimensions were, in terms of length, width
and height, 50 x 50 x 40 cm. Once in this chamber, each rat was left to habituate
for 2 minutes prior to a shock cycle. The shock cycle was comprised of 4 shocks of
1 mA, in which fear was conditioned to contextual stimuli associated with the

chamber. Each shock lasted 2 seconds with a 1-minute interval between them.
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Following the final shock, the rats were left in the conditioning chamber one more
minute before removal. In total, the rats spent 5 minutes in the conditioning
chamber. The extinction phase of the experiment occurred one week after the
acquisition phase. In the extinction phase, the rats were divided into a control group
and an experimental group for infusion. The control group (rats 1,2,3 and 4)
received an infusion of 0.01% bovine serum albumin (BSA) vehicle while the
experimental group (rats 5,6,7 and 8) received an infusion of PACAP38 (1 pg/ul in
0.01% BSA). Both of these infusions occurred across a 1-minute period via the
cannula placed in the dentate gyrus. Rats were gently restrained with a towel during
this process. 3 to 4 minutes following infusion, each rat was returned to the
conditioning chamber for a duration of 15 minutes wherein no shocks were
administered. During acquisition and extinction testing, only two of the labs four
conditioning chambers were in use. The rats were placed in either conditioning
chamber 1 (rats 1,3, 5, and 7) or conditioning chamber 4 (rats 2, 4, 6 and 8) for both
phases of the experiment to maintain contextual continuity. In addition, the rats
were each filmed during their time in the chambers utilizing a webcam. Between
each animal, the chambers were wiped down with 70% ethyl alcohol to minimize
scent cues.

Freezing behavior during fear acquisition and extinction was scored under
the following specific criteria. Cumulative freezing behavior was measured in
seconds and only periods lasting longer than 1 second, where no movement was
present, were counted. Periods where rats were very still but still sniffing or

twitching in any manner were excluded from our count. Coding for freezing was
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blinded to assure that the rat’s condition was unknown. The behavioral testing
protocol and coding procedure used for this study is in concordance with the

protocol outlined by Greg Johnson and colleagues in their study (Johnson, 2019).

Estrous Tracking

Estrous levels of the 8 rats were tracked across a period of 7 days, starting
the day of fear acquisition training and ending the day of extinction testing. The
rats were swabbed at 12:00 pm each day to remain consistent for later tracking and
analysis of estrous stage. The swabbing was performed by inserting a Q-tip into the
vaginal canal of rats and gently rotating it in a circle to collect cells. After swabbing,
the collected cells were wiped onto slides for preservation. To analyze the collected
cells, the slides were placed under a light microscope and categorized into one of
the 4 stages of the rat’s cycle (proestrus, estrous, metestrus, and diestrus) based on
the cell types present. To make these distinctions, the slides were compared to an
image of crystal violet-stained smear samples from a 2012 study on vaginal

cytology in mice (McLean et al., 2012)

Tissue Verification

After extinction testing, the rats were euthanized and transcardially perfused
in order to preserve brain tissue. To assess whether cannula were placed correctly
in relation to the dentate gyrus, the brains were frozen in optimal cutting

temperature compound (OCT) in a cryostat and subsequently sliced in 50-micron
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thin sheets. Cut tissue from the dentate region and areas with evidence of cannula
tracks were saved and later mounted onto slides to be verified via microscope.
Results

Acquisition, extinction, weight, and estrous phase data for the animals were
graphed utilizing computer program Prism. The weight data recorded displays that
all animals gained weight fairly consistently throughout this experiment (Figure 3).
Of note, PACAP animals did appear to lose weight the day following extinction
testing (Figure 3). Estrous was graphed by phase during extinction testing,
however, no significant conclusions could be drawn (Figure 4). A two-way
ANOVA was run on acquisition and extinction testing data to assess the effect of
time on freezing behaviors among both vehicle and PACAP animals, the effect of
infusate group (vehicle or PACAP) on freezing behaviors, and the effect of both
infusate group and time together on freezing behaviors. There was a significant
main effect in freezing across time for both control and experimental groups of
animals F(14,75)=18.33, P<0.0001.Rats froze less across time, consistent with fear
extinction (Figure 2). There was also a main effect of infusate type, regardless of
time, with PACAP animals freezing more overall across the period than vehicle
animals F(1,75)=8.598, P=0.0045 (Figure 2). No significant interaction effect was
observed between infusate type and time F(14, 75)=1.253, P=0.2569 (Figure 2).
Hence, DG PACARP reliably enhanced freezing across all phases of extinction in

female rats.

Figure 1: Percent time freezing among both PACAP and vehicle rats during the acquisition phase has been

graphed against the binned variable of time. The infusate group of each animal is denoted in the key beside
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the figure. Throughout time in the conditioning chamber, percent time freezing is increasing at fairly equal

rates in both infusate groups.
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Figure 2: Percent time freezing among both PACAP and vehicle animals during extinction phase has been
graphed against the binned variable of time. PACAP animals, as denoted by the key to the right of the figure,
are freezing a greater percentage of the time. Both animals display decreased retention as time is passing in

the conditioning chamber.
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Figure 3: Weight data is tracked in the figure below against the variable of day. Rats were weighed the 5 days

following cannulation surgery, the day of acquisition testing, the day of extinction testing, and the day
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following extinction testing. An increase in weight from initial measurement can be noted in all of the animals.

As denoted by key, PACAP infused animals appear to show a drop in weight the day after infusion.
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Figure 4: Estrous phase is graphed against the binned variable of time during extinction testing in this figure.

Estrous phase type (proestrus, estrous, metestrus, or diestrus) is denoted in the key below. Multiple phases

are represented among the various animals, however no clear pattern is evident.
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Discussion and Future Directions

Interpreting the Results

In female rats, the results of this study demonstrated significant evidence of
extinction, a decreased fear response across time when animals were re-exposed to
a fear inducing, contextually specific environment (Figure 2). This finding was
evident among all animals, regardless of group. Our statistical analysis also
revealed a significant relationship between DG PACAP and freezing behaviors. DG
PACAP animals froze for a greater percentage of their time in the conditioning
chamber during extinction than did their vehicle counterparts. Their heightened
freezing, however, did not appear to correlate significantly with time, and no
interaction was observed between PACAP across time during extinction (Figure 2).

Our results illustrate that the effects of DG PACAP in females were
consistent with those previously reported in male rats. While Johnson and
colleagues found similar effects of fear retention when PACAP was infused into
the hippocampal dentate gyrus of male rats prior to extinction, they did not find
effects of PACAP when delivered prior to the acquisition phase of contextual fear
conditioning. Our follow-up study, by contrast, only investigated the effects of DG
PACAP infusion before extinction, and it is unclear whether DG PACAP would
change fear acquisition in females. In the Johnson et al., 2019 study, the results
were interpreted to mean that PACAP’s influence on contextual fear memory was
related to retrieval as opposed to consolidation (Johnson, 2019). Moreover, in
males, DG PACAP infusion did not enhance freezing during acquisition,

suggesting that the effects of DG PACAP are not likely due to a general increase in
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freezing. Our data in females show comparable effects to males; therefore, it seems
unlikely that the effects of DG PACAP in females are due to a general enhancement
in freezing behaviors; however, we acknowledge that these processes may differ in
females, and follow-up studies should be conducted to demonstrate that DG
PACAP does not produce a general, non-associative enhancement in freezing

behaviors.

While estrous phase was distributed somewhat evenly among the animals
during extinction, no clear relationship could be drawn between phase data and time
spent freezing by the animals. While these data may seem inconsistent with our
hypothesis that freezing behaviors during extinction might vary in relation to
estrous stage, we were underpowered to make conclusions around this issue.
Previous research has suggested that PACAP’s effects may be more potent when
female rats are in an estrous high phase (proestrus) in other brain regions, namely,
the bed nucleus of the stria terminalis (King, Brumbaugh, Hammack, & May,
unpublished). In addition, gene variation in the PAC-1 receptor appears to be in
part regulated by estrogens and is associated with activity in the hippocampus in
context-specific fear conditioning (Pohlack et al., 2015). Given the documented
evidence for a PACAP-estrous connection, a similar study with a much larger
sample size could provide more information as to the behavioral impacts of PACAP

across the estrous cycle in a fear-inducing context.

Limitations
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In this study, we were highly limited by group size. This issue was further
exacerbated by the death of one of the vehicle animals prior to extinction testing
via loss of bone cap, leaving us with only 3 animals in our control group and 4 in
our experimental. Due to this small sample size, this study is underpowered to make
conclusions beyond the main effects observed.

Cannula placement verifications also posed a limitation to this study. We
were unable to verify two of our vehicle animals given the tissue slices collected
for analysis were anterior to the DG brain region. Considering the homogeneity of
cannula placement in our other animals, however, it is likely that these animals also
were infused in the desired location. Furthermore, prior research by the Hammack
and May labs has suggested that vehicle infusion does not impact fear response.
For vehicle animals, the presence of cannula is a much more necessary control than
infusing directly into the dentate gyrus is.

Our difficulty making any conclusions regarding estrous stage was
influenced by inexperience distinguishing between the various estrous phases. In
addition, there was low cell density present on many of the slides analyzed. This
lack of cells was likely driven by insufficient swab samples on some of the days
that estrous was measured. In future research, swab samples should be checked
daily via microscope to assess whether they are sufficient or need to be retaken.
Conclusion

Addressing the broad scale issue of women’s enhanced vulnerability to
PTSD, involves an analysis of the neural mechanisms that may underlie the disorder

(Goldstein et al., 2010). The study presented in this paper is just one small step in
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that complicated process. Our data displays a definitive similarity between freezing
behaviors in female and male rats during extinction testing when PACAP is
administered in the DG, however, it is unclear what this similarity means in the
broader context of PTSD and our understanding of sex differences in propensity for
disorder. Continuation of research in this field is necessary to better serving the
PTSD community in identification, diagnosis, and treatment of the disorder. By
building on the current body of research, a clearer model of PTSD will be elucidated

and so too a clearer road map to relieving the burden it poses to so many.
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