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ABSTRACT
EFFECTS OF THE 5-HT2a RECEPTOR INVERSE-AGONIST PIMAVANSERIN ON
A RODENT MODEL OF POST-TRAUMATIC STRESS DISORDER

Joseph R. Campbell
University of Houston-Clear Lake, 2019

Thesis Chair: David H. Malin, Ph.D.
Committee Member: Christopher P. Ward, Ph.D.

Post-Traumatic Stress Disorder (PTSD) is a chronic and debilitating
psychological disorder that manifests in individuals that are witness to or directly
exposed to intense life-threatening situations. Exposure to such events can result in a
cluster of symptoms that include intrusive memories, avoidance, persistent anxiety, and
hyper-reactivity. While PTSD in returning veterans bought this disorder to public
attention, it is widespread in the civilian population, with a majority of cases reported in
females. The most common pharmacological treatments for PTSD and related anxiety
disorders are the class of drugs known as Selective Serotonin Reuptake Inhibitors
(SSRIs). However, many individuals diagnosed with PTSD are resistant to such
treatments, and some patients experience aversive side effects. To remedy this problem
more selective therapeutic approaches are required.

The neurobiological correlates related to PTSD appear to be quite complex.

However, the up-regulation and activation of the Serotonin 2A Receptor sub-type (5-
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HT24R) is implicated in the formation, maintenance and symptoms of PTSD. Our
research group developed a rodent model of PTSD in female Lewis rats, utilizing chronic
isolation in conjunction with acute episodes of restraint stress and predator threat as the
stressors. The current experiment set out to test the hypotheses that our rodent model of
PTSD would increase the expression of several PTSD-like behaviors, as assessed on the
Elevated Plus Maze (EPM), Conditioned Place Aversion Test (CPA), Acoustic Startle
Response Test (ACSR) and Open Field Test. In addition, we wanted to determine
whether a 1mg/kg injection of Pimavanserin, a selective 5-HT2a serotonin receptor
inverse agonist, could attenuate the behavioral symptoms resulting from our PTSD
model.

Findings from our experiments suggested that our model was able to produce
several robust phenotypes resembling PTSD. Additionally, Pimavanserin-treated animals
demonstrated greatly reduced PTSD-like behaviors, further suggesting that 5-HT2aR

plays a role in the expression of several characteristics of PTSD.
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CHAPTER I:
BACKGROUND

The Clinical Disorder of PTSD
Definition and Principle Features

Post-traumatic stress disorder (PTSD) is a serious and persistent condition that may arise
when an individual is exposed to severely traumatic or life-threatening situations. According to
the Diagnostic and Statistical Manual of Mental Disorders (DSM-V), the traumatic event must
involve exposure to actual or threatened death, serious injury or sexual violence. In this context,
exposure is narrowly defined as directly experiencing or witnessing the traumatic event or
learning that a trauma has occurred to a relative or close friend. In addition, PTSD may also be
the result of repeated exposure to aversive details of a traumatic event (DSM-V, 2013). Under
this definition of exposure, the DSM-V explicitly omits the perceived exposure to traumas via
television, movies, pictures, or electronic mediums. The choice to limit the definition of is likely
because these modes of exposure might create a construct too broad to be useful (DSM-V, 2013;
Lancaster, Teeters, Gros & Back, 2016).

Individuals who develop PTSD respond to a traumatic experience with intense fear,
helplessness or horror. In addition to a history of trauma, patients deal with a chronic
pathopsychological profile defined by a cluster of distressing symptoms. Patients contend with
distress brought on by repeatedly reliving their trauma through intrusive, flashback memories
(Speckens, Ehlers, Hackmann & Clark, 2006; Solomon & Mikulincer, 2007; Ehlers et al., 2010).
The intrusive flashback memories are frequently precipitated by the presence of cues associated
with the traumatic event. Therefore, PTSD patients often strongly avoid stimuli such as places,
people, thoughts, or activities associated with the trauma (Solomon & Mikulincer, 2007).
However, in many cases, stimuli may generalize beyond just the trauma-associated cues, so that
individuals perceive threatening or fearful stimuli in contexts that were previously neutral

(Mahan & Ressler, 2011; Homberg, 2012; VanElzakker et. al, 2014). PTSD patients also
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develop several additional debilitating symptoms, including persistent anxiety, exaggerated
startle response, cognitive impairments, diminished extinction of conditioned fear, sleep
disturbances, hyperarousal, and feelings of depersonalization and unreality (Brewin et al., 2000;
DSM-V, 2013; Zoladz & Diamond, 2013). Furthermore, because individuals with PTSD re-
experience their traumas and actively avoid memory triggers of the event, symptoms of the
disorder come to negatively affect their everyday functioning (Solomon & Mikulincer, 2007;
Schnurr & Lunney, 2008).

Epidemiology. Exposure to a traumatic experience is not uncommon. Estimates suggest
that around 90% of the general population reports exposure to at least one or more traumatic
events within their lifetime. The most commonly reported negative experiences include sexual
or physical assault, war-related events, vehicle accidents, or traumas related to natural disasters
(Kilpatrick, et al. 2013). Several reports claim that anxiety disorders and PTSD are some of the
most pervasive and prevalent psychiatric maladies among the general population (Kessler, Chiu,
Demler, & Walters, 2005; Kessler et al., 2012).

Many individuals who experience a traumatic event will present with severely acute
stress reactions such as hyper-reactivity, problems with memory and cognition, and/or mood and
sleep disturbances for days or weeks after exposure to trauma. However, studies have suggested
that these are normal responses to such situations and will typically resolve on their own with
time (Santiago et al., 2013). Nevertheless, up to 30% of individuals impacted by trauma-related
events will continue to experience the constellation of symptoms for greater than one month,
thus meeting the criteria for a PTSD diagnosis (Breslau, Davis, Andreski & Peterson, 1991;
Kilpatrick, et al. 2013). National prevalence rates suggest that around 8.3% of Americans are
affected within a lifetime, with women being twice as likely as men to be impacted by the
disorder (DSM-V, 2013; Kilpatrick, et.al. 2013). Furthermore, reports suggest that up to 50% of
individuals diagnosed with PTSD will continue to meet diagnostic criteria after 3years

(Perkonigg, Kessler, Storz, & Wittchen, 2000).



Risk factors. Several studies have investigated the risk factors associated with PTSD.
One major risk factor is a history of trauma-related incidences. Modeling this history as a type
of dose-response relationship suggests that, as the number of traumatic exposures increases, the
likelihood of PTSD also increases (Kilpatrick, et al. 2013). Similarly, the duration and intensity
of the exposures are linked to the severity of PTSD symptoms (Dohrenwend et al., 2006; Zoladz
& Diamond, 2013). Numerous other pre- and post-trauma risk factors are also implicated in the
development of PTSD. These include female gender and social, intellectual, and educational
disadvantages. Additionally, individual characteristics such as negative emotional attentional
bias, anxiety sensitivity and a family history of psychopathology have been associated with the
development of PTSD (Brewin et al., 2000; Schmidt, Kaltwasser & Wotjak, C. T. 2013; Sareen,
2014). Lastly, genetic and epigenetic factors linked to cortisol regulation and several
neurotransmitter systems have been implicated in contributing to the expression of PTSD
(Mellman et. al., 2009; Sarapas et. al., 2011; Castro-Vale et al., 2016; Lueken et. al., 2016;
Sabban et al., 2018).

Biological and Neurological Correlates of PTSD

As previously suggested, PTSD stems from a complex etiology. Many lines of evidence
suggest multiple neuroanatomical structures and systems may become altered as a result of
experiencing trauma. Much of the current research has focused on the systems that regulate
stress response, such as the sympathetic nervous system (SNS) and the hypothalamic-pituitary-
adrenal (HPA) axis, as well as pathways related to emotional learning and memory. Leading
theories suggest that trauma induces acute activation of the stress response systems. This, in
turn, increases the induction of aberrant conditioned fear, while impairing fear extinction. This
may occur through known interactions of stress response mechanisms with limbic structures and
systems that mediate emotional memories (Fuchs, Flugge & Czeh, 2006; Tronel & Alberini,
2007; Mitra, Ademec &Sapolsky, 2009; Morrissey, Mathews & McCormick, 2011; Wilson,
Ebenezer, McLaughlin & Fancis, 2014; Sabban et al., 2018). Unabated, the emotional memory

centers produce signals that lead back to the activation of the stress response system. Thus, it is
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believed that dysregulation in these two systems can influence one another in a circular manner.
This may mediate the persistent expression of symptoms such as avoidance, hyper-reactivity and
persistent anxiety (Mahan & Ressler, 2011; Morrissey, Mathews & McCormick, 2011,
Finsterwald & Alberini, 2014).

Sympathetic Nervous System and the Hypothalamic-Pituitary-Adrenal (HPA) Axis

The sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenal (HPA)-axis
are comprised of several neuronal and neuroendocrine structures that conjointly regulate the
body’s response to stress. Though SNS arousal is immediate, the HPA-axis effects are slower-
acting but longer lasting as it is the primary neuroendocrine component of the stress response
system (Hill, 2013). When a stressful stimulus is present, information is taken in from various
sensory modalities and processed through the amygdala, a region of the brain known for
processing fear-inducing stimuli. Projections from the amygdala send signals to the lateral
hypothalamus, which then rapidly innervate the sympathomedullary pathway (SAM). Through
the SAM pathway, the SNS stimulates the adrenal medulla to release epinephrine (EPI) and
norepinephrine (NE) into the bloodstream. This generates a cascade of biological changes that
engage the body’s fight or flight response (Hill, 2013; Bear, Connors & Paradiso, 2016).

In synchronous fashion, the amygdala also sends excitatory signals to the paraventricular
nucleus of the hypothalamus (PVN). Corticotrophin-releasing factor (CRF) is then released into
the hypophyseal portal, a micro-vascular circulation system, which mediates the interaction
between the hypothalamus and the anterior pituitary (Gross et al., 1993). In turn, CRF stimulates
the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary into the systemic
circulation. ACTH then provokes the secretion of glucocorticoids, primarily cortisol (in humans)
or corticosterone (in rodents), produced by the zona fasciculata of the adrenal cortex (Herman et
al., 2016). Upon release, these hormones travel through the bloodstream and interact with
systems that modulate energy redistribution and memory formation (Hill, 2013; Finsterwald,

Steinmetz, Travaglia, & Alberini, 2015). In addition, stimulation of glucocorticoid receptors



located in the hippocampus leads to negative feedback inhibition of the HPA-axis, preventing the
subsequent release of glucocorticoids (de Kloet et al., 2005; Bear, Connors & Paradiso, 2016).

Several lines of research have demonstrated that individuals diagnosed with PTSD
exhibit several abnormalities in these systems. With regards to the SNS, a study performed by
Southwick et al. (1999) examined the effects of yohimbine in healthy controls and patients with
PTSD. In healthy controls, administration of yohimbine leads to a pleasurable affect. This is
because yohimbine is an a2 adrenergic receptor antagonist. Antagonizing the o2 receptor
increases the release of NE, which can produce a pleasurable stimulating effect. However,
PTSD patients exhibited flashbacks, anxiety and increased sympathetic arousal. This suggests
that NE may already be heightened in PTSD patients or that they are more sensitive to the
release of NE. Either explanation suggests dysregulation in the SNS and may explain the
exaggerated SNS related symptoms exhibited by those afflicted with PTSD (Zoladz & Diamon,
2013). Moreover, corroborating evidence for the systemic elevation of NE has been found.
Geracioti et al. (2001) investigated the concentration levels of NE in the cerebrospinal fluid of
PTSD patients compared to healthy controls. The results suggested that not only were NE levels
higher in PTSD patients but those levels in PTSD patients were also correlated with the severity
of symptoms.

Most of the research suggests that disruption in the HPA-axis is preceded by abnormally
low basal levels of cortisol in PTSD patients (Yehuda, 2009). This could suggest adrenal
insufficiency. However, this notion is countered by evidence that shows that PTSD patients
exhibit a highly reactive HPA-axis response when anticipating stressful stimuli or when
confronted with acute laboratory stressors (Zoladz & Diamond, 2016). Therefore, an alternative
explanation for the reduced basal levels of cortisol holds that there is disruption in the HPA-axis
leading to exaggerated negative feedback inhibition (Schoner et al., 2017). This enhanced
feedback inhibition could be due to preexisting gene mutations or trauma-induced epigenetic
changes producing increased expression of glucocorticoid receptors and/or receptor

hypersensitivity (Yehuda, 2009; Castro-Vale et al., 2016). Evidence for these hypotheses is
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found in studies that administered the synthetic glucocorticoid dexamethasone which lead to
enhanced suppression of ACTH and cortisol release (Zoladz, Fleshner & Diamond, 2012). In
addition to the sympathetic and autonomic dysregulation to the body's stress response
accompanying PTSD, memory circuitry and other brain regions can be similarly affected (Sherin
& Nemeroff, 2011).

Emotional Learning and Memory

A major symptom experienced by individuals diagnosed with PTSD involves reliving
their trauma through intrusive, flashback memories which precipitate feelings of fear. Moreover,
these feelings of fear may also generalize to other stimuli that were once considered safe, leading
to the manifestation of avoidance behaviors, feelings of anxiety and hyperarousal, suggesting
that fear is atypically regulated in PTSD (Mahan & Ressler, 2012). Experimentally, fear
conditioning and extinction are ways to study the process by which individuals may develop
PTSD. This is because conditioning and extinction easily lend themselves to studying how
people or animals learn to predict dangerous, fearful or safe stimuli in the environment
(Goswami, Rodriguez-Sierra, Cascardi, & Paré, 2013). The brain regions implicated in the
processing and subsequent dysfunction of fear conditioning and extinction are the amygdala,
hippocampus and prefrontal cortex (PFC). In addition to their regulation of neuroendocrine
function, they are also associated with learning and memory and likely play a further role in the
development and maintenance of PTSD (Blanchard et al., 2001; Mahan & Ressler, 2012; Parsons
& Ressler, 2013; Goswami, Rodriguez-Sierra, Cascardi, & Paré, 2013; VanElzakker et al.,
2014).

The role of the amygdala, as previously mentioned, is involved in processing fearful
stimuli. It serves this function in part by modulating fear learning and the expression of anxiety
(Mahan, Kerry & Ressler, 2012). This functional relationship is demonstrated in case studies in
which there was a loss of function in the amygdala which produced reductions in fear learning
and the ability to express fear in the presence of fearful stimuli (Feinstein et al., 2013).

However, neuroanatomical animal studies have observed amygdala hypertrophy, or enlargement,
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by means of increased dendritic spine densities in response to traumatic stress (Fuchs,Flugge &
Czeh, 2006; Mitra, Adamec & Sapolsky, 2009). This suggests that the resultant changes in
plasticity to this area of the brain may enhance the perception of fear in humans. Indeed,
evidence for this conjecture is found in functional neuroimaging studies, which show patients
with PTSD exhibit hyper-activation within the basolateral amygdala (BLA) in response to
stimuli associated with trauma (Etkin & Wagner, 2007).

Though the hyperactivation found in the amygdala is in part due to aberrant synaptic
connections, the PFC and the hippocampus also play a role in modulating its activity. With
regards to the PFC, projections from the PFC feed into the amygdala and provide top-down
control of its activation (Mahan & Ressler, 2012). In addition, the PFC is implicated in the
process of fear leaning extinction through its modulatory effects on the amygdala. However, in
patients with PTSD, there is marked volume loss compared to healthy individuals, which is
believed to be a result of glucocorticoid-induced hypotrophy (Etkin & Wagner, 2007; Sherin &
Nemeroff, 2011). This, in turn, expresses itself as hypofunctioning of this brain region in fMRI
studies, which suggests a diminished capacity to exert its inhibitory influence on amygdala
activation (Etkin & Wagner, 2007; Mahan & Ressler, 2012; Parsons & Ressler, 2013). Given
the PFC involvement in extinction, its hypofunctioning alludes to a possible reason why
individuals with PTSD exhibit extinction deficits toward stimuli related to the trauma (Goswami,
Rodriguez-Sierra, Cascardi, & Paré, 2013).

Finally, the hippocampus is a region of the brain associated with regulating stress
response systems but is also implicated in declarative memory and contextual fear conditioning
(Mahan & Ressler, 2012; Parsons & Ressler, 2013; VanElzakker et al., 2014). In patients with
PTSD, similar to the PFC, the hippocampus is also smaller in volume and demonstrates a
reduction in activity levels (Etkin & Wagner, 2007; Sherin & Nemeroff, 2011). These
abnormalities are likely due to increased exposure to glucocorticoids which have been shown to
reduce the length of apical dendrites and stunt dendritic arborization (Fuchs, Flugge & Czeh,

2006; Finsterwald & Alberini, 2014). Due to the deficits in dorsal hippocampal functioning, the
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stress response system is prone to becoming active and is unable to initiate the negative feedback
inhibition loop, leading to further hypotrophy. Furthermore, in PTSD patients, hippocampal
dysfunction may impair its normal role in fear extinction and in its ability to discriminate safe
from dangerous contexts (Goswami, Rodriguez-Sierra, Cascardi, & Paré, 2013). It is possible
that theses deficits lead to overgeneralized and prolonged fear. This might be reflected in the
symptoms of intrusive memories, avoidance behaviors, in addition to feelings of anxiety and
hyperarousal.

The Serotonergic System

Essential to the function of the systems described above is the role that neurotransmitters
play in regulating their activity. Serotonin, or 5-hydroxytryptamine (5-HT), is one such
neurotransmitter. Serotonin is produced and distributed through a diffuse modulatory system
originating from cells located in the raphe nuclei, two structures that lie bilateral to the midline
of the brain stem (Bear, Connors & Paradiso, 2016). From this domain, many efferent
projections lead to brain regions including the prefrontal cortex (PFC), amygdala, hippocampus,
and hypothalamus (Stam, 2007; Xiang et al., 2017). Due to its vast connections, serotonin has
been found to influence learning, arousal, anxiety, fear, neuroendocrine function and the
regulation of mood, all of which seem to be augmented in patients with PTSD (Sherin &
Nemeroff, 2011; Homberg, 2012; Wilson, Ebenezer, Mclaughlin & Fancis, 2014).

Many studies investigating biological risk factors for PTSD have implicated genes that
affect 5-HT neurotransmission. For example, polymorphisms in genes associated with the
serotonin transporter protein (5-HTT) have been identified (Adamec, Holmes & Blundell, 2008;
Mellman et. al., 2009; Borghans & Homberg, 2015). Specifically, short allele variants of the
polymorphic promoter region of 5-HTT (SHTTPLPR) have been associated with a global
reduction in 5-HTT. As 5-HTT is the mechanism by which serotonin is removed from synapses,
functional loss of the protein has been found to decrease 5-HT re-uptake (Adamec, Holmes &
Blundell, 2008; Mellman et. al., 2009). Individuals with this genetic disposition appear to be

more susceptible to stress reactions and exhibit trait anxiety. This may reflect reductions in 5-
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HTT expression in emotional regulatory centers of the brain such as the PFC and amygdala
(Adamec, Holmes & Blundell, 2008). Furthermore, a link between the SHTTPLPR and
increased amygdala activity has been observed in fMRI studies (Mellman et. al., 2009).

Despite the links between 5-HT neurotransmission and PTSD, the exact role of 5-HT in
this disorder is not fully understood. This is because the effects of 5-HT on stress and affective
responses are widely dependent on the intensity of stress exposure, which brain regions are
innervated by 5-HT, and the receptor subtypes through which 5-HT functions (Sherin &
Nemeroff, 2011). Sixteen different 5-HT receptors have been identified in the brain. These are
further subdivided into seven distinct classes, 5-HT; through 5-HT7 (Homberg, 2012; Murnane,
2019). Due to the vast number of receptors, attempts at identifying the exact function of
individual receptors has been quite difficult.

Nevertheless, the 5-HT, family of receptors (comprised of 5-HT2a282c) as well as the 5-
HT1a receptor have been implicated in the regulation of stress and anxiety responses in rodent
studies (Graeff, Guimarées, De Andrade, & Deakin, 1996; Adamec, Bartoszyk, & Burton, 2004;
Adamec, Creamer, Bartoszyk & Burton, 2004; Weisstaub et al., 2006; Adamec, Holmes &
Blundell, 2008; Jiang et al, 2011). Findings from these studies suggest that activation of 5-
HT. receptors in the amygdala, prefrontal cortex and hippocampus induces an anxiogenic
response. Conversely, activation of 5-HT1a receptors has been demonstrated to have an
anxiolytic effect (Sherin & Nemeroff, 2011; Xiang et al., 2017). Additionally, activating the 5-
HT1a receptor has been found to suppress associative learning in fear conditioning paradigms
and facilitate fear extinction (Homberg, 2012). Furthermore, increased expression of the 5-HT>
receptor family and down-regulation of 5-HT1a receptors in the emotion regulation centers have
been observed in rodents exposed to chronic stress (Adamec, Holmes & Blundell, 2008; Sherin
& Nemeroff, 2011). Taken together, dysregulation of 5-HT neurotransmission may lead to
altered expression levels of the 5-HT receptors. This, in turn, may modulate the corticolimbic

circuity’s response to stress. Additionally, this may facilitate plastic changes that increase the



salience of traumatic memories and may account for the generalized fear responses in PTSD
patients (Adamec, Holmes & Blundell, 2008).

5-HT2a receptor. The 5-HT2areceptor has garnered much attention in PTSD research
as it is highly expressed in the prefrontal cortex and limbic regions of the brain, such as the
amygdala and the hippocampus (Weisstaub et al., 2006). Furthermore, expression levels of 5-
HT2a have been found to be affected by stress (Murnane, 2019). The 5-HT2a receptor has been
directly and indirectly implicated in modulating emotional memory, as well as mediating anxiety
and defensive responses (Graeff, Guimaraes, De Andrade, & Deakin, 1996; Weisstaub et al.,
2006; Homberg, 2012; Aznar & Klein, 2013; Murnane, 2019). Many PTSD patients present
with dissociative symptoms that might be under the control of the same mechanisms implicated
in other psychiatric conditions, such as schizophrenia, which has known associations with the
expression of the 5-HT.a gene (Mestre, Zurowski & Fox, 2013).

The 5-HT2a receptor was first discovered and identified as the main target for
psychedelic drugs such as psilocybin, mescaline and lysergic acid diethylamide (LSD). The
hallucinogenic effects of these drugs are mediated by 5-HT2a receptor stimulation in the PFC
(Hanks & Gonzalez-Maeso, 2012). Furthermore, 5-HT2a is one of the main excitatory receptors
in the brain and regulates dopamine and glutamine release (Murnane, 2019). The5-HTa subtype
is a G-protein coupled receptor. Its activation has been demonstrated to have downstream
effector sites required for long term potentiation, which mediates brain plasticity and strengthens
synaptic connections needed for conditioning (Aznar & Klein, 2013). Behavioral studies have
found that activation of 5-HT>a receptors enhances associative learning in contextual and cued
conditioning studies (Homberg, 2012; Murnane, 2019). Chronic pharmacological treatment with
selective serotonin reuptake inhibitor medications (SSRIs) in fear conditioning paradigms
induces a down-regulation of 5-5-HT2a, which is associated with diminished fear conditioning
(Homberg, 2012). Based on these findings, it has been suggested that increased expression of 5-
HT2a in the PFC in response to trauma may sensitize the cells to fire excitatory signals to the

amygdala. This, in turn, activates the circuits related to fear, which may lead to a feedback loop
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that disengages the inhibitory effects of the PFC on amygdala activation. The consequences of
this are hyperactive neural circuitry prone to activation in response to environmental cues
directly or indirectly associated with trauma (Murnane, 2019). This may be reflected in the
symptoms of PTSD, such as generalized fear, avoidance, hyper-reactivity and deficits in fear
extinction.

In addition to 5-HT2a receptor’s relationship with emotional memory, it is also
implicated in mediating anxiety and defensive responses (Graeff, Guimarées, De Andrade, &
Deakin, 1996; Weisstaub et al., 2006; Aznar & Klein, 2013; Murnane, 2019). However, the
exact nature of this relationship is clouded, as much of the research in this domain has produced
mixed results. Dhonnchadha, Bourin & Hascoét (2003), found an anxiolytic-like effect in
animals that were administered DOI, a selective 5-HT2a agonist, 30 minutes prior to behavioral
tests on Elevated Plus Maze (EPM). However, 5-HT2a Knock-Out (KO) mice were found to
have reduced anxiety responses in the EPM, Open Field and Light-Dark test. This effect was
reversed by the conditional Knock-In (KI) of 5-HT2a receptors in the PFC (Weisstaub et al.,
2006). Another study examined the effects of EMD 281014, a selective antagonist of 5-HT2a, in
a rodent model of PTSD. It was found that prophylactic treatment with the drug attenuated the
effects of the stressor, whereas post-stressor administration had no effect on anxiety-like
behaviors. Finally, Jiang et al. (2011) found that a single injection of MDL 11,939, another
potent 5-HT2a antagonist, prior to or just after three days of restraint stress paired with tail
shocks, attenuated the expression of an exaggerated acoustic startle response 10 to 30 days after
stress exposure.

The conflicting results on 5-HT2a’s role in modulating anxiety may partially be explained
by Deakin and Graeff's (1991) hypothesis of the anticipatory mechanisms of defense. This
theory posits that there are different neuroanatomical structures and different 5-HT> receptors
that are activated by 5-HT in response to different types of stressors. In sum, the idea suggests
that 5-HTa receptors mediate the activity of the prefrontal cortex, amygdala and SNS response

only when proximal or conditioned aversive stimuli are encountered which produce an
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anxiogenic effect. Conversely, in response to unconditioned stimuli, activation of 5-HT2a
mediates an anxiolytic effect through a different set of anatomical regions. If true, antagonizing
5-HT2a receptors may produce anxiolytic responses to conditioned stimuli while producing an
anxiogenic response to unconditioned stimuli. As individuals with PTSD are predisposed to a
generalized fear response in relation to trauma, it’s possible that antagonism of 5-HT2a may aid
in reducing symptoms of the disorder. Furthermore, in studies that introduced the 5-HT2a
antagonist prophylactically, it is possible that 5-HT.a antagonism may inhibit the consolidation
of the traumatic and stressful memory, thereby, attenuating the behavioral effects of exposure.

Further work is needed to understand the role that 5-HT.a receptors play in PTSD.
Nevertheless, the overall data suggest that the 5-HT2a receptor might possibly be a prime target
for pharmacological interventions to alleviate some symptoms of PTSD.

Current Pharmacological Treatments

To date, selective serotonin reuptake inhibitors (SSRIs) are the most commonly
prescribed medications for pharmacological treatment of PTSD. Sertraline (Zoloft) and
Paroxetine (Paxil) are currently the only FDA approved drugs for this disorder, though other
SSRIs and serotonin/norepinephrine reuptake inhibitors are often used off-label. SSRIs are
demonstrated to be effective in treating some symptoms of PTSD (Sareen, 2014). However,
their response rate in PTSD patients is roughly 60%, with only up to one-half of patients being
treated achieving complete remission (Alexander, 2012).

The mechanism of action through which almost all SSRIs function is by inhibiting 5-
HTT, which blocks the reuptake of the neurotransmitters in the synapse, making serotonin more
available for binding (Marek & Carpenter, 2003). However, the exact therapeutic mechanism
through which SSRIs function is not fully known, as they are not 5-HT receptor specific. Thus,
the therapeutic efficacy of these drugs in many patients is unsuccessful, and the nonspecific
effects can lead to aversive side effects (Kolar & Kolar, 2016). However, combination or stand-
alone therapies using 5-HT»-related drugs have been found to be therapeutic in treatment-

resistant and refractory patients with PTSD. It is believed that the increased efficacy of these
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treatments is mediated through the inhibition of 5-HT2a receptors and activation of other 5-HT
receptors (Marek & Carpenter, 2003; Quesseveur, Nguyen, Gardier & Guiard, 2012). Such
findings, in addition to those presented previously, have guided the goals of our experiments, as
we aimed to implicate the role of the serotonin system through specific receptor subtype
targeting in a model of PTSD.
Pimavanserin

Patients with Parkinson Disease-induced psychosis present with symptoms such as
hallucinations, delusions, depression, and anxiety. Pimavanserin is a drug that has been FDA
approved for the use of treating this disorder. The drug has also been demonstrated to potentially
aid in the treatment of insomnia and depression (Marek, Martin-Ruiz, Abo, & Artigas, 2005;
Teegarden, Al Shamma, & Xiong, 2008). Based on its therapeutic profile, Pimavanserin may be
a good candidate for the treatment of PTSD. This is because many of the symptoms of PTSD are
potentially mediated through the same neurobiological substrates that are targeted by this drug.

Biochemical studies of this drug suggest it is a highly selective 5-HT2a receptor inverse
agonist. It has been demonstrated to have a pKi of 9.3, with a 40-fold selectivity over 5-HTac
receptors and no functional activity at 5-HT2g or other receptors (Mestre, Zurowski & Fox, 2013;
Melzer & Roth, 2013). This suggests it may also act as a molecular probe to aid in clarifying the

role of serotonin receptor subtypes in creating the symptoms of PTSD.
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CHAPTER II:
ANIMAL MODELS OF PTSD

Importance of Animals in Research

Research dedicated to PTSD is multifaceted and approached from many scientific
disciplines. While much can be gleaned from studying patients with PTSD, there are many
limitations to taking this approach. For one, the acquisition of PTSD in humans is incidental and
trauma exposure comes in many forms. This presents a problem for researchers, as there is no
way to directly observe the induction of PTSD in real time. Secondly, and this goes without
saying, it would be quite unethical to induce PTSD in healthy individuals (Borghans &
Homberg, 2015). Thirdly, although clinical research is important for implementing novel
pharmacological treatments, every novel compound that is tested in human beings begins with
the use of cultured cell models, and once cell viability is determined, then the compound is
segued to utilize in animal models. This is done to test the compound for its safety profile,
potential efficacy in treatment and to further elucidate the underlining biological mechanism of
the disorder (Zoladz & Diamond, 2016).

Due to the methodological and ethical constraints, investigators have been limited in their
ability in understanding the biological mechanisms of PTSD. Therefore, preclinical animal
research offers several advantages. For instance, it allows for the planned study of risk factors
such as gender, social support, and severity of trauma exposure that contribute to the
development of PTSD. It also allows for rapid cost-effective preliminary evaluation of potential
pharmacological treatment options for PTSD. Finally, it permits researchers to intervene at
different time points relative to trauma exposure, allowing for a deeper understanding of critical

periods for intervention (Zoladz & Diamond, 2016).
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Methods of PTSD Animal Research

Animal models play a pivotal role in PTSD research and are considered a powerful tool.
When modeling PTSD in the rodent, it is of vital importance that the model meets three criteria
for validation. First, animal models should demonstrate face validity. In the case of preclinical
modeling of PTSD, this means animals should demonstrate biological and behavioral indicators
that mimic characteristics found in human PTSD patients. Though a one to one correspondence
between human symptoms and animals does not exist, many behavioral measures have been
designed to be analogs for symptoms exhibited by PTSD patients (Cohen, Matar & Zohar, 2013;
Borghans & Homberg, 2015). Two, construct validity should also be met. As previously
discussed, the development of PTSD in humans is incidental and may develop as a result of
exposure to a wide heterogeneous set of traumatic experiences. Therefore, animal models allow
for the controlled introduction of stressful stimuli analogous to those that lead to human PTSD.
Three, predictive validity in animal models can be achieved through determining whether the
same pharmacological interventions can reduce the persistent effects of the traumatic
experiences in both PTS patients and animal models. For instance, this could be tested by
treating PTSD patients and trauma-exposed animals with various selective serotonin reuptake
inhibitors to potentially reverse the effects of stress (Borghans & Homberg, 2015). Validity of a
model might also be confirmed by testing the effects of compounds that affect known biological
mechanisms linked to PTSD. Table 1 presents a summary of various different stress models in
rodents that can fit these criteria.
Animal Strain Differences in Models of PTSD

Individual differences play a large role in the developmental course of PTSD. This also
applies to rodents, as they have large variations in genetic lineage. There are many different
strains of rat available to researchers. The most common strains used in PTSD research are
Sprague-Dawley, Wistar, Fischer and Lewis rats. Several investigators have demonstrated that
biological and behavioral differences are found between these strains when animals are exposed

to a contrived traumatic event. For instance, Cohen et al. (2006) exposed animals to a predator
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scent paradigm and found that Lewis rats presented with lower corticosterone production and
greater stress-induced increases in anxiety-like behaviors than Sprague-Dawley and Fischer
F344. Furthermore, the results suggested that the prevalence rates for extreme behavioral
responses (EBRs) resulting from the stressor were two-fold higher among Lewis rats (50%)
compared to Sprague-Dawley (25%), and five times greater than Fischer rats (10%). Other
investigators have replicated this finding and expanded on it to show that highly stress-reactive
Lewis rats also exhibit deficits in fear extinction as compared to stress resistant animals
(Goswami et al., 2010).

Sex differences. Sex differences have been found to be a risk factor for the development
of PTSD in humans. Prevalence rates suggest that women are twice as likely as men to develop
PTSD with in the general population (Brewin et al., 2000; Kilpatrick, et al. 2013). However, in
rodents, it has been suggested that the prevalence rates for exhibiting PTSD-like phenotypes are
not different between males and females (Cohen and Yehuda, 2011). Nevertheless, multiple
lines of evidence suggest that male and female rats do respond to stressors deferentially
(Adamec, Holmes & Blundell, 2008; Weintraub, Singaravelu & Bhatnagar, 2010). For instance,
in 2006, Adamec et al. showed that female mice exhibited a higher acoustic startle response over
males after being exposed to predator threat. In Kokras and Dalla’s (2014) review of sex
differences in PTSD models, they suggest that stress-induced behavioral differences do seem to
exist between males in females. However, the differences depend on stress conditions and the
behaviors being assessed. They conclude that males tend to show higher rates of freezing
behaviors in fear conditioning models while females express more anxiety related behaviors
when subjected to more acute stressors.

Stressors in Animal Models

Physical stressor. According to the DSM-V (2013), the core features associated with a
traumatic experience must involve the perceived threat of death or serious injury. Ergo,
researchers have come up with several physical stressors that have been shown to induce PTSD-

like behaviors in rodents.
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Foot shock. Foot shock is a method typically used in studying the processes of fear
conditioning and extinction. As previously described, fear conditioning involves the pairing of
an unconditional stimulus (US) with a conditional stimulus (CS). This results in an
unconditional response (UR) when presented with the CS alone. Extinction occurs when
repeated presentation of CS leads to a diminished UR. Protocols vary in the number, duration,
and amplitude of the inescapable shock exposures. Nevertheless, experiments using these
stressor protocols have found long-lasting behavioral changes suggestive of enhanced fear
conditioning, avoidance, increased anxiety and hyperarousal (Borghans & Homberg, 2015).
However, many studies were unable to produce evidence suggestive of HPA-axis and SNS
dysfunction (Borghans, & Homberg, 2015; Whitaker, Gilpin & Edwards, 2015; Schoner et al.,
2017). This suggests that basic fear condition induces a state fundamentally different from
PTSD.

Another model of PTSD that utilizes foot shock is the stress-enhanced fear learning
paradigm (Rau et al., 2005). Unlike fear conditioning, animals are not conditioned to associate a
cue with the shock. Instead, animals are subjected to either no shock or a sequence of foot
shocks at random intervals. The following day, subjects are introduced to a new environment in
which they either receive no shock or a single shock. On day three of the protocol, animals are
placed back in the environmental context they were exposed to on the preceding day. Animals
are then evaluated for freezing behavior, which is suggestive of rodent fear memory. Animals
that undergo this procedure have been found to be resistant to extinction and can exhibit freezing
behavior for up three months (Rau et al., 2005). However, further investigation is needed to
determine whether stress-enhanced fear learning can elicit other PTSD-like symptoms in rodents.
One noted advantage of using this model is its ability to demonstrate that non-associative
sensitization of fear learning can have long-lasting effects (Whitaker, Gilpin & Edwards, 2015).

Restraint stress. Restraint stress, as the name implies, involves restraining an animal
either in a plastic restraint tube or immobilizing the animal by attaching the limbs and head to a

wooden board. Restraint sessions may take place either in a single session or over repeated days
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and can last anywhere between 15 min. to 2 hrs. each. Numerous studies have demonstrated that
animals exposed to either acute and chronic restraint sessions exhibit increased anxiety-like
behaviors as evaluated in the elevated plus maze (EPM), open field test and other anxiety
measures (Campos et al.,2013; Schoner et al., 2017). Restraint stress has been shown to
demonstrate non-associative learning sensitization and time-dependent sensitization to other
stressors such as the forced swim test (Borghans, & Homberg, 2015; Whitaker, Gilpin &
Edwards, 2015). Finally, restraint stress has also been reported to increase negative feedback
inhibition of the HPA-axis (Borghans, & Homberg, 2015).

Single prolonged stress. Single prolonged stress (SPS) involves exposing animals to a
battery of individual physical stressors in rapid succession. Animals are first restrained for two
hours, followed by a 20 min. forced swim and then rendered unconscious by ether inhalation.
Studies utilizing this regimen have demonstrated a wide variety of PTSD-like characteristics
including; increases in anxiety behaviors, acoustic startle response, HPA-axis negative feedback
and enhanced freezing behaviors (Toledano & Gisquet-Verrier, 2014).

Social stressors. Much like humans, rats are social animals and sensitive to disruptions
in their ecological social environments. Impoverished or disrupted social support have been
suggested as contributing risk factors for the development of PTSD. Researches have applied
several methods that disrupt rodent’s social networks and produce stressful habitats. Much of
the time, chronic social stressors are used in conjunction with physical stress as they have been
found to increase the response to the more acute forms of stress (Zoladz, Conrad, Fleshner &
Diamond, 2008; Borghans & Homberg, 2015).

Early life stress, social isolation, and housing instability. Early life development is a
sensitive period that is easily influenced by environmental factors (McCormick, 2010). Integral
to the development of many mammalian animals, rats included, is the parent-child dyad. Some
early life stress models take advantage of this fact and introduce stress to pre-weaned pups
through maternal separation. The procedure calls for dams to be isolated from their pups for 1 to

3 hours a day on postnatal days 2 to 14 (Whitaker, Gilpin & Edwards, 2014). Maternal
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separation from pre-weaned pups has been found to have a profound impact on later biological
and behavioral functions in response to stress (Schoner et al., 2017).

Another isolation method used to induce stress in older animals is chronic social
isolation. Under these conditions, animals are kept in isolation anywhere from 1 day to 8 weeks.
Adolescent animals subjected to social isolation have been found to exhibit long-lasting deficits
in fear conditioning and extinction behaviors, as demonstrated by increased freezing time in
response to both contextual and auditory cues (Morrissey, Mathews & McCormick 2010).
Additionally, chronic social isolation during this period has been implicated in increasing
anxiety-like behaviors and HPA-axis functioning (McCormick, 2010). Though the latter has
been primarily linked to depressive-like biomarkers, depression is a highly comorbid condition
to PTSD (Sareen, 2014). Moreover, Weintraub, Singaravelu & Bhatnagar (2010) found evidence
that this may be a sex-dependent phenomena as male rats subjected to early life stress were
found to have lower corticosterone responses when challenged with an acute stressor.

Adult rodents have also been shown to be negatively affected by social isolation. leraci,
Mallei & Popoli (2016), found social isolation produced an increase in several anxiety-like
behaviors in the open field test. In addition, animals displayed biological indicators of HPA-axis
hypo-functioning and decreases in several gene markers essential for normative neuroplastic
changes in both the hippocampus and prefrontal cortex.

One of the other social stressors commonly used in PTSD research is housing instability.
This protocol consists of randomly pairing different cage mates daily for a period of 31 days.
This model was found to have little effect on measures of anxiety unless paired with two
episodes of inescapable predator exposure (Zoladz, Conrad, Fleshner & Diamond, 2008).

Psychological stressors. While physical stressor models of PTSD commonly employ
methods that may cause pain to animals e.g. foot shocks, psychological stressor models of PTSD
attempt to more naturalistically induce a PTSD-like phenomenon in rodents through non-
physical means such as predator threat and social stress (Goswami, Rodriguez-Sierra, Cascardi &

Pare, 2013).
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Predator stress and predator threat. Predator stress models of PTSD expose rodents to a
natural predator such as a cat. This model has been incredibly reliable at producing long-lasting
increases in anxiety-like behaviors as tested on the EPM, Acoustic startle response and the hole
board test (Ademec, Walling & Burton, 2004). However, predator threat models that utilize
predator odor stress are not only more practical than predator stress but have also been highly
effective at modeling the characteristics of human PTSD. Though laboratory rats are have never
experienced aversive interactions with predators, predator cues have still been found to elicit
profound biological and behavioral responses. The most commonly used odors for producing
these effects are materials impregnated with the odor of cat fur or urine or dihydro 2,5
trimethylthiazoline (TMT), a synthetic compound derived from fox anal secretions (Dielenberg
&McGregor, 2001; Takahshi, 2014). Exposure to TMT has been demonstrated to be a potent
aversive US to rodents. However, it has been suggested that fur-derived odors are more effective
at inducing cued and contextual avoidance and anxiety-like behaviors in rats (McGregor,
Schrama, Ambermoon & Dielenberg, 2001; Blanchard et al. 2002; Blanchard, Griebel &
Blanchard, 2003). A study examining the effects of feline odor produced by different cats on
rodent behavior demonstrated that exposure to scents obtained from both male and female cats
evoked long term conditioned responds in the subjects. However, only exposure to male cat
odors precipitated a long-lasting unconditioned anxiogenic effect as evaluated on the EPM
(Munoz-Abellan, Amario, & Nadal, 2009).

As noted above, predator urine is another stressor used to induce a PTSD like response in
rodents. Perhaps the most well-known protocol utilizing this stimulus involves exposing rats to
soiled cat litter for 10 min. (Cohen, Matar & Zohar, 2013). One week later, animals are tested on
the elevated plus maze (EPM) and the acoustic startle response (ACSR). The use of this protocol
has demonstrated that heterogeneity exists in animal responses to this stress when tested for
anxiety-like behaviors. Some animals exhibit extreme behavioral responses (EBRs), minimal
behavioral responses (MBRs) or partial behavioral responses (PBRs) (Cohan & Zohar, 2004;

Cohen, Mator & Zohar, 2013). The advantages of this procedure are two-fold; one, it
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demonstrates that this model comes close to mirroring, in rodents, the variability in response
similar to that found in the human population. Two, it allows for comparisons to be made
between high and low responding animals, which may allow researchers to elucidate risk factors
involved in the development of PTSD.

Predator-based psychosocial stress model. The predator-based psychosocial stress
model (PPS) developed by Zoladz et al. (2008) is comprised of acute physical stressors
component and a chronic social stress component. Rodents are first exposed to unavoidable
predator stress (restraint + a cat) on two occasions separated by 10 days. In addition, animals
undergo chronic housing instability for a total of 31 days. Three weeks after the second set of
acute stressors, animals are tested for biological and behaviors irregularities. The model was
explicitly designed to imitate several core risk factors associated with the etiology of PTSD in
humans. For instance, during the one-hour predator exposures animals are restrained. This was
hypothesized to be ethologically analogous to the lack of control felt by individuals experiencing
a traumatic event. The second acute stress exposure is carried out at a different time of day than
the first. This is done for three reasons. One, it introduces a sense of unpredictably to trauma
exposure. Two, the second exposure acts as a reminder of the traumatic experience, reminiscent
of reliving of the trauma. Three, it also increases the likelihood of inducing a PTSD-like
phenotype, as a history of early trauma is associated with an increase in the development of
PTSD. Additionally, the chronic housing instability disrupts social interaction which is another
known predictor for the development of PTSD (Brewin et al., 2000; Kilpatrick, et al. 2013;
Zoladz & Diamond, 2013; Zoladz & Diamond, 2016).

This model has been extensively studied and has been shown to produce long-lasting
increases in anxiety, startle response, avoidance behaviors, cardiovascular reactivity, and
impaired cognition. In addition, it has also demonstrated HPA-axis and SNS dysfunction, such
as lower basal corticosterone levels, increased suppression of glucocorticoid secretion in
response to the dexamethasone test and an exaggerated response to yohimbine (Zoladz, Conrad,

Fleshner & Diamond, 2008; Zoladz, Fleshner & Diamond, 2012). Furthermore, Wilson et al.
21



(2014) discovered that this model alters neurotransmitter levels in the brain. Results suggested
that there were marked decreases of 5-HT and increases of NE levels in the hippocampus and
prefrontal cortex. Finally, post-trauma treatment with common pharmacological agents used to
treat PTSD differentially attenuated PTSD-like symptoms produced by this rodent model
(Zoladz, Fleshner & Diamond, 2013).
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Table 1.

Rodent Stress Models

Stressor Type Model Method Behavioral and Psychological Responses
Physical
Foot Shock Stress enhanced fear learning or sensitization, Enhanced fear conditioning, Tanxiety behaviors,
fear conditioning by means of inescapable or  thyperarousal, |extinction, {freezing behaviors (Rau et
unpredictable foot shock al., 2005; Whitaker, Gilpin & Edwards, 2015)
Restraint Stress Acute or chronic use of restraint by tube or TAnxiety behaviors, fnegative feedback inhibition HPA-
wooden board axis, non-associative learning sensitization (Campos et
al., 2013; Schoner et al., 2017; Borghans, & Homberg,
2015)
Single Prolonged ~ Exposure to a battery of individual physical ~ fAnxiety behaviors, facoustic startle response,
Stress stressors in rapid succession (e.g. restraint, Tnegative feedback inhibition HPA-axis, {freezing
forced swim test and then ether inhalation) behaviors (Toledano & Gisquet-Verrier, 2014)
Social
Early Life Stress Maternal separation of pre-weaned pups for ~ Impacts on biological and behavioral reactions to stress
1-3 hrs per day on post-natal days 2-14 in lifespan, | corticosterone responses in males
(Whitaker, Gilpin & Edwards, 2014; Schoner et al.,
2017; Weintraub, Singaravelu & Bhatnagar, 2010)
Social Isolation Single housing animals for up to § weeks Deficits in extinction and fear conditioning behaviors,
tHreezing behaviors, Anxiety behaviors, THPA-axis
(Morrissey, Mathews & McCormick, 2010; )
Housing Instability ~ Random pairing of individual cage mates for ~ Anxiety behaviors when paired with repeated
up to 31 days inescapable predator threat (Zoladz, Conrad, Fleshner &
Diamond, 2008)
Psychological
Predator Odor Exposure to materials bearing the odor of cat ~ Cued and contextual avoidance and anxiety-like
Stress fur, predator urine or dihydro 2,5 behaviors, extreme behavioral responses (Dielenberg
trimethylthiazoline (TMT) that can serveas  &McGregor, 2001; Takahshi, 2014; McGregor, Schrama,
potent aversive US Ambermoon & Dielenberg, 2001; Blanchard et al. 2002;
Blanchard, Griebel & Blanchard, 2003; Cohen, Matar &
Zohar, 2013)
Predator-based Acute physical stressors paired with chronic ~ fAnxiety behaviors , {startle response, favoidance
Psychosocial Stress  social stress (e.g. unavoidable predator stress ~ behaviors, cardiovascular reactivity and impaired

and housing instability)

cognition, lower basal corticosterone levels, increased
suppression of glucocorticoid secretion (Zoladz et al.,
2008; Zoladz, Fleshner & Diamond, 2012)

23



Measuring PTSD-Like Behaviors in Rodents

As previously discussed, animal models of PTSD should demonstrate face validity. That
is, they should demonstrate biological and behavioral indicators such as increases in general
anxiety, avoidance, and reactivity, all characteristics found in human PTSD patients. However,
the expression of these behaviors may be vastly different in humans and rodents. Therefore,
researchers have developed ethologically relevant measures that may be translated to human
symptoms of PTSD (Cohen, Matar & Zohar, 2013; Borghans & Homberg, 2015).

Elevated plus maze. The elevated plus maze (EPM) is a well-established standardized
model used for measuring anxiety-like behaviors in rodents. It takes advantage of rodent’s
ethological unconditioned responses to novel and perceptually dangerous environments.
Rodents have a propensity for novel exploration. However, as they are prey animals, they
display risk assessing behaviors in open environments and prefer safer enclosed spaces. The
elevated plus maze capitalizes on this by creating the conditions for an approach-avoidance
conflict (Campos et al., 2013).

The maze is comprised of four elevated arms in the shape of a plus sign. Two open arms
are set across from each other and perpendicular to two closed arms. The arms of the maze are
connected by a small, open center platform. To begin the test subjects are placed on the center
platform facing an open arm. They are then allowed to explore the maze freely for 5 min and
behaviors are recorded. Measures recorded for this test include: entries into the open and closed
arms, time spent on the open and closed arms and distance traveled in the maze. Additional,
behavioral measures such as freezing, rearing, head dipping, and stretch attended postures are
also commonly recorded (Komada, Takao & Miyakawa, 2008). Typically, anxiety is evaluated
as the time spent in the open and closed arms, so that animals that spend more time in the open
arms are considered to be less anxious than those that spend more time in the closed arms.

Open field test. Much like the EPM, the open field is another ethologically relevant
assay used to assess unconditioned approach-avoidance conflicts. The apparatus itself consists

of a large open space, surrounded by four walls, and is typically demarcated by two square
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zones. The zones consist of inner and outer square segments. The inner zone of the open field
represents an open, unprotected environment. In contrast, the outer zone is in close proximity to
the walls of the apparatus, which signals safety to the animals. Measures such as locomotor
activity in the two zones, as well as exploratory and anxiety-like behaviors are recorded.
Anxiety-like behaviors are indicated by thigmotaxis and suppression of rearing behavior, in
addition to entries and time spent exploring the inner zone of the open field (Seibenhener &
Wooten, 2015).

As the outer zone is in close proximity to the walls of the apparatus this allows for the
evaluation of thigmotaxic behavior. Thigmotaxis is a safety mechanism displayed in many prey
animals. It consists of wall hugging, which produces a more protected environment that
minimizes visibility to predators (Lamprea, Cardenas, Setem, & Morato, 2008). Conversely,
rearing behavior and inner zone exploration, from the ethological perspective, would permit
more visibility to prey. Thus, it is generally considered to be indicative of exploratory behaviors.
It is suggested that animals with lower levels of anxiety will exhibit increased locomotor activity,
increased instances of rearing, and will display more entries to and time spent in the inner zone
(Lever, Burton, & O’Keefe, 2006; Seibenhener & Wooten, 2015).

Freezing behavior, defined as the sudden immobility of an animal, can also be observed
in the open field. Typically freezing behavior is evaluated in response to a conditioned stimulus,
such as a light or a tone, which has been paired with an aversive stimulus. Thus, after a fear
conditioning paradigm has been implemented animals can be tested for freezing behaviors in
response to the conditioned stimulus. Freezing behavior is believed to be associated with
anxiety-like behaviors and hyper-reactivity (Curzon, Rustay & Browman, 2009).

Conditioned place aversion. Conditioned Place Aversion (CPA) is another fear
conditioning paradigm in which an unconditioned aversive is paired with neutral contextual cues.
In PTSD research the aversive stimulus is typically electrical shocks though some investigators
have also used a predator odor stimulus or restraint stress (Murua & Molina, 1990; Blanchard et

al., 2001; Mufioz-Abellan et al., 2009; Whitaker et al., 2016). Though the contextual cues used
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in this assay vary among researchers, one common apparatus used is the CPA chamber which
consists of a start box that leads into a larger chamber that is divided into two predetermined
zones. The zones are differentially marked by distinct visual cues on the floors and wall of the
chamber. Prior to conditioning, animals first undergo a bias preferences test. This is done to
determine if animals have a preference for one-half of the chambers and to allow them to
acclimate them to the apparatus. If both zones of the CPA are found to be explored equally, the
box is considered unbiased and animals can be conditioned in either side of the box
(Cunningham, Gremel & Groblewski, 2006). During conditioning, animals are confined to one
zone of the CPA chamber and exposed to the aversive stimulus. Repeated pairing of the context
with the aversive has been shown to increase avoidance and risk assessment behaviors to the
contextual environment when tested in the absence of the aversive stimulus (Blanchard et al.,
2001; Mufioz-Abellén et al., 2009; Zoladz, Fleshner and Diamond, 2012; Whitaker et al., 2016).

Acoustic startle response. The startle reflex is an unconditioned reaction to a loud
noise. Auditory information is transduced from the hair cells of the inner ear and transmitted to
the medulla, which feeds signals to the pons. The pons then sends signals to the muscles that
cause them to tense up and contract, resulting in a jumping-like sensation indicative of surprise
or fear (Kalat, 2016). The intensity and sensitivity of this response can be modulated by the
anxiety state of the individual which can reflect hyper-arousal. Hyper-arousal, as indicated by
increased startle response, is reported in patients with PTSD and is therefore used as a diagnostic
criterion (Brewin et al., 2000; DSM-V, 2013). Several researchers have modeled this diagnostic
procedure in animals as well (Rassmussen, Crites & Burke, 2008; Zoladz, Conrad, Fleshner &
Diamond, 2008; Cohen, Matar & Zohar, 2013).

Measurement of acoustic startle is typically performed in sound-attenuated startle
chamber containing a speaker and a holding box that sits atop a load cell or accelerometer that
measures the largest displacement of force induced by the rat’s sudden movement in response to
an abrupt noise. During testing, a background white noise, 10 dB above general room noise, is

used to mask any incidental sounds in the testing room and to sensitize animals to the white
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noise (Geyer & Swerdlow, 1998). Animals are then presented with a sequence of randomized
white noise bursts a range of decibel (dB) levels (Chabot & Taylor, 1992; Conti & Printz, 2003;
Zoladz, Conrad, Fleshner & Diamond, 200; Smith et al., 2011). However, some protocols call
for one constant dB stimulus that is presented in random time intervals (Nalloor, Bunting &
Vazdarjanova, 2011). The output measure is then collected by a software program and digitally
converted into a response curve as a function of dBs. Analysis of the response curve is usually
performed on the largest positive peak of the amplitude wave, as this is indicative of the strength
of response to the stimulus (Geyer & Swerdlow, 1998).
Rationale for the UHCL Rodent Model of PTSD

Our research group has developed a novel psychosocial animal model of PTSD in female
Lewis rats. This model was highly influenced by the work of Zoladz and associates, as well as
Cohen and associates. Our model utilized chronic isolation in conjunction with two acute
episodes of restraint stress and predator odor exposure. Each element of the model was crafted
to replicate several risk factors involved in the etiology and persistence of PTSD symptoms in
people. We combined a perceived life-threatening stress experience through two sessions of
unavoidable predator odor stress. Rats were confined within a plastic tube to prevent them from
retreating from the odor and to add the element of restraint stress. Additionally, pretreatment
with chronic single-housing modeled the early deprivation of psychosocial support found in
some PTSD victims. All these procedures mimic well-described risk factors for PTSD (Brewin
et al., 2000; Kilpatrick, et al. 2013; Zoladz & Diamond, 2013; Zoladz & Diamond, 2016).

The choice to use female Lewis rats was based on the finding that this strain is more
likely than others to exhibit EBRs when exposed to predator threat stress (Cohen et al. 2006).
Furthermore, the sex of the animal was explicitly chosen based on the assumption that females
would produce a more robust response to the stress regimen. This was hypothesized because
prevalence rates of PTSD among human females are twice as high compared to males
(Kilpatrick, et.al. 2013). In addition, female rats have been suggested to be more reactive to

acute stressors (Kokras & Dalla, 2014).
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There were several reasons to impose chronic social isolation two weeks before acute
stress exposure and continued through the remainder of the experiment. One, lack of social
support, before or after a trauma, is a risk factor found in human epidemiological studies (Brewin
et al., 2000; Schmidt, Kaltwasser & Wotjak, C. T. 2013; Sareen, 2014). Two, we believed that
the two-week isolation period prior to the first acute stress exposure would lead to time-
dependent sensitization, which would increase the impact of the acute stress sessions. Three,
many studies investigating the effects of chronic social isolation, alone or in conjunction with
acute stress, have shown that it can lead to increased anxiety-like behaviors (Campos, Fogaca,
Aguiar, & Guimaraes, 2013; Borghans, & Homberg, 2015; Schoner et. al., 2017).

Restraint stress during acute stress exposure was implemented to mimic the sense of
helplessness that trauma victims experience. In addition, it has been demonstrated as an
effective physical stressor that enhances anxiety-like behaviors and can cause biological
alterations in the stress response systems (Campos et al., 2013; Borghans & Homberg, 2015;
Schoner et al., 2017). Wildcat urine and a cat collar impregnated with the odor of a cat were
used during the acute stress sessions to more closely replicate the experience of being exposed to
an actual predator (a cat). We speculated that the success of Cohen and associates work may
stem from the fact that the soiled cat litter used in their experiments may also contain fur and
other traces of predator odor which may have an intensifying effect. Furthermore, predator odor
stress models utilizing well-used cat collars have repeatedly induced lasting anxiogenic effects
(Dielenberg, & McGregor, 2001; Blanchard, Griebel, & Blanchard, 2003; Cohen & Zohar, 2004;
Mufoz-Abellan et. al., 2009).

Based on these considerations, we hypothesized that our model would elicit long-lasting
heightened anxiety and hyper-reactivity. Additionally, we hypothesized that this would be
reflected in increased acoustic startle response, avoidance of the exposed arms of the elevated

plus-maze and defensive behavior in the open field.
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CHAPTER III:
THE EXPERIMENT

Effects of the 5-HT2a Receptor Inverse-Agonist Pimavanserin on a Rodent Model of Post-
Traumatic Stress Disorder
Experimental Design and Hypothesis
The purpose of the current experiment was to test whether our model of PTSD would be

able to induce a PTSD-like phenotype in female Lewis rats. In addition, we wanted to determine
if a Img/kg dose of Pimavanserin could ameliorate any behavioral effects produced by our stress
protocol. The current experiment utilized a between-subjects design. Experimental animals
were exposed to stressor conditions that included long-term social isolation (chronic stressor)
and two exposures to a combination of restraint and predator threat (acute stressors). Testing
was performed ten days after the second acute stress exposure. On testing day, animals were
either given an injection of saline or a 1 mg/kg dose of Pimavanserin and evaluated on the EPM,
CPA, ACSR and open field apparatus to assess various rodent behaviors associated with a

PTSD-like phenotype. Figure 1 shows a general timeline of events the animals were exposed to.

Housing Blood and
Gentle Isolation CPA 1% Stress 2™ Stress ACSR Behavioral  Tissue
Handling Start Pretest ~ Exposure Exposure Habituation  Testing  Collection

! 1 | ! ! ! 1

Days1-3 | Day4 | Days59 | Day10o | Day17 | Days3436 | Days37-38

| Housing Isolation (stressor exposed animals) >

Figure 1. PTSD model procedural timeline

We hypothesized that this combination of stressors would: 1) increase anxiety-like
behaviors in the EPM, 2) increase avoidance behaviors in the CPA box, 3) increase ACSR
reactivity, 4) increase thigmotaxic and anxiety-related behaviors in the open field test and 5)

Pimavanserin would prevent these effects. Taken together, such findings would suggest that this
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combination of stressors can provoke a robust, persistent PTSD-like phenotype in female Lewis
rats and that activation of the 5SHT2aR may play a role in the expression of these behaviors.
Methods

Animals

Thirty-seven female Lewis rats, weighing 180-200 grams, were housed in a climate-
controlled housing facility with food and water available ad libitum. All rats were maintained in
a normal 12-hour light/dark cycle. The dark phase began at 6:00 p.m. and ended at 6:00 a.m.
All procedures were approved by to the Institutional Animal Care and Use Committee (IACUC)
at the University of Houston-Clear Lake.
Sham/Stress Procedures

Chronic isolation housing conditions. Upon arrival to the lab, animals were group
housed and given seven days to acclimate to the lab before any manipulations took place. On
days 1-3 of the protocol animals were weighed daily and subjected to gentle handling. On day
four, animals were randomly assigned to one of three group’s:
No Stress - Saline controls (n = 12), experimental Stress - Saline controls (n = 12) and
experimental Stress - Pimavanserin treated (n = 13) conditions. Non-stressed control animals
were paired with cage mates and subjected to standard housing conditions and procedures.
Experimental stress animals were isolated in single housed cages, enrichment materials were
removed, and precautions were taken to limit animal exposure to other animals and experimenter
handling. Housing conditions remained consistent throughout the duration of the experiment.

Conditioned place aversion pretest. The Conditioned Place Avoidance Chamber
(CPA) (Columbus Instruments, Columbus, Ohio) consists of a start box that leads into a larger
chamber that can be divided into two predetermined zones. The zones are marked by distinct
visual cues on the floors and wall of the chamber divided in the middle. On day 10 of the
protocol, animals were weighed and then screened for biased preference for one chamber of the
conditioned place avoidance boxes (CPA). This was done to determine which side of the box

animals would be conditioned to avoid.
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One hour prior to testing, the testing chamber was thoroughly cleaned with 90%
isopropyl alcohol. Testing took place under red lighting conditions, approximately 35 lux.
Animals were placed in the start box and allowed to explore both halves of the box freely for 5
min. Time started when the rat stepped into the CPA chamber. Activity was recorded by a video
camera suspended over the chamber and connected to a computer. AnyMaze software (Stoelting
Co., Wood Dale, IL) was then used to score the total amount of time spent in either marked zone.
No preferences were found for any animal tested.

Cue and context fear conditioning & acute sham/stress exposure. On days 17 and 27
of the protocol, animals were weighed, given an injection of saline and then subjected to a fear
conditioning paradigm to induce anxiety-related behaviors, avoidance behaviors, and heightened
states of arousal and reactivity. To accommodate both non-stressed and stress groups being run
on the same day, non-stressed controls were run first with the stress group then run after a ten-
minute delay.

Two conditioned place avoidance boxes were used. Animals were placed in one side of
the box for 5 min. A ventilated petri dish containing cotton balls soaked in either saline (for
controls) or wildcat urine (for experimental animals) were affixed to the wall of the chamber. In
addition, a 1/2 in strip of cat collar either worn by a cat (stressed groups) or never worn (non-
stressed groups) was attached to the petri dish. This was done so the animals would associate the
predator odors to the context of the box. During the final 30 sec the animals were in the chamber
a 2 kHz tone was played at ~ 70 dB to act as a cued conditioned auditory stimulus.

Immediately following the tone, control animals and the petri dish were transferred to a
small cage with an animal restrainer present. Animals in this condition were not restrained but
allowed to sit without disruption for one hour. Conversely, experimental stress animals were
placed in the restrainers, securely enough to prevent body movement, and the predator odor
stimulus was placed immediately in front of the rat’s head by the head. Animals were restrained
for one hour. Roughly thirty minutes into the sham/restraint session the 2 kHz tone was played

once again. The tone was played one last time 30 sec. before the end of the sham/restraint
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session. Animals and the petri dish were then transferred back to the CPA box for an additional
25-minutes so the animals would have time to consolidate the memory associated with the
stressful event and the box. CPA boxes and restrainers were wiped down with 10% bleach and

dried between animals. Figure 2 demonstrates the time course of the sham/stress procedure.

Conditioning Chamber Single Side Access
(determined by Pre-test) 5 min

Non-stressed Stressed

No odor Predator odor

2 kHz Tone
wsff-'?—

Cage and restrainer 1 hr

Non-stressed Stressed
No odor, Predator odor,
not restrained restrained
2 kHz Tone

~—_ 30sec _—
Conditioning Chamber Single Side Access

(determined by Pre-test) 25 min
Non-stressed Stressed

No odor Predator odor

Figure 2. Procedure for sham/stress days

Procedure for sham/stress days 17 and 27Conditioning to sequential mild stressors performed
on two different days10 days apart. Rats that were in the non-stress group were exposed to each
condition without being restrained or exposed to the predator odor. Rats were placed in the
Conditioned Place Avoidance (CPA) Chamber (opposite to preferential side obtained in pre-test)
for 5 min, then into cages with restrainers present. Stress group animals were restrained and
exposed to the predator odor for 1 hr. Then each animal is placed back into the CPA Chamber
for 25 minutes. All animals experienced a 2kHz tone played for 30 sec two times within the
procedure, once 30 sec before being placed into the cage with the restrainer and again while in
the cage with the restrainer.
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Testing

On days 37 and 38 of the protocol, animals underwent testing on four different dependent
measures: The Elevated Plus Maze (EPM), Acoustic Startle Response Test (ACSR), Conditioned
Place Aversion (CPA) and the Open Field Test. All four tests measure different aspects of
anxiety-related behaviors commonly thought to resemble PTSD-like symptoms in the rat.
Behavioral testing sequences over the two testing days were counter-balanced across groups and
behavioral testing sequences over the two testing days. In addition, animals were allowed a 1 hr
cool-down period between tests. These steps were taken to control for potential confounding
order effects and carryover effects that might influence subsequent behavioral tests.

All tests were run between 6:00 p.m. and 12:30 a.m. This period was within the animal’s
dark cycle to minimize sleepiness as a cause of low performance on the measures. At the
beginning of each evening, animals were weighed and given a subcutaneous injection of either
saline or a 1 mg/kg dose of Pimavanserin one hour prior to the first test. Figure 3 shows a

schematic representation of the testing day schedule.
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Figure 3. Testing day procedures

EPM and CPA tests are run simultaneously in two different rooms due to limited testing
equipment. To keep times after injections similar between groups, animals are divided into
testing groups A and B to complete two behavioral tests per day with 18 hours between the last
test and the next day’s injection.
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Elevated plus maze. The EPM consists of a platform raised 50 cm from the ground with
two sets of perpendicular arms adjoined at a center space. Two arms are laid out opposite of each
other with open platforms and the other two arms are laid out similarly but enclosed with walls.
A video camera is set up above the maze to record behaviors. Dimensions of the EPM can be

seen in Figure 4.
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Figure 4. Basic design of the elevated plus maze (Cohen, Matar and Zohar, 2013).

Testing occurred under low red lighting (~35 lux). The maze was thoroughly cleaned
with 90% Isopropyl alcohol 1 hour before testing. Animals were placed in the middle of the plus
maze facing an open arm and allowed to explore the maze for five minutes. After each
individual trial, the maze was wiped down with 10% bleach and allowed to dry.

Rat activity was recorded by a video camera suspended over the maze linked to a
computer running the AnyMaze software (Stoelting Co., Wood Dale, IL). The software recorded

the total amount of time spent in the open, closed and center areas of the maze. One observer
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was present in the testing room to observe the recording on a computer, place the rat back on the
maze in the event it should fall off, and to remove the animal from the maze once the trial was
completed. In the testing room, a curtain was used to separate the maze portion of the room from
the observer at the computer to minimize observer presence and interference.

Conditioned place aversion. Similar to the CPA-pretest, the testing chamber was
thoroughly cleaned with 90% Isopropyl alcohol 1 hour before testing. Testing took place under
red light conditions adjusted to ~35 lux. Animals were placed in the start box and timing was
started once a rat stepped into the CPA chamber. The test duration was 5 min, after each trial,
boxes were cleaned with 10% bleach. Behavior in the chamber was recorded by video camera
and animals were scored using the AnyMaze software for time spent in each zone. The scores
were compared to pre-test scores to determine if stress interventions affected behaviors. Scores
were then averaged across groups to evaluate differences.

Acoustic startle response. To measure acoustic startle, testing was performed in a
sound-attenuated startle chamber (Columbus Instruments, Columbus, Ohio) with a holding box
that sits atop a load cell that measures the largest displacement of force (in grams) induced by the
rat’s sudden movement. Calibration of the load cell required a 1500 g weight and a 750 g
weight. This was based on the maximum expected force that can be exerted by a 300 g rat.
Calibration of the speakers was based on the user manual’s recommendations. A background
white noise of 65 dB was played while each animal was presented with 30 pseudo-randomized
trials of white noise bursts at 90, 100, and 110 dB acoustic bursts (40 milliseconds each), at 30
sec intervals. The output measure was recorded using Responder X software (Columbus
Instruments, Columbus, Ohio) on a laptop computer.

On each testing day, the testing chamber was thoroughly cleaned with 90% Isopropyl
alcohol 1 hour before testing. The animals were placed in the ACS chamber and allowed to
acclimate to 65 dB white noise for a period of 5 min. During the final 30 sec of the acclimation
period, the 2 kHz tone was played to act as a trigger memory for the acute stressors. After the

acclimation period, animals were exposed to three 120 dB white noise bursts at 15 sec intervals
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to act as baselines. Then animals were subjected to 10 trials of 90, 100, & 110 dB white noise
bursts in a pseudo-random order for a total of 30 trials. Total time of the test was 22 min. In
between each test, the chamber was wiped clean with 10% bleach and allowed to dry.

As mentioned, the peak amplitude is the measure of the largest displacement of force (in
grams) from calibrated zero. This measure is the sum of the subject’s mass and the startle
response. The subject’s mass (in grams) was then subtracted from the peak amplitude to
determine the animal’s actual acoustic startle response. The startle response force was then
averaged for each of the 3 trial conditions to find the mean score of the animal per trial level.
The mean scores of the trials were then averaged across all animals in the group to determine the
group’s startle response per level of dB exposure.

Open field test and cued fear memory test. The open field apparatus was a 76 cm X 76
cm chamber with an inner zone of 46 cm x 46 cm; the outer zone was 15 cm. Adjacent to the
walls. One hour prior to testing, the open field apparatus was cleaned with 90% Isopropyl
alcohol. Testing occurred under low red lighting (~35 lux). Testing was broken up into two
three-minute epochs. Testing lasted for a total of six minutes.

Each rat was placed in the bottom left-hand corner of the open field facing the same
direction at the start of testing. During the last 3 mins of testing, the 2 kHz auditory stimulus
was introduced to act as an auditory cue to elicit memories of the stress exposure. This allowed
us to evaluate the freezing behavior of the rodents when presented with the conditioned fear
stimulus. The trials were recorded via a video camera suspended over the open field. The video
camera was linked to a computer which allowed an observer to monitor the test from outside of
the room. After each rat completed their six-minute testing phase the open field was cleaned
with 10% bleach and allowed to dry.

From the video recordings, the following thigmotaxic and activity behavioral measures
were scored using the Any Maze software; exploration time of the inner square, distance traveled

in the inner and outer square, and entries into the inner square. Additionally, an observer, blind
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to the experimental conditions, scored the number of rearing episodes during the first three
minutes and freezing behaviors during the last three minutes of the video.

Statistical analysis. All statistical analysis set o = 0.05. Weight data were analyzed
using the independent samples t-test to investigate differences between the stress and non-stress
groups. One-Way ANOVAs followed by Tukey’s post-hoc comparisons were used for the
behavioral measures captured in the EPM, CPA and Open field tests to determine significant
differences among the three groups. Analysis of the ACSR data were performed using a mixed
model ANOVA with decibel level as the repeated measure variable followed by Tukey’s post-
hoc comparisons to evaluate the between-subject effects of experimental condition.

Furthermore, appropriate effect size measures were included to reflect the magnitude of the
differences between the group means and can be interpreted as the percent of variability
accounted for by group differences.

Results
Weight Data

Weight data were collected every day animals underwent a procedure. The mean growth
weigh ratio was calculated by subtracting the weight of the animals at the start of the experiment
from the weight recorded on day 36 and divided by the total number of days in between. One
animal was dropped from the analysis due to a complication with food administration.

To determine if animal growth rates differed between non-stressed (n = 12) and stressed
(n = 24) animals independent sample t-tests with corrected degrees of freedom were used to

compensate for the unequal samples sizes. Figure 5 shows the mean growth ratio of the groups.
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Figure 5. Growth weight ratio (mean + SEM) of stressed and unstressed rats calculated on day
36.

No significant differences were found between stress and non-stressed animals as
t(31.715) = -1.038, p = .37, d = .316.
Elevated Plus Maze

Six animals were removed from the analysis due to falling off the maze during their trial.
This left group sizes of; No Stress-Saline (n = 11), Stress-Saline (n = 11) and Stress-
Pimavanserin treated (n = 10). One-Way ANOVA revealed a significant difference for open arm
time between the groups as F(2,29) = 6.635, p = .004, 1, = .314 . Tukey’s post-hoc
comparisons indicate significant differences exist between the No Stress-Saline group and the
Stress-Saline group (p = .029). Significant differences were also found between the Stress-
Pimavanserin treated animals and Stress-Saline controls (p = .005). No differences were found
between No Stress-Saline treated animals and Stress-Pimavanserin treated animals (p = .708).
No significant differences were found between any groups for time spent in the center square as
F(2,29) = 2.168, p = .133, 7= .1 3. An increase in mean closed arm time was observed for the

Stress-Saline group (M = 169.59 £ 19.51) compared to No Stress-Saline controls (M = 131.36
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9.72) and Stress-Pimavanserin treated animals (M = 125.9 + 12.82). However, no statistically
significant differences were found between groups as F(2,29) = 2.635, p = .089, n,>=.1 54.

Figure 6 displays the means of open arm time, center square time and closed arm time across

group.
Means of Open Arm Time, Center Square Time & Closed Arm Time
Group
200.00 W Mo Stress - Saline
M Stress - Saline
&% Stress - Pimavanserine
150.00
= _
1]
E
= 10000

S0.00

0.00 =
Cpen Arm Center Square Closed Arm

Error Bars: +/- 1 SE

Figure 6. Graphical representation of the measures from the EPM Seconds (Mean + SEM) spent
in the open arms, closed arm and center of an elevated plus-maze.

Conditioned Place Avoidance

Avoidance in the Conditioned Place Avoidance test was defined as the amount of time
spent in the side of the box in which animals were exposed to the predator odor stress. One-Way
ANOVA detected no significant differences between groups as F(2,34) = .072, p = .931, n,°=
.004. Figure 7 displays the mean time spent in the stress associated side of the CPA chamber by

condition.
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Figure 7. Time spent, represented as seconds (mean + SEM), in the stressor-associated side of
the conditioned place preference apparatus chamber.

Acoustic Startle Response

Two animals were removed from the analysis due to outlier status as they were found to
deviate by 2 SD from the mean of their groups. Group numbers were adjusted to;
No Stress-Saline (n = 12), Stress-Saline (n = 12) and Stress-Pimavanserin treated (n = 11).
Results of a One-Way ANOVA on acoustic startle response at the 90 dB stimulus level revealed
no differences between the groups (p > .05). This was probably due to the stimuli being too
weak to elicit a response from the animals tested and therefore was dropped from the analysis.

A Mixed Model ANOVA was run on the 100 dB and 110 dB stimulus level across
groups. A main effect for stimulus level was detected as F(1,32) = 48.191, p < .001, 7%= .601.
This was expected as it was hypothesized that animals would respond in a positive linear fashion
as sound stimuli increased. No interaction effects between dB and condition were detected as
F(2,32) = 1.796, p = .182, 1,>=.101. This was also predicted as there should be a similar trend
between groups in response to the sound stimuli. However, a main effect for treatment group

was found to be statistically significant as, F(2,32) = 4.702, p =.016, n°=.227. Tukey’s post-
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hoc comparisons revealed a statically significance difference between No Stress-Saline treated
animals and Stress-Saline treated animals (p = .035). Differences were also detected between
Stress-Saline treated animals and Stress-Pimavanserin treated animals (p = .003). No differences
were found between No Stress-Saline treated animals and Stress-Pimavanserin treated animals (p

=.992). Figure 8 shows the mean acoustic startle response by group and across dB level.

Mean Acoustic Startle Response
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Figure 8. Strength of the acoustic startle response, represented as grams (M £ SEM), to 100 and
110 decibel stimuli.

Open Field Test

Inner square time. Figure 9 displays the means of time spent in the inner square of the
open field. A slight reduction in time spent exploring the exposed inner square of the open field
was observed for the Stress-Saline animals (M = 32.52 + 5.58) compared to the No Stress-Saline
controls (M =50.125 £ 7.82) and Stress-Pimavanserin treated animals (M = 47.42 + 5.33).
However, One-Way ANOVA analysis revealed no statistically significant differences between

the groups as, F(2,34) = 2.222, p =.124, n,*>=.227.
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Figure 9. Graphical representation of the measures from the OF test central square time
Means were calculated from time spent in the centrally defined (inner) square per testing group.
Locomotor activity. Analysis of locomotor activity was defined as the total distance
traveled in the open field. One-Way ANOVA for the total distance traveled revealed no
statistically significant difference between the groups as, F(2,34) = 1.488, p =.249, n,%>=.078.
To further investigate exploratory behavior of the outer and inner zones of the open field One-
Way ANOVASs were run on the distance traveled in each zone. No statistically significant
differences were detected for outer zone distance traveled as, F(2,34) = .388, p =.687, n,°=
.022. However, a statically significant difference was observed for inner square distance traveled
as, F(2,34) =3.225, p =.05, 7,%>=.159. Despite the significant ANOVA result, Tukey’s post-
hoc comparisons found no significant difference among the compared groups (p > .05).
Notwithstanding, because a medium effect size was detected and the ANOVA was significant,
the less sensitive Fishers LSD was used to further investigate the possible differences between
groups. The results of the Fisher LSD suggested that differences exist between the Stress-Saline

group and the Stress-Pimavanserin group (p =.022). No differences were found between the No
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Stress-Saline and Stress-Pimavanserin groups (p = .693). Finally, comparisons between the No
Stress-Saline and Stress-Saline groups only approached significance (p = .059). Figure 10
displays the means of the total distance traveled by the three treatment groups, as well as, the

means of the outer and exposed inner partitions of the open field.

Means of Total Distance Travelled, Inner Square Distance Travelled & Outer Square Distance Travelled
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Figure 10. Total distance traveled, represented in meters (Mean £ SEM), as well as distance
traveled in the inner and out sectors of the open field.

Rearing behavior. Rearing behavior was defined as an instance when the animal stood
on its hind legs in an upright posture. Comparisons were made on the mean frequency of rearing
episodes across groups. The results of the One-Way ANOVA revealed that a statistically
significant difference was present as F(2,34) = 7.527, p =.002, ny%=.307. Tukey’s post-hoc
comparisons revealed no significant differences existed between No Stress-Saline and Stress-
Pimavanserin treated animals (p = .933). However, statistically significant differences were
discovered between No Stress-Saline and Stress-Saline groups (p = .006), as well as, Stress-
Saline and Stress Pimavanserin treated animals (p =.004). Figure 11 displays the mean episodes

of rearing observed by the three treatment groups.
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Figure 11. Number of rearing episodes (mean + SEM) in an open field.

Conditioned freezing behavior. During the last three minutes of the open field test
animals were exposed to 10 trials of the 2 kHz tone used as the CS played on days when the
animals underwent acute stress exposure. Conditioned freezing behavior was defined as the
sudden immobility of an animal in response to the tone. One-Way ANOVA detected a
statistically significant difference among the group means on the number of freezing episodes in
response to the tone as, F(2,34) =9.611, p <.001, [Op2=.361. To determine where the
differences existed Tukey’s post-hoc comparisons were run. Analysis revealed a statistically
significant difference between No Stress-Saline and Stress-Saline groups (p =.001). A
statistically significant difference was also observed between Stress-Saline and Stress-
Pimavanserin groups (p = .002). No significant differences were found between No Stress-
Saline and Stress-Pimavanserin groups (p =.998). Figure 12 shows the group means for episodes

of freezing behavior in response to the tone.
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Figure 12. Number of freezing episodes (Mean + SEM) during 10 exposures to a stress -
associated tone.

Discussion

The current experiment was conducted with two aims in mind. The first aim was to
investigate whether chronic isolation in conjunction with two episodes of restraint and predator
scent stress could induce a PTSD-like phenotype in the female Lewis rats. Second, we wanted to
determine if a 1mg/kg dose of Pimavanserin could ameliorate any behavioral effects produced by
the stress protocol.
Overview of the Results

Concerning the first aim, there was an overall pattern of results. On all behavioral
measures except conditioned place aversion, there were persistent differences between the
stressed/saline-injected rats and the non-stressed/saline injected rats. A number of these
differences were significant. Animals subjected to the stress protocol demonstrated an increase
in anxiety-like behaviors as measured in the EPM and the Open field test. The results of the

ACSR test suggested that stressed animal also presented with an increase in anxiety-like
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behaviors and hyper-reactivity. Finally, freezing episodes in response to a conditioned stimulus
suggested that stress animals were more sensitive to the CS’s relationship to the traumatic event,
implying a persistent fear memory for the event.

Though this last finding is countered by the failure of stressed animals to demonstrate
contextual avoidance, it is possible that this discrepancy may be due to hormonal effects in the
rodents. This supposition is based on the findings that suggest female rats have reduced long-
term retention of contextual fear relative to males. Furthermore, this difference is not found in
cued conditioning (Gresack, Schafe, Orr, & Frick, 2009). Corroborating evidence for this
speculation is reflected in a study that implicated estradiol shifts in female rats to be related to
enhancing fear extinction (Maeng et al., 2017). An alternative explanation for the results is that
we were simply unable to properly induce contextual avoidance due to methodological variations
we made from other context fear conditioning protocols. Nevertheless, taken together the overall
results suggest that our model was able to produce several characteristics related to a PTSD-like
phenomenon in the animals.

Concerning the second aim of the study, the scores of the stressed/Pimavanserin group
closely resembled the scores of the non-stressed controls on all behavioral measures. In short, 1
mg/kg Pimavanserin largely or entirely reversed the persistent effects of the stressors. These
effects might conceivably be due to central nervous system depression or a global reduction of
activity levels induced by Pimavanserin. However, this seems unlikely, since the Pimavanserin-
treated animals actually had the highest overall activity level (greatest distance traveled) in the
open field. In addition, the persistent effects of stressor exposure did not seem to result from
debilitated animals, since stressed animals actually showed a non-significant trend toward faster
growth over the long course of the experiment.

Limitations and Future Directions

Despite the promising evidence that we were able to produce a PTSD-like phenotype in

the animals, there are several limitations to this study regarding the model. To begin, it is not

entirely clear how persistent the effects of the model are, as animals were only tested at one time
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point after the second acute stress exposure. Subsequent tests are needed to determine the
overall time course of the effect. Moreover, because a combination of one chronic stressor with
two acute stressors was employed, it was not possible to separately assess the relative impact of
the different stressors. Future studies could incrementally introduce the different stressors to
determine if the current results were due to the confluence of the stressors or isolated to a
particular procedure. It remains unknown whether or not our model produced other behavioral
and biological abnormalities related to PTSD. Further studies are needed to determine if this
model also produces cognitive deficits or endocrine dysfunctions in addition to structural and
molecular changes. It should be noted that the effects on stress hormones are currently being
investigated by our group. Finally, the use of female Lewis rats specifically in this study opens
the door for subsequent studies examining strain, sex and hormonal difference in response to the
stressor paradigm.

Concerning the introduction of Pimavanserin as a therapeutic agent, there are also several
limitations. One, we only evaluated one dose of Pimavanserin. Further studies are needed to
determine if the effect of Pimavanserin in this model is dose-dependent. Two, we only used one
5-HT>a antagonist. It has yet to be determined whether other 5-HT2a inverse agonists, such as
volinanserin, will have a similar effect on this PTSD model. However, plans for this experiment
are currently under development. Three, we only used one sex of rat. A follow-up study is
needed to determine if the effects of Pimavanserin are sex-dependent. Four, we only
administered the drug over one particular time-course relative to the administration of stressors.
Future studies are needed to determine if administering Pimavanserin shortly before or after
traumatic stimuli will prevent subsequent persistent PTSD-like effects. Finally, future studies
are needed to determine what long-term effects chronic Pimavanserin administration would have
on persistent PTSD-like behaviors.

Possible implications of the study
The results suggest that the activation state of the 5-HT2a serotonin receptor is critical to

modulating PTSD-like effects in our rodent model. The 5-HT2a inverse agonist Pimavanserin is
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already an FDA-approved drug for psychosis in Parkinson’s Disease. It has been found by the
FDA to have a generally acceptable side-effect profile. Therefore, if further evidence supports
its efficacy in animal models of PTSD, initial clinical trials might be contemplated. Also, the
role of the 5-HT2a receptor might be evaluated in animal models of other emotional disorders

involving anxiety and hyper-reactivity.
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