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Dissertation Abstract:

Exposure to stress can result in an increased risk for psychiatric disorders,
especially among genetically predisposed individuals. The specific susceptibility genes
that mediate the interaction with stress in psychiatric populations have not been clearly
identified. One candidate may be the Neuregulin 1 (NRG1) gene, which has been
repeatedly identified by association studies as a susceptibility gene for schizophrenia and
bipolar disorder. In the rat, the neurons of the hypothalamic paraventricular nucleus
(PVN), which control the neuroendocrine response to stress, show strong expression of
Nrgl mRNA. However, there is virtually no information on the role of NRGI in
hypothalamic-pituitary-adrenal (HPA) axis function, and whether the protein is expressed
in the PVN is unknown. The present studies utilize a unique line of Nrgl hypomorphic
rats (N rng”), which exhibit reduced expression of both the mRNA and protein
corresponding to the Type II NRGI isoform. After confirming that Type II NRG1 is
expressed in the neurocircuitry involved in regulating HPA axis responses to

environmental stimuli, the Nrg 1™ rats were then used to test the hypothesis that

genetically compromised Type II NRG1 in the brain creates a vulnerability to stress,



which is present during adolescence, and disrupts normal adult behaviors associated with
neuropsychiatric illnesses in a sex-specific manner. In support of this hypothesis, the
studies described herein established a sex-specific effect of disrupting Type II NRGI1 on
HPA axis regulation, such that male Nrg1™ rats demonstrated increased basal HPA axis
drive and female Nrg1™ rats demonstrated enhanced recovery from an acute stressor. In
addition, males with disrupted Type II NRG1 were more behaviorally reactive while
females were less reactive in measures of open field habituation, prepulse inhibition and
anxiety on the elevated plus maze. Finally, disruption of Type I NRG1 conferred a
resistance against the enduring effects of adolescent chronic stress on anxiety in
adulthood, which was dependent on sex and the type of stressor. Together these findings
provide evidence that Type Il NRG1 may be involved in the regulation of both

neuroendocrine and behavioral stress reactivity.
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Chapter 1: Introduction



Diathesis-Stress Model

Exposure to stress during sensitive periods of development, such as adolescence,
can create vulnerabilities that put genetically predisposed individuals at increased risk for
psychiatric disorders. The interaction of these three factors- stress, adolescence and
genetic vulnerability- is the topic of this dissertation. An appropriate conceptual
framework in which to consider these factors is the neural diathesis-stress model. This
model proposes that the stress response system mediates the interaction between stress
and risk for psychiatric disorders and also alters the underlying neural circuitry
generating the disorders (Walker et al., 2008). Diathesis, in essence, means predisposition
or vulnerability. Using the factors above, the diathesis-stress model would lead to the
conclusion that individuals without a genetic vulnerability may be exposed to high levels
of stress without significantly increasing their risk to develop a psychiatric disorder,
while an individual with a genetic vulnerability may significantly increase their risk for
psychiatric disorders with increased stress exposure (Fig.1.1).

One example that supports the diathesis-stress model can be found in a study of
depressive symptoms and the serotonin transporter (SHTT) gene polymorphism (Caspi et
al., 2003). In this study, depressive symptoms were correlated with the number of
stressful life events in individuals with a functional polymorphism of the SHTT gene.
Individuals with two short alleles, which is associated with lower transcriptional
efficiency of the promoter, demonstrated increased depressive symptoms with increasing
number of stressful life events, while individuals with two long alleles did not (Caspi et
al., 2003). Thus, the expression of the disease was modulated by both genetic and

environmental factors.
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Figure 1.1. Diathesis-Stress Model.

Individuals with a genetic vulnerability may significantly increase their risk for
psychiatric disorders with increasing stress exposure.



Overview of Stress

All living organisms strive to maintain homeostasis, or a stable internal and
external environment. Stress can be broadly defined as a threat against homeostasis
(Chrousos and Gold, 1992). Many behaviors are organized toward avoiding a
destabilized environment. Stressors can be either physical or psychological, or both.
Physical stressorsar e out si de of an individual 06s cont
injury, extreme temperatures or lack of nutrition. On the other hand, psychological
stressors depend on how an individual perceives the environment, and different
individuals may react to the same stressor in completely different ways. Examples of
psychological stressors include social instability, social isolation or major life events.
When a stressor is encountered, the brain triggers a physiological response, aimed at
coping with the stressor and restoring homeostasis (de Kloet et al., 2005). This response
is governed predominantly by the hypothalamic-pituitary-adrenal (HPA) axis.
HPA Axis Function

The HPA axis facilitates adaptation to stressful events, or disruptions in an
ani mal 6s internal 0 r et PHysical sir@sbrs alticatie o st at i c
brainstem structures, while psychological stressors activate limbic forebrain structures
(Ulrich-Lai and Herman, 2009). These structures then recruit neural and neuroendocrine
systems to initiate an HPA axis response, culminating with the secretion of adrenal
glucocorticoids (GCs), the principle mediators of this adaptive response.

Secretion of the adrenal GC hormones is under the stimulatory drive of the medial
parvocellular neurons in the paraventricular nucleus (PVN) of the hypothalamus that

secrete corticotropin releasing hormone (CRH) into the hypophysial circulation and



stimulate pituitary release of adrenocorticotrophic hormone (ACTH) which results in the
release of GCs from the adrenal gland (de Kloet et al., 1998). GCs are carried to every
organ via the circulation to allow for a coordinated adaptive response between the brain
and bodily functions. GCs mobilize energy, suppress immune and inflammatory
responses, inhibit bone and muscle growth and reproductive function as well as increase
attention and enable learning and memory (Herman et al., 2003). GCs also regulate
further CRH and ACTH release via negative feedback loops by binding receptors in the
pituitary, PVN, hippocampus (HPC) and prefrontal cortex (PFC) to inhibit further GC
release, in order to return to the homeostatic set point (de Kloet et al., 1998) (Fig. 1.2).
While these are the primary targets of GCs, virtually every neuron in the brain has
receptors for these hormones. Thus, GCs are an important enabler of normal brain

function in addition to their role in HPA axis function.
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Figure 1.2. The HPA axis.

When the brain detects a threat to homeostasis, the medial parvocellular neurons of the
PVN are activated to secrete CRH and AVP into the portal blood system where they are
carried to the anterior pituitary and stimulate the production of ACTH that is then
released into the circulation and binds receptors in the adrenal cortex. This leads to the
production of GCs, which can regulate further CRH and ACTH by binding receptors in
the pituitary, PVN, HPC and PFC to reduce the output of the HPA axis back to its normal
range of functioning. Reprinted by permission from Macmillan Publishers Ltd: Nature
Reviews Neuroscience, Effects of stress throughout the lifespan on the brain, behaviour
and cognition. Lupien et al., copyright 2009.



Corticosterone (CORT), the primary GC in the rat, is the ligand for the
glucocorticoid receptor (GR) and mineralocorticoid receptor (MR), steroid hormone
receptors that function as transcription factors and regulate neuronal gene transcription.
GR and MR have different affinities for CORT in the brain. GRs are expressed
ubiquitously in the brain, and are most concentrated in the CRH neurons of the PVN and
ACTH releasing neurons in the anterior pituitary and also in the HPC (de Kloet et al.,
1998). The highest expression of MRs in the brain is in the HPC, though they are
expressed in other forebrain regions (de Kloet et al., 1998). MRs are saturated by modest
levels of CORT, such as those generated during circadian oscillations, and thus mediate
daily changes in HPA axis activity. On the other hand, GRs are saturated by more
extreme levels of CORT, such as those seen following a stressful experience, and mediate
negative feedback to restore homoestasis (de Kloet and Reul, 1987; de Kloet et al., 1998).

Sex differences in HPA axis activity and responses to acute stressors are well
documented. Female rodents exhibit higher basal and stress induced levels of both ACTH
and CORT (Kitay, 1961; Critchlow et al., 1963; McCormick and Mathews, 2007). In
addition, females have higher levels of corticosteroid binding globulin (CBG), which
partially buffers the higher levels of CORT (Gala and Westphal, 1965; McCormick et al.,
2002). CBG binds circulating CORT and renders it biologically inactive (Mendel, 1989;
Rosner, 1990). However, CBG levels take several hours to increase after exposure to a
stressor, resulting in higher levels of biologically active CORT in females in response to
stressors (Tannenbaum et al., 1997). Additionally, the enzyme 11-beta-hydroxysteroid
dehydrogenase (11b-HSD) regulates GC access to GRs and MRs in a variety of tissues

by reversibly converting corticosterone to inactive 11-dehydrocorticosterone (de Kloet et



al., 1998). 11b-HSD is known to be modulated by gonadal steroids in some tissues such
as the kidney and liver and may be similarly regulated in the brain, possibly contributing
to the elevated HPA axis activity found in female rats (Lax et al., 1978; Low et al., 1993).
These effects in females are primarily mediated by estrogen, with higher levels of ACTH
and CORT found during proestrus, when circulating levels of estrogen are high
(Critchlow et al., 1963; Atkinson and Waddell, 1997). Much of the research on gonadal
steroid regulation of the HPA axis suggests that estrogen has excitatory effects while
androgens have inhibitory effects (Viau and Meaney, 1991; Burgess and Handa, 1992;
Handa et al., 1994; Viau and Meaney, 1996; McCormick et al., 1998; McCormick et al.,
2002).

Exposure to chronic stress can result in long term elevations in GCs and has been
shown to alter the structure and function of the brain regions involved in regulating the
HPA axis (Ulrich-Lai and Herman, 2009). Two general responses in HPA axis function
occur as a result of chronic stress, namely habituation and sensitization. Habituation
typically occurs following repeated exposure to the same (homotypic) mild stressor, with
the magnitude of the HPA axis response (i.e. CORT secretion) diminishing with each
subsequent exposure to the stressor (Akana et al., 1992; Dhabhar et al., 1997). On the
other hand, repeated exposure to different (heterotypic) and unpredictable stressors
prevents habituation of the HPA axis response (Bhatnagar and Dallman, 1998; Kinnunen
et al., 2003; Girotti et al., 2006; Solomon et al.). Interestingly, both chronic homotypic
and heterotypic unpredictable stressors cause sensitization of the HPA axis response to a
novel stressor, resulting in increased ACTH and CORT secretion (Akana et al., 1992;

Bhatnagar and Dallman, 1998).



The brain regions most vulnerable to chronic stress are the HPC, amygdala
(AMG) and PFC (McEwen, 2007). In both the HPC and PFC, chronic restraint stress
results in dendritic atrophy and decreased GR expression, which results in decreased
HPA axis feedback and impaired memory (Magarinos and McEwen, 1995; Conrad et al.,
1999; McLaughlin et al., 2007; Radley et al., 2008; Ulrich-Lai and Herman, 2009).
However, in the AMG, chronic stress causes dendritic hypertrophy and increased CRH
expression, which results in HPA axis excitability and anxiety (Vyas et al., 2002; Vyas et
al., 2006; Cui et al., 2008; Ulrich-Lai and Herman, 2009).

Sex differences in response to chronic stress exposure are less frequently
examined. The above-mentioned effects are well documented in males. However,
chronic stress does not appear to have the same effects in females. For example, females
appear to be resilient against chronic stress induced dendritic atrophy in the HPC and
spatial memory impairments (Bowman et al., 2001; Conrad et al., 2003; Kitraki et al.,
2004b; Kitraki et al., 2004a; McLaughlin et al., 2010). In the PFC, females exhibit
dendritic hypertrophy, whereas males demonstrate dendritic atrophy in response to
repeated stress exposure (Garrett and Wellman, 2009). In addition, chronic stress is
associated with sex-specific PFC-mediated behavioral effects. Chronically stressed males
show impairments in recall of fear extinction, possibly reflecting decreased behavioral
flexibility (Quirk et al., 2000; Miracle et al., 2006; Baran et al., 2009). However,
chronically stressed females demonstrate impaired memory for the acquisition of fear
conditioning, which is more dependent on the AMG (Goosens and Maren, 2001; Wallace
and Rosen, 2001; Blair et al., 2005). Interestingly, males show dendritic hypertrophy and

increased activation of the AMG and an associated increase in the acquisition of fear



conditioning following chronic stress (Baran et al., 2009). Thus in females, chronic stress
causes more moderate morphological and behavioral outcomes that may be related to
sex-specific changes in AMG function.
Stress and Psychiatric Disease

Many patients and individuals at risk for developing a psychiatric disorder,
including depression and psychosis, show HPA axis hyperactivity (Modell et al., 1998;
Garner et al., 2005; Mittal et al., 2007; Pariante, 2009). Stressful events or changes in
HPA axis function also often precipitate the onset of psychiatric illnesses (Kendler et al.,
1999; Koenig et al., 2002; Grandin, 2007; Yehuda and LeDoux, 2007; Walker et al.,
2008). In fact, alterations in HPA axis function are a robust finding in several psychiatric
disorders. Both patients with schizophrenia and psychotic depression show elevated CSF
CRH, baseline cortisol (Muck-Seler et al., 2004; Keller et al., 2006) and decreased brain
GR expression (Webster et al., 2002; Perlman et al., 2004). Patients with schizophrenia
also frequently experience a disrupted ability to resume normal HPA axis activity
following an acute stress (Goldman et al., 1993) and elevated cortisol (the predominant
GC in primates) levels have been reported both during an acute phase of chronic
schizophrenia and during the first psychotic episode (Tandon et al., 1991; Ryan et al.,
2004; Mondelli et al., 2010). Additionally, depressed individuals have been reported to
show HPA axis dysregulation with decreased negative feedback (Carroll, 1976; Young et
al., 1991; de Kloet et al., 2005) which can lead to a poor response to antidepressant
treatment and increased risk of relapse (Zobel et al., 2001). While depressed and
psychotic individuals tend to show HPA axis hyperactivity (Modell et al., 1998; Garner et

al., 2005; Mittal et al., 2007; Pariante, 2009), patients with post-traumatic stress disorder
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(PTSD) frequently present with enhanced GR-mediated negative feedback inhibition
(Yehuda, 2009). Stress-based animal models of schizophrenia, depression and PTSD
confirm the importance of stress and HPA axis dysregulation as etiological factors for
these disorders (Koenig et al., 2005; Willner, 2005; Bale, 2006; Cohen et al., 2006; Lee et
al., 2007; Seckl, 2008; van Winkel et al., 2008; Yamamoto et al., 2009).

Disruption of normal GC secretion, as well as GR and MR function, through
either chronic stress exposure or genetic manipulation leads to functional and structural
changes in multiple brain regions, including the HPC, AMG and PFC, which ultimately
mediate complex behaviors. Thus disturbances of the HPA axis have implications not
only for stress sensitivity but also for behaviors relevant to neuropsychiatric disorders
(Boyle et al., 2006; Kolber et al., 2008b; Kolber and Muglia, 2009). Mood and anxiety
disorders are consistently associated with abnormalities in the HPC, AMG and PFC
(Ressler and Mayberg, 2007). Indeed, individuals with PTSD, depression and
schizophrenia all demonstrate reduced hippocampal volume and impaired cognitive
function (Sheline et al., 1996; Brown et al., 1999; Bremner et al., 2000; Gilbertson et al.,
2002; Sheline et al., 2003; Campbell et al., 2004; Lange and Irle, 2004; Wignall et al.,
2004; Karl et al., 2006). In contrast, individuals with depression show hyperactivity of
the AMG (Drevets et al., 1992; Sheline et al., 2001) and increased AMG volume (Sheline
et al., 1998; Campbell et al., 2004; Lange and Irle, 2004). In patients with PTSD,
hyperactivity of the AMG has been reported during the presentation of salient or trauma
related stimuli (Rauch et al., 1996; Pissiota et al., 2002; Shin et al., 2004; Protopopescu et
al., 2005) and AMG activation has been reported to correlate with PTSD symptom

severity and anxiety (Rauch et al., 1996; Pissiota et al., 2002; Fredrikson and Furmark,
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2003; Shin et al., 2004; Armony et al., 2005). The PFC, which is frequently studied for its
role in governing executive function and behavioral flexibility (Dalley et al., 2004;
Ragozzino, 2007), also shows reduced volume and function in individuals with
depression (Baxter et al., 1989; Bremner et al., 2002; Coryell et al., 2005; Frodl et al.,
2008; Konarski et al., 2008; Vasic et al., 2008). In schizophrenia, reduced function or
connectivity of the PFC is hypothesized to mediate many of the cognitive deficits, such
as attentional shifting, executive function, working memory, long-term memory,
reinforcement learning and social behavior. Indeed, individuals with schizophrenia
demonstrate decreased function in the dorsolateral PFC, which has been correlated with
performance in a test of cognitive flexibility (Weinberger et al., 1986; Barch et al., 2001).
Stress and Adolescence

Adolescence is a period of transition from childhood to adulthood and is not
necessarily characterized by distinct milestones (Spear, 2000). It does encompass the
pubertal transition, but is not limited by that event. In humans, the adolescent period can
be broadly defined as 12 to18 years (Spear, 2000). In rats, this broad age range would be
approximately equivalent to 28-46 days of age (McCormick and Mathews, 2007). In
addition, a general classification of rodent adolescence includes three stages: pre-
pubescence/early adolescence (21-34 days), mid-adolescence (34-46 days) and late
adolescence (46-59 days) (Tirelli et al., 2003; McCormick and Mathews, 2007).
Adolescence is also a critically important period for the development of normal adult
behaviors and disturbance of adolescent development plays an important role in the
etiology of several psychiatric disorders (Walker, 2002; Andersen and Teicher, 2008;

Paus et al., 2008; Walker et al., 2008; Ernst et al., 2009). In rodents, social and cognitive
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behaviors mature at this time (Sisk and Foster, 2004; Markham et al., 2010). In addition,
impulsivity and novelty-seeking behaviors are increased, while novelty-induced stress
and anxiety are reduced (Adriani and Laviola, 2000).

Many brain systems mature during adolescence including neurotransmitter
activity and receptor expression, synapse development and pruning, and myelination
(Teicher et al., 1995; Andersen et al., 2000; Lee et al., 2003; Markham et al., 2007).
Additionally, the neural pathways involved in coordinating stress responses also continue
development during adolescence (Andersen, 2003; Casey et al., 2008), though adult
levels of CORT secretion are reached during the early adolescent period (Schoenfeld et
al., 1980; Sapolsky and Meaney, 1986; Schroeder and Henning, 1989). During early
adolescence, rats exhibit an exaggerated HPA axis response to both acute and chronic
stress compared to adults (Romeo and Sisk, 2001; Romeo et al., 2006). However, it is
during mid-adolescence in humans that most psychiatric disorders begin to emerge (Paus
et al., 2008).

In adolescent female rats, elevated basal CORT and ACTH levels are not detected
in comparison to age-matched male rats (Romeo et al., 2004a). However, in response to
an acute stressor, adolescent females show the same increase in stress-induced CORT but
not ACTH levels as adult females (Romeo et al., 2004b; Romeo et al., 2004a). These
findings suggest that sex differences in HPA axis function mature over the adolescent
period. How an animal copes with stressors during adolescence could determine its risk
for and resilience to the development of psychiatric disorders in adulthood (McCormick
and Mathews, 2007).

Investigation of the enduring effects of chronic stress during adolescence has only
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recently been explored. For example, variable physical stress in adolescent male rats led
to decreased hippocampal volume and impaired spatial learning (Isgor et al., 2004) and
repeated exposure to the elevated plus maze in adolescence also led to impaired spatial
learning (Avital and Richter-Levin, 2005). Findings for other learning and memory tests
are mixed (McCormick et al., 2010). Effects of adolescent stress have also been found on
behaviors relevant to anxiety and depression. Exposure to several different stressors
during adolescence resulted in increased anxiety behavior on the elevated plus maze in
adulthood (Tsoory et al., 2007; McCormick et al., 2008). However, there is less evidence
for adolescent stress exposure to result in depressive behaviors in adulthood (Pohl et al.,
2007; Toth et al., 2008). Studies of long lasting effects of adolescent stress exposure on
HPA axis function are mixed, while most report no effect on basal or stress-induced
CORT or ACTH secretion, some studies find increased basal and stress induced CORT
secretion in adulthood (Isgor et al., 2004; Toledo-Rodriguez and Sandi, 2007;
McCormick et al., 2008; McCormick et al., 2010).

Few studies have examined the effects of chronic adolescent stress on adult HPA
axis function and behavior in females. In one study, chronic stress during adolescence
resulted in no effect on stress-induced CORT in either adult males or females (Toledo-
Rodriguez and Sandi, 2007; McCormick et al., 2008), though another study that used
more severe stressors over the entire adolescent period (days 23-51) did find increased
basal CORT in both male and female adults (Pohl et al., 2007). In addition, a study using
chronic mild stress or severe sporadic stress during adolescence found that females were
more sensitive than males and exhibit a wider range of behavioral changes in adulthood

compared to males (Pohl et al., 2007).
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Chronic stress exposure during adolescence can lead to long term behavioral and
neuroendocrine effects, depending on the timing of exposure, the sex of the animal and
the type of stressors used (McCormick et al., 2010; Romeo, 2010). An additional factor in
mediating long-term effects of adolescent stress exposure may also include genetic
vulnerabilities. Since the risk for many psychiatric disorders (i.e. anxiety and mood
disorders, schizophrenia and substance abuse) increases during adolescence (Hankin et
al., 1998; Spear, 2000; Walker, 2002; Andersen, 2003; Costello et al., 2003; Dahl, 2004;
Patton and Viner, 2007; Paus et al., 2008), it is critical to assess interactions between
genetic susceptibility and stress exposure during this period of maturation and potential
vulnerability. However, there are currently few examples of this in the literature.

Stress and Genetic Vulnerability to Psychiatric Disease: Neuregulin 1

Gene-environment interactions account for much of the pathology associated with
psychiatric disorders (Bayer et al., 1999; Caspi et al., 2003; Howes et al., 2004; Mittal et
al., 2008; van Os et al., 2008; Aguilera et al., 2009; Jaaro-Peled et al., 2009; Keri et al.,
2009) but unfortunately, these interactions have not been extensively investigated,
especially in animal models. This is especially true for adolescence, despite the fact that
psychiatric illnesses typically emerge during this time. Additionally, the specific
susceptibility genes that mediate the interaction with stress in psychiatric populations
have not been clearly identified. One candidate is the Neuregulin 1 (NRG1) gene, which
has been repeatedly identified by association studies as a susceptibility gene for
schizophrenia and bipolar disorder (Stefansson et al., 2002; Stefansson et al., 2003;
Harrison and Law, 2006; Prata et al., 2009). Interestingly, there are several

demonstrations of gene by environment interactions associated with NRG1. In patients
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with schizophrenia,asing | e nucl eoti de pol y MNRGlpnterace m 1 n t
with psychosocial stress to affect reactivity to expressed emotion (Keri et al., 2009).
NRG1 genotype also interacts with job strain to increase risk of heart disease (Hintsanen
et al., 2007). Studies in genetically modified animals also demonstrate gene by
environment interactions. Environmental enrichment increases exploratory behavior more
in Nrgl heterozygous mice than wild type (WT) mice (Karl et al., 2007). These studies
suggest that NRG1 genotype may create a vulnerability or increased sensitivity to
environmental stimuli.
In humans, the NRG1 gene is highly complex and can be alternatively spliced into
six types (I-VI) of proteins, based on N-terminal structural and functional differences
(Falls, 2003a; Esper et al., 2006). Similar splicing appears to exist in the rat, although
there is controversy about the production of some isoforms (Tan et al., 2007; Shamir and
Buonanno, 2010). Types |1 and |V NRG1 ari she from s
gene, while Types I, 11, V and VI are enc
(Steinthorsdottir et al., 2004; Harrison and Law, 2006). The region of NRG1 that contains
many risk haplotype associations with schizophrenia includes the exons that encode Type
'l and Type |V NRG1 pr ot -eodingregioasl(Socfangsonwti t h a d
al., 2002; Stefansson et al., 2003; Harrison and Law, 2006) (within the dotted lines in Fig

1.3).
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Figure 1.3. Human NRG]I gene.

Exons are presented as vertical bars, those with functional domains are patterned and
exons whose function has not yet been determined are grey. Below the gene are the
pol ymorphisms that define the 56 and
study. Horizontal lines denote the extent of each risk haplotype. The dashed box shows
the region where most positive associations with schizophrenia have been found.
Reprinted from Biological Psychiatry, vol 60, Harrison and Law, Neuregulin 1 and
Schizophrenia: Genetics, Gene Expression and Neurobiology, p 132-140, copyright
(2006), with permission from Elsevier.
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Most isoforms of NRG1 are synthesized as membrane-anchored proteins with a
transmembrane domain. All types of NRG1 signal via an extracellular epidermal growth
factor (EGF)-like domain that activates ErbB receptor tyrosine kinases, preferentially
ErbB4 (Mei and Xiong, 2008). In addition, Types I-1I and IV-V contain an
immunoglobulin (Ig) domain (Harrison and Law, 2006). Membrane bound NRG1
undergoes proteolytic cleavage by type I transmembrane proteases (TACE, BACE and
meltrin beta) in order to release diffusible NRG1 (Loeb et al., 1998; Hu et al., 2006;
Willem et al., 2006; Montero et al., 2007; Yokozeki et al., 2007). The diffusible form of
NRGI1 contains the EGF domain and thus can stimulate ErbB receptors to initiate

signaling (Harrison and Law, 2006) (Fig. 1.4).
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Figure 1.4. Different Types of NRG1 and Domains.

The six types of NRG1 are distinguished based on N-terminal sequences. All types of
NRGI1 contain a transmembrane and EGF domain. Types I-II and IV-V contain an
additional Ig domain. Type III NRG1 remains membrane bound. Cleavage releases
diffusible NRG1 into the extracellular space. Adapted by permission from Macmillan
Publishers Ltd: Nature Reviews Neuroscience, Neuregulin 1 in neural development,
synaptic plasticity and schizophrenia. Mei and Xiong, copyright 2008.
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ErbB receptors respond to NRG1 stimulation by forming homo- or heterodimers.
Only ErbB4 can both interact with NRG1 and become activated at the tyrosine kinase
domain (Mei and Xiong, 2008). ErbB2 does not bind to NRG1, but has an active kinase
domain, while ErbB3 can bind to NRG1 but has an inactive kinase domain (Guy et al.,
1994; Tzahar et al., 1996). Thus ErbB2 and ErbB3 must form heterodimers with either
each other or ErbB4 in order to function (Mei and Xiong, 2008). ErbB4 is the most
characterized of the ErbB receptors in the brain and has also been identified as a
susceptibility gene for schizophrenia (Mei and Xiong, 2008). Upon stimulation with
NRGI, ErbB dimerization activates the kinase domain leading to auto- and
transphosphorylation of the intracellular domains that then serve as docking sites for
adaptor proteins or enzymes (Mei and Xiong, 2008). Intracellular pathways that are
frequently activated by NRG1-ErbB stimulation are the Raf-MEK-ERK and PI3K-Akt
pathways, in addition to others that involve JNK, Src, Abl and PKC (Mei and Xiong,
2008).

NRGIT ErbB4 signaling plays many roles in neural development, including radial
neuron migration, axon guidance, myelination, oligodendrocyte development and
synapse formation (Falls, 2003a; Mei and Xiong, 2008). In addition, NRG1 is important
for adult neural function, including the regulation of the serotonergic system, N-Methyl-
D-aspartic acid (NMDA), gamma-Aminobutyric acidy (GABAx)and U7 ni coti ni c
receptor expression and signaling, modulation of long-term potentiation, transcriptional
regulation and hormonal control of puberty (Falls, 2003a; Prevot et al., 2003 ; Harrison
and Law, 2006; Dean et al., 2008). The majority of studies examining NRG1-ErbB4

signaling have focused on glutamatergic and GABAergic systems. For example,
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application of NRG1 to GABAergic interneurons increases the formation of new
synapses and strengthens already formed synapses (Ting et al., 2010). One possible way
that this occurs is through stabilization of PSD-95 via ErbB4 receptor activation (Ting et
al., 2010). In addition, stabilization of PSD-95 via NRG1-ErbB4 signaling stabilizes
synaptic AMPA receptors (Mei and Xiong, 2008). Disruption of NRG1-ErbB4 signaling
can cause destabilization of the spine structure, impaired plasticity and loss of spines and
NMDA receptors (Mei and Xiong, 2008). In fact, in heterozygous Nrgl EGF domain
knock out (KO) mice, decreased functional NMDA receptors in the forebrain has been
found (Stefansson et al., 2002); and in mice with parvalbumin-specific ErbB4 knocked
out, NRGI fails to suppress LTP in the hippocampus (Chen et al., 2010). Thus, NRG1-
ErbB4 signaling plays a complex role in maintaining the functional balance between
excitatory and inhibitory neurotransmission in the brain.

One physiological system that relies heavily on proper GABAergic and
glutamatergic balance is the HPA axis. In the PVN, glutamate activates the HPA axis
directly via local ionotropic and metabotropic glutamatergic receptor subunits (Herman et
al., 2004). Likewise, GABAergic signaling in the PVN directly inhibits the HPA axis via
local GABA 4 receptor subunits (Herman et al., 2004). NRG1-ErbB4 signaling may help
maintain the balance of glutamatergic and GABAergic signaling in the PVN via local
stabilization of spines and NMDA and AMPA receptors.

Interestingly, in the rat, the neurons of the PVN show strong expression of Nrgl
mRNA (Chen et al., 1994), and Erbb4 mRNA is expressed in neurons (Gerecke et al.,
2001) and astroglia (Ma et al., 1999) of the hypothalamus. Additionally, ErtbB4 protein is

expressed in the medial basal hypothalamus and preoptic area (Prevot et al., 2003).

20



Furthermore, NRGI is expressed in other brain regions that are the primary modulators of
the HPA axis, including the HPC and PFC (Law et al., 2004). However, there is virtually
no information on the role of NRG1 in HPA axis function. The aforementioned evidence
of gene by environment or gene by stress interactions also supports the need to examine
NRG1 in stress regulation. The involvement of NRG1 in the regulation of the HPA axis
function and neuromaturation may be key understanding its role as a susceptibility gene
for some psychiatric disorders.
Adolescence and NRG1 in the Diathesis-Stress Model

As stated above, the diathesis-stress model would lead to the conclusion that an
individual with a genetic vulnerability may significantly increase his or her risk for
psychiatric disorders with increased stress exposure. In light of the evidence presented
here, there may be room for an additional factor in the diathesis-stress model, that of a
critical or sensitive period, such as adolescence. For example, stress exposure during
adolescence in an individual with a NRG1 polymorphism might lead to reprogramming of
the brain during adolescent maturation, ultimately resulting in increased risk for
psychiatric disorders in adulthood (Fig 1.5). Thus the diathesis-stress model can provide a

framework with which to create specific hypotheses.
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Figure 1.5. Modified Diathesis-Stress Model.

Individuals with a NRG1 genetic vulnerability may significantly increase their risk for
psychiatric disorders when exposed to stress during a critical period such as adolescence.
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Hypothesis and Aims

This dissertation is comprised of two specific aims designed to test the following
overarching hypothesis: Genetically compromised expression of Type II NRG1 in the
brain creates a vulnerability to stress, which is present during adolescence, and disrupts
normal adult behaviors associated with neuropsychiatric illnesses in a sex-specific

mannecr.

Specific Aim 1
To determine a role for Type II NRG1 in the control of HPA axis activity during

adolescence and adulthood.

Experiments
1. To establish the utility of Nrg1™ rats as a model of disrupted Type II NRG1

expression.

2. To confirm that Type II NRG1 is expressed in brain regions involved in controlling

neuroendocrine responses to stress.

3.1 To determine whether HPA axis function is dysregulated by disrupting the

expression of Type Il NRG1 in the rat brain.

3.2 To determine whether disruption of Type Il NRGI results in altered behavioral

reactivity to different environments.
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Specific Aim 2
To investigate the interaction of Nrgl gene disruption and chronic variable stress
exposure during adolescence on adult behaviors relevant to stress reactivity and

psychiatric disease.

Experiments
1. To determine whether disrupted Type II NRG1 and chronic variable stress exposure
during adolescence interact to alter adult behavioral reactivity and basal corticosterone

secretion.

2. To determine if administration of corticosterone during adolescence results in the

same behavioral and neuroendocrine changes in the adult rat as adolescent chronic

variable stress exposure.
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Chapter 2: Type II Neuregulin 1 Hypomorphic Rats
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Abstract

NRG1 is an important growth factor involved in the development and plasticity of
the central nervous system. NRG1 is also a susceptibility gene for schizophrenia and is
associated with psychotic bipolar disorder. In addition, some polymorphisms of NRG1
have been reported to interact with social stress and job strain. Interestingly, in the rat, the
neurons of the hypothalamic PVN, which control the neuroendocrine response to stress,
show strong expression of Nrgl mRNA. Despite this evidence implicating NRG1 as a
potential player in stress reactivity, there is virtually no information on the role of NRG1
in HPA axis function, and whether the protein is expressed in the PVN is unknown. The
present studies utilize a unique line of hypomorphic Type Il NRG1 rats (Nrg1™)
generated by gene trapping with the Sleeping Beauty transposon. We first established that
the Nrgl™ rats displayed reduced expression of both the mRNA and protein
corresponding to the Type Il NRGI isoform. It was then confirmed, using wild type
animals, that Type II NRG1 is expressed in the neurocircuitry involved in regulating
HPA axis responses to environmental stimuli. Finally, we provide evidence against major
disruptions in the hypothalamic-pituitary-gonadal (HPG) axis in females, as measures of
pubertal onset, estrous cyclicity, reproductive capacity and maternal behavior were

unaltered in female Nrgl™ rats.
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Introduction
In humans, the NRG1 gene is highly complex and can be alternatively spliced into
six types (I-VI) of proteins, based on N-terminal structural and functional differences
(Falls, 2003a; Esper et al., 2006). Similar splicing appears to exist in the rat, although
there is controversy about the production of some isorforms (Tan et al., 2007; Shamir and
Buonanno, 2010). Types |1 and |V NRG1 arise from s
gene, while Types I, 11, V and VI are enc
(Steinthorsdottir et al., 2004; Harrison and Law, 2006). All types of NRG1 signal via an
EGF-like domain that activates ErbB receptor tyrosine kinases, preferentially ErtbB4 (Mei
and Xiong, 2008). NRG1T ErbB4 signaling plays many roles in neural development,
including radial neuron migration, axon guidance, myelination, oligodendrocyte
development and synapse formation (Falls, 2003a; Mei and Xiong, 2008). In addition,
NRGI is important for adult neural function, including the regulation of the serotonergic
system, NMDA, GABA,and U7 nicotinic reemptors, mo d u
potentiation, transcriptional regulation and hormonal control of puberty (Falls, 2003a;
Prevot et al., 2003 ; Harrison and Law, 2006; Dean et al., 2008).
NRG1 has also repeatedly been identified by association studies as a susceptibility
gene for schizophrenia and psychotic bipolar disorder (Stefansson et al., 2002; Stefansson
et al., 2003; Harrison and Law, 2006; Prata et al., 2009). The region of NRG1 that
contains many risk haplotype associations with schizophrenia includes the exons that
encode Type I 1 and Type 1|V NRGGddingrdggions ei n, a
(Stefansson et al., 2002; Stefansson et al., 2003; Harrison and Law, 2006). Additionally,

in patients with schizophrenia, a single nucleotide polymor phi sm i n t he 506 r
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NRGI interacts with psychosocial stress to affect reactivity to expressed emotion (Keri et
al., 2009). NRGI1 genotype also interacts with job strain to increase risk of heart disease
(Hintsanen et al., 2007).

Stress and changes in the HPA axis function are associated with and precipitate
the onset of many psychiatric disorders, including depression and schizophrenia (Kendler
etal., 1999; de Kloet et al., 2005; Walker et al., 2008; Feder et al., 2009). It is also
reported that stressful experiences can precipitate psychotic episodes (Johns et al., 2004;
Wiles et al., 2006). Patients with schizophrenia and psychotic depression show
dysregulated basal and stress-induced HPA axis function (Goldman et al., 1993; Walder
et al., 2000; Webster et al., 2002; Muck-Seler et al., 2004; Perlman et al., 2004; Keller et
al., 2006). Additionally, some antipsychotic and antidepressant medications have been
shown to suppress HPA axis activity (Thakore et al., 1997; Markianos et al., 1999; Zhang
et al., 2005). Stress-based animal models of schizophrenia and depression further confirm
the importance of stress and HPA axis dysregulation as etiological factors for these
diseases (Willner, 2005; Bale, 2006; Koenig, 2006; Seckl, 2008; van Winkel et al., 2008).

In the rat, the neurons of the hypothalamic PVN, which control the
neuroendocrine response to stress, show strong expression of Nrgl mRNA (Chen et al.,
1994), and Erbb4 mRNA is expressed in neurons (Gerecke et al., 2001) and astroglia (Ma
et al., 1999) of the hypothalamus. Additionally, ErbB4 protein is expressed in the medial
basal hypothalamus and preoptic area (Prevot et al., 2003). However, there is virtually no
information on the role of NRG1 in HPA axis function, and whether the protein is
expressed in the PVN is unknown.

Since its identification as a susceptibility gene for schizophrenia, several
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transgenic mouse models have been employed to elucidate the role NRG1 may play in

the pathogenesis of psychiatric disease. In these mice, mutations are primarily targeted to

30 r egi MrglgeneqPerlatettule 2000; Stefansson et al., 2002; Rimer et al.,

2005; O'Tuathaigh et al., 2007; Dean et al., 2008). Ho we v e r , it iNsgL t he 50
that contains the most risk haplotype associations with schizophrenia and bipolar disorder

(Stefansson et al., 2002; Stefansson et al., 2003; Harrison and Law, 2006). The 506 regi
codes for two isoforms of NRG1, Type II and Type IV, both of which are expressed

during prenatal and early post-natal rodent development, though Type IV is not expressed

at a detectable level in the adult rat brain (Tan et al., 2007; Shamir and Buonanno, 2010;

Liuetal., 2011).

Interestingly, it has been reported that NRG1-ErbB4 signaling in hypothalamic
astrocytes is required for normal female sexual development (Prevot et al., 2003). Mice
expressing dominant-negative ErbB4 receptors displayed delayed sexual maturation and
diminished reproductive capacity in adulthood as a result of the inability of hypothalamic
astrocytes to respond to NRG1 (Prevot et al., 2003). It is currently unknown whether
disruptions to NRGI itself result in altered female sexual development or adult
reproductive capability, or whether these disruptions can account for the sex-specific
behavioral phenotypes described in Chapter 4 (O'Tuathaigh et al., 2006; O'Tuathaigh et
al., 2007; Deakin et al., 2009).

The present studies utilize a line of hypomorphic Type Il NRG1 rats (Nrgl™),
generated with the Sleeping Beauty transposon (Lu et al., 2007). This novel rat
preparation differs from existing mouse models of disrupted Nrgl expression, which have

targeted the 306 region of the gene. The ma
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the utility of Nrg1™ animals as a model of disrupted Type IT NRG1 expression and to
determine if Type Il NRG1 is expressed in brain regions that are the primary modulators
of the HPA axis. Furthermore, important reproductive measures were measured in

females, including pubertal onset, adult reproductive capability and maternal behavior.
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Methods and Materials
Animals
The novel rat preparation utilized by our laboratory was developed and obtained

from the PhysGen Program in Genomic Applications (http://pga.mcw.edu/) at the

Medical College of Wisconsin. The disruption of the Nrgl gene was created using the
Sleeping Beauty transposon system on a Fischer 344 inbred rat strain background (F344-
Nrg] Tee-T2/Bard)2.I83Mewi y (] \y ot a1 2007). The transposon randomly inserted into the

first intron, which lies downstream of the coding sequence for Type II NRG1 protein

isoforms (see http://www.knockoutrat.org/ratModel.php?id=251 and

http://rgd.mcw.edu/tools/strains/strains_view.cgi?id=2290103). All animals were bred

and housed at the Maryland Psychiatric Research Center in a light-controlled (lights on
06.00 h to 20.00 h) and temperature-controlled facility, with free access to rat chow
(Harlan Teklad, Frederick, MD) and water. All procedures conform to guidelines for
animal research established by the National Institutes of Health, and were approved by
the University of Maryland School of Medicine Institutional Animal Care and Use
Committee.
Breeding System

The Nrng” rat colony was expanded from approximately six founder
heterozygous male and female Nrngn rats from the PhysGen Program at the Medical
College of Wisconsin. In this line of transgenic rats, animals homozygous for the
transposon insertion were viable. Therefore heterozygous pairs were bred to produce wild
type (WT), heterozygous and homozygous offspring. Once a sufficient number of WT

and homozygous offspring were available, WT and homozygous breeding pairs were set
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up to generate offspring for experimental use. To prevent genetic drift, a number of
heterozygous breeding pairs were maintained in order to generate new WT and
homozygous Nrgl™ rats for breeding. In general, a monogamous mating system was
used; polygamous (no more than two females for one male) mating was utilized only
when a shortage of breeding pairs occurred. Breeding pairs were placed into the same
cage for 10 days on average, after which male breeders were removed. Twenty days after
the first exposure to males, females were observed daily for parturition. The day of
parturition and number of pups were recorded. Lactating dams and pups were observed
several times weekly to monitor growth and survival until weaning (postnatal day 24-25).
Genotyping

Genotyping of rats was performed on DNA obtained from tail tip biopsies using
polymerase chain reaction (PCR) amplification. Tail biopsies were digested with 100
ne/ml proteinase K in lysis buffer (1.21g Tris Base, 2.5 ml 0.2M EDTA, 4 ml 5M NaCl,
1 ml 100mM CaCl,, 2 ml 10%SDS, distilled H,0 to 100 mls) at 56 C overnight. Genomic
DNA was precipitated with isopropanol and washed with 70% ethanol, dried and
dissolved in sterile water. Genomic DNA concentrations were measured using the
SmartSpec3000 spectrophotometer (Bio-Rad, Hercules, CA). Nrgl genotype was
determined using three primer PCR. Two primers flanked the mapped insertion site
(Nrgl: 5 -Gagg aac caa aaa agt aga ctc agt gtg -3 0 ;- gtghge ttt tct gta agg tgg taactt -5 0 )
and a third primer was transposon specific (ctg acc taa gac agg gaa tt). If the transposon
was not inserted into the gene, Primers 1 and 2 would amplify a ~1000-bp product. If the
transposon was inserted, Primer 3 would work with either Primer 1 or Primer 2

(depending on the orientation of the transposon) to amplify a smaller ~500-bp product.
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This method was used to determine the presence and zygosity of the transposon insertion
(Fig. 2.1). The PCR was performed in a PCR Sprint machine (Thermo Fisher Scientific,
Waltham, MA) at 95°C, 10 min for initial PCR activation step, followed by 94°C 30 sec,
60°C 30 sec, 72°C 40 sec, for 25 cycles followed by 72°C 7 min and 15°C holding
temperature. Amplified products were separated and visualized by ethidium bromide
agarose gel electrophoresis. Male and female WT Fischer 344 rats and rats homozygous
for the transposon insertion (Nrgl™) were used in the present studies. Separate groups of

animals were used for each set of studies.

Heterozygous WT Homozygous

Figure 2.1. Example PCR for Genotyping.

The gel above is an example of an intercross between two heterozygotes for the Nrgl
transposon insertion. Two bands are present if the animal is heterozygous. If the animal is
homozygous only the 500-bp product is present, and WT animals give only the 1000-bp
product.
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Reverse Transcription PCR

The insertion of the transposon disrupts gene products by interfering with normal
splicing patterns. To confirm the disruption of Nrgl mRNA, reverse transcription PCR
(RT-PCR) was utilized. Thirty milligrams of tissue from the cerebral cortex of Nrg1™
and WT (n=4-5 per group) rats were used to isolate mRNA. Total RNA was extracted
with the RNeasy Mini Kit (Qiagen, Valencia, CA). Briefly, tissue samples were lysed and
homogenized via sonication in a denaturing buffer, containing guanidine thiocyanate and
2-mercaptoethanol, that inactivated RNases to ensure intact RNA. Ethanol was then
added to allow appropriate binding conditions and the samples were then applied to
RNeasy mini spin columns to allow total RNA to bind to the column membrane, while
contaminants were washed away with buffers provided by the manufacturer. RNA was
then eluted with RNase-free water and stored at - 20°C until use. RT-PCR was carried
out with Qiagen One-Step RT-PCR kit (Qiagen, Valencia, CA) and contained 75 ng of
template RNA, 5x buffer, 10 mM dNTPs, enzyme mix and 0.6 pM primers for a final
volume of 50 pl. Primers were created from the AF194993 rat mRNA clone [Nrgl
f or waaggattcgbeddcttcaca -3 Nj, r egstogtticcsatcttgbad\j3 Nj, GAPDH
5-Mgatttggccgtatcgg-3 Nj, r ecogtgettcgcaeccaledNd Nj] . -FOR evas performed
in a PCR Sprint machine (Thermo Fisher Scientific, Waltham, MA) at 50°C, 30 min for
reverse transcription, 95°C, 15 min for initial PCR activation step, followed by 94°C 30
sec, 60°C 30 sec, 72°C 1 min, for 30 cycles. Amplified products were separated and
visualized by agarose gel electrophoresis.
Western Blotting

Western blots were performed as previously described (Silverman and Koenig,
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2007; Taylor et al., 2011a; Taylor et al., 2011b) with the following modifications.
Samples from the PFC of adult WT (n=6) and Nrg 1m (n=6) rats were used to compare
expression levels of Type Il NRGI between genotypes. In a separate group of adult male
WT animals, PVN (n=5), HPC (n=5) and PFC (n=5) were extracted to determine
localization of Type II NRG1. Brain regions were identified using the Paxinos and
Watson brain atlas (Paxinos and Watson, 1986). Brain tissue samples from the PFC, HPC
and PVN were isolated from 1mm frozen coronal sections using a Imm rat brain punch
(Stoelting, Wood Dale, IL). Bilateral punches were used for each area with a total of 4
punches for the PFC, 6 punches for dorsal HPC, and 2 punches for the PVN. Due to the
irregular shape of the PVN, some tissue adjacent to the PVN was likely included in these
punches. Tissue samples were homogenized via sonication in lysis buffer (50 mM Tris
pH 8.0, 5 mM EDTA, 150 mM NaCL and 1% SDS) with protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO), and protein concentrations were determined using a
protein assay kit (Bio-Rad, Hercules, CA). Brain tissue extracts were diluted in Laemmli
sample buffer (Bio-Rad, Hercules, CA) (950 m Laemmli buffer and 50 m bME / 2-
Mercoptoethanol) to a concentration of 30ng of protein per lane and resolved by
electrophoresis (Room temperature, 140V for 47 min) on a 10% polyacrylamide gel (Bio-
Rad, Hercules, CA). Proteins were electrotransferred (4 C, 30 V for 21 h) from the gel
onto PVDF membranes (Bio-Rad, Hercules, CA). Membranes were blocked with 1X
Tris-buffered saline with 0.5% Tween-20 (TBS-T) and 3 % bovine serum albumin (BSA)
for 1 h and then incubated with primary antibody for 24h at 4 C: Type I NRG1 (1:1000;
AF2015, R&D systems, Minneapolis, MN). After washing with TBS-T and 3% BSA,

membranes were incubated with horseradish peroxidase-labeled secondary antibody for 1
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h at room temperature: rabbit anti-goat (1:2500; AP106P, Millipore, Temecula, CA).
Membranes were then washed with TBS-T and the protein detected using Pierce ECL
Western blotting substrate (Thermo Fisher Scientific, Waltham, MA). Blots were
developed by exposure to chemiluminescent film (Amersham, GE Healthcare,
Buckinghamshire, UK). Densitometric measurements of the protein bands were made
using AIS 6.0 software (Imaging Research Inc., St. Catharines, ON, Canada). Following
image collection, membranes were stripped using Restore plus Western blot stripping
buffer (Thermo Fisher Scientific, Waltham, MA) and reprobed for actin (1:10,000;
MAB1501, Millipore, Temecula, CA). Protein expression levels were normalized to actin
expression.
Female pubertal onset and adult reproductive function
Vaginal Opening

Starting on postnatal day 29, WT and Nrg1™ female rats (n=8-9/genotype) were
inspected daily for inperforation of the vaginal membrane (i.e. vaginal opening) as a
marker for the onset of puberty. In female rats, ovulation and hormonal changes that
accompany the onset of puberty are usually associated with vaginal opening (Ojeda et al.,
1976).
Adult reproductive function

Adult (~ 65 days of age) female WT and Nrg 1™ rats (n=10-13/genotype) were
used for determination of estrous cyclicity. Using the lavage method (Marcondes et al.,
2002; Hubscher et al., 2005), vaginal samples were taken once a day for 15 days between
11.00 h and 14.00 h. Samples were observed under a light microscope at 100 x

magnification. The proportion of cell types was used to determine estrous cycle phases
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as follows: proestrus consisted of primarily round nucleated epithelial cells, estrus was

characterized by predominantly cornified epithelial cells, and diestrus I and II were

characterized by a predominance of leukocytes (Marcondes et al., 2002; Hubscher et al.,

2005). In addition, in the last day of estrousfore ach ani mal s6 recorded
weights were taken. Rats were between 75 and 80 days of age.

To determine adult reproductive capacity in nulliparous female WT and Nrg1™
rats (10-12/genotype) the interval between initial exposure to a male breeder and the birth
of the first litter was recorded. In addition, litter size, percent survival from birth to
weaning and percent male for these litters were recorded and compared between
genotypes.

Maternal Behavior

Maternal behavior was measured in WT and Nrgl™ dams. Arched-back nursing
(n=10-15/genotype) was measured using a modified version of periodic spot check
observation (Lonstein and Fleming, 2002). Observations were recorded over a five day
period during the first week of postnatal life. Spot checks occurred three times a day,
between 10.00 and 11.00h, 13.00 and 14.00h, and 16.00 and 17.00h. Behavior was
recorded randomly during each of the three time intervals. Average percent of
observations spent arched-back nursing was calculated and compared between genotypes.
To examine pup retrieval, home cages were moved from the housing rack to a cart within
the vivarium. Pup retrieval (n=10/genotype) was only measured if this mild disturbance
caused the dam to disperse her nursing pups throughout the cage. After the pups
detached, latency to retrieve the first pup, resulting in its return to the original or a new

nest, was recorded. Latencies were recorded in bins, ¢30s, 31-60s, 61-90s, 91-120s. The
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upper limit of each bin that the observation fell into was scored for an estimated average
latency. This method was utilized to minimize disruption of normal maternal care. Nest
building (n=9-14/genotype) was measured on the fourth day of observation. Additional
bedding was added to the front of each home cage and the time to incorporate the
bedding into the nest was scored. A score of 3 was given if the dam began moving the
bedding into the nest within 5 minutes, a score of 2 was given if the dam began moving
the bedding within 15 minutes and a score of 1 was given if the bedding was moved into
the nest after 4 hours. All dams observed moved the bedding to their nest within 4 hours.
Statistical Methods

Statistical analyses were conducted using SPSS statistical software (version 12.0).
Unpaired t-tests were used to compare mean protein expression from Western blots, in
addition to indices of pubertal onset, adult reproductive function, body weight and

maternal behavior.
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Results
Nrg1™ Rat Preparation

The F344-Nrg] Teo-T2/Bad)218Mewl (Nrg1 ™) strain was identified as previously
described (Lu et al., 2007) as an insertion of the Sleeping Beauty gene-trap transposon
vector into intron 1 of Nrgl, which lies downstream of the coding sequence for the Type
'l NRG1 protein isoform. Thi s NREgencahat
is most frequently associated with schizophrenia (Stefansson et al., 2002; Harrison and
Law, 2006; Mei and Xiong, 2008; Pedrosa et al., 2009). Presence of the insertion was
confirmed by sequencing (A. Geurts, personal communication; Fig. 2.2A) and intercross
offspring were genotyped using three primer PCR to distinguish homozygous from
heterozygous carriers. Splicing of the Nrgl gene is highly complex and produces several
isoforms (Falls, 2003b), most of which are not yet defined in the rat (see GenBank
accessions AF194993-AF194997 for partial expressed sequence tags encoding
presumptive rat Type Il NRG1 isoforms). The insertion is predicted to intercept splicing
from exon 1 and therefore disrupt Type II NRG1 isoforms in tissues where they are
expressed (Fig. 2.2B). It should be noted that it is not currently known whether Type IV
NRGT1 (Steinthorsdottir et al., 2004; Tan et al., 2007), identified in human, is
transcriptionally conserved in the rat or whether the gene trap insertion would disrupt this
isoform. Although recent evidence supports that while Type IV Nrgl mRNA is present

during development, it is not detectable in the rat after 15 days of age (Liu et al., 2011).
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Figure 2.2. Rat Type Il Nrgl gene and transposon insertion site.

Panel A shows the human Type II Nrgl gene and 4 rat mRNA clones. Primers for the
RT-PCR were created from the AF194993 rat mRNA clone. Exon 1 in the rat is visible in
panel A, exon 2 is approximately 1 Mb downstream. Panel B shows the location of the

RT-PCR primers and approximate location of the transposon insertion, expected to
disrupt Type I NRG1.
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Expression of Nrgl mRNA and Type II NRG1 Protein

Expression of Nrgl mRNA in the Nrg1™ rats was determined with RT-PCR,
while protein expression of the Type II NRG1 isoform was assessed by Western blotting.
The RT-PCR utilized primers for Nrgl that corresponded to exons 1 and 2, of the Type II
NRGI protein isoform (Fig 2.2B). Primers for GAPDH, the housekeeping gene, were
included as a positive control. RT-PCR revealed that the expression of the first two exons
of Nrgl in the Nrg1™ rats was greatly reduced (lanes 7-8; Fig. 2.3A), while expression of
GAPDH mRNA was not reduced (lanes 3-4; Fig. 2.3A) by the insertion of the
transposon. In addition, Western blotting revealed that expression of Type Il NRG1
protein in tissue samples obtained from the PFC was significantly reduced by the
insertion of the transposon when compared to WT rats (p<0.03; Fig. 2.3B). The Universal
Protein Knowledge Base (UniProtKB) was used to identify Type Il NRGI1 as isoform 9

of NRG1 in humans (http://www.uniprot.org/uniprot/Q02297), which has 79% sequence

similarity with the rat Type II NRG1. The predicted molecular weight of this isoform is

approximately 86 kDa (http://www.uniprot.org/uniprot/Q9ESAS). The band shown is the

most reactive band with a molecular weight of approximately 95 kDa. The discrepancy
between expected and actual molecular weight of Type II NRGI is presumably due to
post-translational modifications. The reduction but not elimination of immunoreactive

Type Il NRGI confirms that the NrglTn rats are hypomorphic for Type Il NRGI.
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Figure 2.3. Expression of Nrgl mRNA and Type II NRG1 Protein.

(A) Representative gel containing RT-PCR products from WT and homozygous Nrg1™
rats. Lanes 1-2: WT GAPDH, lanes 3-4: Nrngn GAPDH, lanes 5-6: WT exons 1-2 Nrgl
mRNA, and lanes 7-8: Nrg1™ exons 1-2 Nrgl mRNA. Expression of the first two exons
of Nrgl in the Nrg1™ rats was greatly reduced (the original gel showed faint bands that
could not be captured in an image), while expression of GAPDH mRNA was not reduced
by the insertion of the transposon. (B) Upper panel shows a representative Western blot
of Type II NRG1 and the re-blot for actin in WT and Nrg 1™ rats. Image analysis revealed
a significant reduction in Type Il NRG1 protein in Nrg1'" rats (*p<0.03). Bars represent
mean ° SEM. Reprinted from Physiology and Behavior, 104, Taylor et al., Disruption of
neuregulin 1 gene in the rat alters HPA axis activity and behavioral responses to
environmental stimuli, pp.205-214, copyright (2011a), with permission from Elsevier
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Type II NRG1 and Stress Neurocircuitry

Figure 2.4 depicts a representative Western blot establishing that protein for the
Type II isoform of NRG1 is expressed in the PVN, HPC and PFC of adult WT animals.
Thus Type I NRG1 is expressed in sites that are the primary modulators of the HPA axis
in the brain. In the case of the PVN, where surrounding tissue may have contributed to
the findings of Type Il NRG1 expression, it should be noted that Chen and colleagues
(Chen et al., 1994) found the mRNA signal for Nrgl to be specific to the PVN, with
negligible expression in the surrounding tissue. In addition, immunohistochemistry (IHC)
was utilized to identify co-localization of Type Il NRG1 to CRH expressing neurons in
the PVN. However the antibody used for detection of Type II NRG1 in Western blotting
was not suitable for IHC and co-localization of Type Il NRG1 to CRH expressing

neurons could not be confirmed.

WT1 WT2 WT3
PVN (g #8 &8 -~ 95 kDa

PFC #=% Sl Bl ~ 95 kDa

HPC S S wlh ~95 kDa

Figure 2.4. Type II NRG1 protein expression in stress related brain regions.

The representative Western blot shows the expression of Type II NRGI in the PVN (top
panel), PFC (middle panel) and HPC (bottom panel) of WT rats. Reprinted from
Physiology and Behavior, 104, Taylor et al., Disruption of neuregulin 1 gene in the rat
alters HPA axis activity and behavioral responses to environmental stimuli, pp.205-214,
copyright (2011a), with permission from Elsevier
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Female pubertal onset and adult reproductive function

Disruption of Type II NRG1 in female rats did not affect the timing of puberty,
adult estrous cyclicity or reproductive capacity. There was no difference in the age of
vaginal opening between WT and Nrg1™ rats (Fig. 2.5A). The mean age for vaginal
opening was 38.5 + 0.38 days for WT females and 39 + 0.33 days for Nrg1™ females.
Additionally, mean estrous cycle length was not altered by disruption of Type II NRG1 in
Fischer females, with an average length of 5.3 £ 0.19 days in WT rats and 5.5 = 0.20 days
in Nrg1™ rats (Fig. 2.5B). However, a significant difference was found in body weight
between the two genotypes (p<0.003), such that Nrgl™ females weighed significantly
more than age-matched WT females. Nrgl™ females had an average weight of 183.6 =+
2.45 grams while WT females had an average weight of 171.2 £ 2.52 grams.

To measure reproductive capacity, the number of days to first litter, the number of
pups born, percent survival and percent male at weaning were recorded. There were no
differences between WT and NrglTn rats in any of these measures. The mean number of
days to first litter after initial exposure to a breeding male was 28.9 £ 0.97 for WT and
27.1 £0.77 for NrglTn females (Fig. 2.5C). In addition, neither the mean number of pups
born (Fig. 2.5D) nor percent survival (Fig. 2.5E) differed between WT and Nrg1™ litters.
Finally, the sex ratio for these litters, as measured by percent male at weaning, was not

different between WT and NrglTn litters (Fig. 2.5F).
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Figure 2.5. Female pubertal onset and adult reproductive function.

No differences were detected between WT and Nrgl™ females in (A) age of vaginal
opening, (B) mean estrous cycle length, (C) number of days to first litter, (D) number of
pups born, (E) percent survival from birth to weaning or (F) percent male at weaning.
Bars represent mean °© SEM. Adapted from Behavioural Brain Research, 224, Taylor et
al., The involvement of Type II Neuregulin 1 in neuroendocrine and behavioral
reactivity, pp.223-232, copyright (2011b), with permission from Elsevier
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Maternal Behavior

No differences in the examined maternal behaviors were observed. Estimated
latency to retrieve the first pup did not differ between WT and Nrg1™ rats (p=0.5; Fig.
2.6A). Likewise, percent of observations during which dams were arched-back nursing
was not significantly different between the two genotypes (p=0.96; Fig. 2.6B). Finally, no
differences in average scores based on time to incorporate new bedding into nests were

detected (p=0.5; Fig. 2.6C).
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Figure 2.6. Maternal Behavior.

No differences were observed between WT and Nrngn maternal behaviors. (A) Average
latency to retrieve first pup did not differ between WT and Nrngn rats (p=0.5). (B)
Likewise, percent of observations during which arched-back nursing was observed was
not significantly different between the two genotypes (p=0.96). (C) Average scores based
on time to incorporate new bedding into nests were not different (p=0.5). Bars represent
mean ° SEM. Reprinted from Physiology and Behavior, 104, Taylor et al., Disruption of
neuregulin 1 gene in the rat alters HPA axis activity and behavioral responses to
environmental stimuli, pp.205-214, copyright (2011a), with permission from Elsevier.

46



Discussion
Type II NRG1 Hypomorphic Rats
The present studies are the first to describe the phenotype of Nrgl™ rats as
hypomorphic for Type Il NRG1. The transposon insertion caused a partial loss of Type II
Nrgl mRNA and corresponding protein, which are encoded by exonsinthe5 6 r egi on of
the Nrgl gene that contains the most risk haplotype associations with schizophrenia and
bipolar disorder (Stefansson et al., 2002; Stefansson et al., 2003; Harrison and Law,
2006; Prata et al., 2009). Both the location of the disruption to Nrgl and its hypomorphic
nature lend a unique translational opportunity to this rat model. Two features of this
model are particularly noteworthy. First, the disruption of Nrgl occurs in a region of the
gene that has not previously been disrupte
gene, which codes for Type II NRG1 protein. In all Nrgl mutant mouse preparations,
mut ations have been Nrglgegeeiicledthgtico 306 r egi ons
transmembrane (TM ) domain (Stefansson et al., 2002; Boucher et al., 2007; Karl et al.,
2007; O'Tuathaigh et al., 2007; Dean et al., 2008), the EGF domain (Gerlai et al., 2000)
and Ig-like domain (Rimer et al., 2005). In addition, it should be noted that Nrgl KO
models targeting the EGF domain would be expected to disrupt signaling of all types of
NRG1, whereas in the NrglTn rats, only one type of NRG1 is expected to be disrupted. A
second unique feature is the lack of lethality associated with the homozygous disruption
of Type Il NRGI. In all of the mouse models mentioned above, homozygous mutations
are embryonically lethal, but homozygous disruption of Type II NRG1 by transposon
insertion in rats does not result in embryonic lethality. Furthermore, this is the first non-

mouse model of Nrgl disruption. Thus, this preparation provides the unique opportunity
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to investigate the neurobiology of a form of NRG1 that has been shown to be reduced in
schizophrenia (Hashimoto et al., 2004).
Type II NRG1 and Stress Neurocircuitry

Stress reactivity is controlled by a neurocircuit that involves the PFC, HPC and
hypothalamic PVN, with the latter structure representing the final site for integration of
brain information regarding environmental stresses (Herman et al., 2003). Nrgl mRNA
was found in all of these brain regions, but this study is the first to demonstrate that Type
II NRGI protein is expressed in the PVN, in addition to the PFC and HPC in WT rats.
Detection of Type II NRGI1 protein in brain regions associated with stress reactivity
suggests that additional studies on the role of NRG1 in the control of both behavioral and
neuroendocrine responses to stress are warranted. It would have been ideal to localize
Type II NRG1 adjacent to CRH neurons in the PVN, as this would have validated the
potential involvement of the protein in control of HPA axis function. However,
antibodies that are adequate for Western blotting may or may not be suitable for IHC. In
this case, the antibody for Type I NRG1 was not adequate for IHC. Unfortunately, there
is a dearth of reagents available to study expression of this NRG1 isoform and it was not
possible to perform this localization study.
Female pubertal onset and adult reproductive function

Normal female sexual development has been shown to depend on proper NRG1-
ErbB4 signaling (Prevot et al., 2003). However, the disruption of Type II NRGI in the
female rat brain did not result in delayed sexual maturation or diminished reproductive
capacity in adulthood as was found in mice with disrupted ErbB4 (Prevot et al., 2003).

We found that the time of vaginal opening, an external sign of puberty, was the same
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between WT and Nrg1™ female rats and was also consistent with other reports in Fischer
344 rats (Thigpen et al., 2007). Additionally, both genotypes had the same average
estrous cycle length. It is also known that adult reproductive capability can be altered by
compromised ErbB4 function, therefore we examined several relevant indices (Prevot et
al., 2003). Most notably, there was no difference between WT and Nrg 1™ female rats in
the time it took from the first exposure to a male until the birth of their first litter. This
measure accounts for both ability to conceive and gestation length. In addition, no
differences between genotypes were found in the number of pups born, the percent of
those pups surviving until weaning or the percent male. These findings indicate that a
disruption to Type II NRG1 does not affect female reproductive function. This is
important, as additional findings in the Nrg1™ females can not be attributed to altered
sexual development or function, but rather to other aspects in the regulation of sex-
specific behaviors.
Maternal Behavior

While NRG1 has been implicated in the control of pubertal development (Prevot
et al., 2003), to our knowledge there are no data on the role of NRG1 in maternal
behavior. We found that neither pup retrieval, arched-back nursing nor nest building
behaviors differed between the WT and Nrg1™ rats. Previous studies by Meaney and
colleagues suggest that HPA axis activity can be programmed by maternal care, such that
animals exposed to less maternal care show enhanced basal CORT secretion and
augmentation of stress responsivity (Plotsky and Meaney, 1993; Levine, 1994; Liu et al.,
1997). These findings indicate that any alterations in HPA axis activity observed in the

Nrng” rats will not be due to the quality or quantity of maternal care provided to the
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pups. Furthermore, as all Nrg1™ rats are born to Nrg1™ dams, the lack of gross
disruptions in litter size, sex ratio, dam reproductive function and maternal behavior
represent important findings relevant to the interpretation of the phenotypes exhibited by
both male and female offspring (Taylor et al., 2011a; Taylor et al., 2011b).
Conclusions

Insertion of the Sleeping Beauty transposon into the first intron of the Nrgl gene
reduced expression of both the mRNA and protein corresponding to the Type II NRG1
isoform. These findings establish the Nrg1™ rat preparation as a functional hypomorph of
Type I NRGI. In addition, Type II NRG1 was found to be expressed in the
neurocircuitry involved in regulating HPA axis responses to environmental stimuli.
Measures of pubertal onset, adult reproductive capability and maternal behavior were
unaffected by disruption of Type Il NRG1 in this rat preparation. These findings address
experiments 1 and 2 of specific aim 1, which were to establish the utility of Nrg1™ rats as
a model of disrupted Type Il NRG1 expression and to confirm that Type 11 NRG1 is
expressed in brain regions involved in controlling neuroendocrine responses to stress. In
addition, several important control experiments were included to ensure interpretation of
behavioral and neuroendocrine findings in both males and females are not due to

unaccounted for changes in female reproductive and maternal abilities.
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Chapter 3: Neuroendocrine Profile of Nrgl™ rats
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Abstract

Exposure to stress and alterations in HPA axis function can result in an increased
risk for psychiatric disorders, especially among genetically predisposed individuals.
NRGL1 is a susceptibility gene for schizophrenia and is also associated with psychotic
bipolar disorder. In the rat, the neurons of the hypothalamic PVN, which control the

neuroendocrine response to stress, show strong expression of Nrgl mRNA. Additionally,

in patients with schizophreni a, a single

NRG1 has been demonstrated to interact with psychosocial stress to affect reactivity to
expressed emotion. Furthermore, we previously established that Type II NRG1 is
expressed in the neurocircuitry involved in regulating HPA axis responses to stressors.
However, there is virtually no information on the role of NRG1 in HPA axis function.
The present studies utilize Nrgl hypomorphic rats (Nrg1™) to test the hypothesis that
altered expression of Type II NRG1 disrupts stress regulation and reactivity. In support of
this hypothesis, Nrg1™ rats have disrupted basal and post-stress recovery corticosterone
secretion, with subtle differences between males and female Nrg1™ rats. In addition, sex-
specific changes in expression of glucocorticoid receptors in the pituitary, PVN, HPC,
and AMG were identified. Together, these findings point to NRG1 as a potential novel

regulator of neuroendocrine responses to stress.
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Introduction

The HPA axis functions to allow animals to respond to changing environmental
demands. In situations where either the internal or external environmental changes are
small, the HPA axis facilitates adaptation and generally, provides beneficial effects to the
organism. However, during times when the environmental demands are more severe, the
over-activation or under-activation of the HPA axis may have detrimental effects. These
effects can include of excitotoxic damage and diminution of the structural integrity of
some brain regions which can lead to compromised behavioral responses, including
impaired memory, executive function and fear-related behaviors (Magarinos and
McEwen, 1995; Conrad et al., 1999; Vyas et al., 2002; Vyas et al., 2006; McLaughlin et
al., 2007; Cui et al., 2008; Radley et al., 2008; Ulrich-Lai and Herman, 2009). Thus, the
optimal activity of the HPA axis is held within narrow parameters to reduce the
likelihood of adverse effects. The adrenal GC hormones work to keep the HPA axis
functioning within the normal range via negative feedback loops by binding GR and MR
receptors in the pituitary, PVN, HPC and PFC to shut down the stress response in order to
return to the homeostatic set point (de Kloet et al., 1998).

In addition, HPA axis activity is regulated by a delicate balance of glutamatergic
and GABAergic neurotransmitter inputs. In general, glutamate activates HPA axis
activity in the PVN by binding to local NMDA and AMPA receptors. GABA on the other
hand, is the principal negative modulator of the HPA axis (Herman et al., 2004). The
PVN has a high concentration of GABAergic receptors, which function to deactivate
CRH neurons in the PVN (Herman et al., 2004). As mentioned previously, NRG1-ErbB4

signaling plays a role in maintaining the functional balance between excitatory and
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inhibitory neurotransmission in the brain via stabilization of dendritic spines as well as
NMDA and AMPA receptors (Mei and Xiong, 2008) and also by modulation of activity
dependent GABA release (Wen et al., 2010). While no studies have explicitly examined
the role of NRG1 in the hormonal control of stress reactivity, it has been found that the
neurons of the hypothalamus show strong expression of both Nrgl and Erbb4 mRNA
(Chen et al., 1994; Ma et al., 1999; Gerecke et al., 2001). Furthermore, NRG1 protein is
expressed in brain regions that are the primary modulators of the HPA axis, including the
hippocampus HPC, PFC and PVN (Law et al., 2004; Taylor et al., 2011a). However,
there is virtually no information on the role of NRG1 in HPA axis function.

Additional evidence to support the need to examine NRG1 in stress regulation
comes from reports of gene by environment interactions. In patients with schizophrenia, a
single nucl eoti de pol y moNR@lintesan with psychotb@al 506 r e gi
stress to affect reactivity to expressed emotion (Keri et al., 2009). NRG1 genotype also
interacts with job strain to increase risk of heart disease (Hintsanen et al., 2007). These
studies suggest that NRG1 genotype may create a vulnerability to environmental stimuli.
The involvement of NRG1 in the regulation of the HPA axis may be relevant in its role as
a schizophrenia susceptibility gene.

The primary goal of these studies was to test the hypothesis that altering Type II
NRGT1 expression disrupts HPA axis regulation using neuroendocrine measures. To
accomplish this goal, male and female Nl’glTn rats were used to determine the effects of
disrupted Type II NRG1 on basal and stress induced CORT secretion and GR and MR
expression. In addition, phenotypic differences between male and female Nrngn rats

were explored.
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Methods and Materials
Animals

Male and random cycling female Fischer 344 WT and homozygous Nrg1™ rats
were used in the present studies. All animals were housed and bred at the Maryland
Psychiatric Research Center in a temperature- and light-controlled (lights on 06.00 h to
20.00 h) facility. Water and chow (Harlan Teklad, Frederick, MD) were available ad
libitum. All procedures conform to the guidelines for animal research established by the
National Institutes of Health, and were approved by the University of Maryland School of
Medicine Institutional Animal Care and Use Committee.
Acute Restraint Stress

Adult (76-79 days of age) and adolescent (43-45 days of age) male WT and

Nrng” (n=45-46/genotype) and female WT and Nrngn (n=43-46/genotype) rats were
moved from the vivarium to a temperature and light controlled behavioral testing room
for acclimation. Animals were handled for two days for 1-2 minutes. For the next five
days, animals were handled with light restraint in a towel for 1 minute each day. On the
eighth day, beginning at approximately 08.30 h, animals were again lightly restrained in a
towel and tail clipping was used for blood collection as outlined by Vahl and colleagues
(Vahl et al., 2005). Animals were then immediately placed in cylindrical plastic restraint
tubes for 30 minutes according to our previously published protocol (Koenig et al., 2005).
At the end of the acute restraint, blood was again collected. Animals were then returned
to their home cage for 120 minutes, at which point a final blood sample was collected.
After the conclusion of blood collection, animals were returned to their home cages.

Serum was isolated by centrifugation and stored at -80°C.
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Two and five days later, the same animals were again handled for 1 minute. One
week after the first acute restraint stress, animals were exposed to a second acute restraint
stress. Animals were randomly divided into groups and each group was euthanized by
decapitation at a different time point: before (basal time point, males: n=18-19/genotype,
females: n=16-19/genotype), at the end of (peak time point, males: n=12-14/genotype,
females: n=13/genotype) or 120 minutes after (recovery time point, males: n=16-
17/genotype, females: n=14/genotype) exposure to a 30 minute restraint stress session.
Trunk blood was collected into tubes containing 10% EDTA and plasma was isolated by
centrifugation. Brains and pituitary glands were rapidly removed from the skull and
frozen on powdered dry ice. Both brains and plasma were stored at -80°C until use.
Serum and plasma levels of CORT were determined by radioimmunoassay (RIA)
according to protocols provided by the manufacturer (MP Biomedicals, Orangeburg,
NY). Samples that fell below the limits of the standard curve were excluded (i.e. less than
5 ng/ml), resulting in the removal of 2 WT and 1 Nrg1™ tail clip samples in addition to 2
WT and 3 Nrg1™ trunk samples.

Western Blotting

Western blots were performed as previously described (Silverman and Koenig,
2007; Taylor et al., 2011a; Taylor et al., 2011b) with the following modifications. Whole
brains and pituitary glands (males: n=11-13/genotype, females: n=11/genotype) were
extracted from the skull of adult WT and Nl’ngn rats at the basal time points of the acute
stress experiment. GR and MR expression were examined in the dorsal HPC (males: n=5-
7/genotype, females: n=8/genotype), PVN (males: n=4/group, females: n=8/group) and

AMG (males: n=8/genotype, females: n=8/genotype).
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Brain regions were identified using the Paxinos and Watson brain atlas (Paxinos
and Watson, 1986). Brains were cryosectioned through the HPC, AMG and PVN using a
cryostat. Sections (1mm thick) were collected onto glass slides and brain regions were
isolated using a 1mm rat brain punch (Stoelting, Wood Dale, IL). Bilateral punches were
used for each area with a total of 6 punches for dorsal HPC, 2 punches for the PVN and 4
punches for the AMG. Due to the irregular shape of the PVN, some tissue adjacent to the
PVN was likely included in these punches. Tissue samples were homogenized, protein
concentrations were determined, diluted, resolved by electrophoresis, electrotransferred
and blocked as previously described (Chapter 2). After blocking, membranes were
incubated with the appropriate primary antibody for 24 or 48 h at 4 C: GR (BuGR2,
1:1000; ab2768, Abcam, Cambridge, MA); MR (1:1000; sc-11412, Santa Cruz
Biotechnology, Santa Cruz, CA). After washing with TBS-T and 3% BSA, membranes
were incubated with the appropriate horseradish peroxidase-labeled secondary antibody
for 1 h at room temperature: goat anti-rabbit (1:2500; AP307P), goat anti-mouse (1:5000;
AP124P). Membranes were then washed with TBS-T and the protein detected using
Pierce ECL Western blotting substrate (Thermo Fisher Scientific, Waltham, MA). Blots
were developed by exposure to chemiluminescent film (Amersham, GE Healthcare,
Buckinghamshire, UK). Densitometric measurements of the protein bands were made
using AIS 6.0 software (Imaging Research Inc., St. Catharines, ON, Canada). Following
image collection, membranes were stripped using Restore plus Western blot stripping
buffer (Thermo Fisher Scientific, Waltham, MA) and reprobed for MR (HPC and AMG)
and actin (1:10,000; MAB1501, Millipore, Temecula, CA). Protein expression levels

were normalized to actin expression. Bands were chosen for densitometric analysis based
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on molecular weight per the manufacturer specifications as follows, GR: 97 kDa, MR:
102 kDa. One male Nrg1™ pituitary sample was identified as a statistical outlier using the
Grubbs test; therefore this animal was dropped from the study. In females, two WT
pituitary samples, one Nrg1™ PVN sample and one WT AMG sample were identified as
statistical outliers using the Grubbs test; therefore these animals were also dropped from
the Western blot analyses.
Statistical Methods

Statistical analyses were conducted using SPSS statistical software (version 12.0).
To analyze CORT data obtained by RIA, analysis of variance (ANOVA) was used.
Unpaired t-tests were used to compare mean protein expression in Western blots. In the
mal e PVN and female AMG, We lnpaitedtsestmor recti o
account for differences in variance in GR expression and the MR/GR ratio, respectively.
In males, pituitary samples of animals euthanized at the basal and peak time points were
combined for analysis because GR expression was not significantly different between the
two time points. Post hoc tests and planned comparisons, conducted using l-matrix
contrast statements in SPSS, were used to follow up any significant main effects or

interactions.
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Results
Acute Restraint Stress
Methodological Considerations

In order to determine if tail clip was a reliable method for blood collection in
Fischer 344 WT and Nl’ngn rats, a 2x2x2x3 ANOVA (Genotype (WT vs. Nrg 1Tn) x Sex
(male vs. female) x Method (tail clip vs. trunk blood) x Time (basal vs. peak vs.
recovery) was run on adult samples only. This analysis revealed that method significantly
interacted with time (F, j43= 7.62, p<0.01; Fig. 3.1). Post-hoc analysis revealed a
significant difference between methods at the basal and post-stress recovery time point
(p<0.05, p<0.01, respectively; Fig. 3.1) and a trend toward significance at the peak time
point (p=0.08). Interestingly, the tail clip samples had significantly lower CORT levels
than trunk blood samples at both the basal time point and at the end of the 30 minute
restraint session, but higher CORT levels than trunk blood samples at the post-stress
recovery time point.

A potential explanation for reduced levels of CORT at the basal and peak time
points from the tail clip blood collection is that prior handling habituated the animals to
the procedure. Whereas increased levels of recovery CORT with the tail clip procedure
could indicate that the stress of repeated blood collection may have led to prolonged
CORT secretion. In addition, these findings could reflect that Fischer rats may be more
sensitive to the additional stressor intensity induced by the tail clip procedure. As a
consequence of the differential changes from tail clip to trunk blood collection methods
in CORT secretion across time points, all subsequent analyses were conducted with trunk

blood samples from the second acute restraint stress.
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Figure 3.1. Effects of Collection Method on Corticosterone Secretion.

Differential effects on CORT secretion were found between blood collection methods
across the three time points. At the basal and peak time points, the trunk blood method
lead to higher CORT levels (p<0.05, p=0.08 respectively), whereas at the recovery time
point, the tail clip method resulted in higher CORT levels than the trunk blood method
(p<0.01). Bars represent mean ° SEM.

60



Age Considerations

CORT concentrations from trunk blood samples were analyzed with a 2x2x2x3
ANOVA (Age (adolescent vs. adult) x Sex (male vs. female) x Genotype (WT vs.
Nrgl™) x Time (basal vs. peak. vs. recovery)). There was no effect of age on CORT
levels at the time points measured between adolescent and adult WT or Nrgl™ rats, nor
were there any interactions between age and time point or age and genotype. However,
age did interact with sex ((Fy 156 = 4.44, p<0.04; Fig. 3.2 A-B). To further examine this
interaction, planned comparisons were used to evaluate the affect of age at each time
point in males and females separately. This analysis revealed a trend for an effect of age
only in males and only at the recovery time point (p<0.06; Fig. 3.2A) such that
adolescent males had higher post-stress recovery CORT levels than adult males. Given
that only one time point in one sex showed a non-significant effect of age, and affected
both genotypes in the same manner, CORT data for adolescent and adult rats were

combined for subsequent analysis.
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Figure 3.2. Acute Restraint Stress Corticosterone Secretion: Age Considerations

No effect of age was detected in either WT or Nrg 1™ rats, nor was there an effect of age
at any time point. However, age did interact with sex and planned comparisons revealed
that only in males (A) at the post-stress recovery time point there was a trend (p<0.06)
for adolescent male rats to have greater CORT secretion that adult male rats. B) No effect

of age was detected in female rats. Bars represent mean ° SEM.
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Corticosterone

CORT concentrations from trunk blood samples were analyzed with a 2x2x3
ANOVA (Sex (male vs. female) x Genotype (WT vs. Nrgl™) x Time (basal vs. peak. vs.
recovery)). This analysis revealed a main effect of time (F2,16s= 571.08, p<0.001; Fig.
3.3), with post hoc analysis confirming that peak levels of CORT were significantly
higher than both basal (p<0.001; Fig. 3.3) and recovery (p<0.001; Fig. 3.3) CORT Ilevels.
This confirmed that 30 minutes of restraint stress induced an HPA axis response. In
addition, an interaction between time and genotype was detected (F»,163 = 3.62, p<0.03;
Fig. 3.3), with Nrg1™ animals having higher CORT than WT animals at the basal time
point (p<0.03; Fig. 3.3), and lower CORT than WT animals at the post-stress recovery
time point (p<0.04; Fig. 3.3). In addition, Nrg1™ rats exhibited enhanced suppression of
CORT after stress exposure relative to their own basal levels, whereas in WT rats, CORT
secretion at the basal and recovery time point were indistinguishable (p<0.01; Fig. 3.3).

However, no genotype differences were found at the peak time point (p=0.92; Fig. 3.3).
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Figure 3.3. Acute Restraint Stress Corticosterone Secretion: Genotype Effects

Basal, peak and recovery corticosterone (CORT) levels in adult WT and Nrg 1™ rats
following a 30 minute restraint stress. Both genotypes mounted a CORT response to the
stress with peak CORT levels being significantly greater than basal (p<0.001) and
recovery (p<0.001) CORT levels. Nrg 1™ animals exhibited increased basal CORT
secretion compared to WT rats (*p<0.03), and decreased recovery CORT secretion
compared to WT rats (*p<0.04). NrglTn rats also exhibited enhanced suppression of
CORT after stress exposure relative to their own basal levels, whereas WT CORT
secretion at the basal and recovery time point were indistinguishable (**p<0.01) Bars
represent mean ° SEM.

64



Planned comparisons were used to compare within-sex genotype differences at
each time point. At the basal time point, male Nrg1™ rats exhibited higher CORT levels
compared to male WT rats (p<0.02; Fig. 3.4), whereas females were not significantly
different (Fig. 3.4). At the peak time point, immediately after the 30 minute restraint
session, no genotype differences were found in either sex (Fig. 3.4). At the recovery time
point, 120 minutes after the end of the acute restraint stress, female Nrg1™ rats displayed
significantly lower CORT levels than WT females (p<0.02; Fig. 3.4), while male Nrg1™
and WT rats were not significantly different (Fig. 3.4). In addition, both male and female
Nrg1™ rats displayed significantly lower post-stress recovery CORT levels compared to
their own basal levels (male: p<0.01, female: p<0.02; Fig. 3.4) while basal and post-
stress recovery CORT levels were indistinguishable for both male and female WT rats
(Fig. 3.4).

The overall analysis also revealed an effect of sex (F; 165 =49.89, p<0.001) such
that females exhibited higher CORT levels than males. Finally, an interaction between
time point and sex was detected (F» 163 = 13.303, p<0.001). Planned comparisons were
used to compare within-genotype sex differences at each time point. At the basal time
point, WT female CORT levels were significantly higher than WT male levels (p<0.01;
Fig. 3.5A), while there was no significant difference between Nrgl™ males and females.
At the peak time point, a sex difference was found for both WT and Nrngn males and
females (p<0.01, p<0.001 respectively; Fig. 3.5B), with females of both genotypes
having higher CORT levels than males. Finally, at the recovery time point, 120 min after
removal from the restraint tubes, WT females had significantly higher CORT than WT

males (p<0.02; Fig. 3.5C) whereas Nrg1™ males and females were indistinguishable.
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Figure 3.4. Acute Restraint Stress Corticosterone Secretion: Sex-specific Effects.

Across time points and including both genotypes, females demonstrated increased CORT
secretion compared to males (p<0.001). At the basal time point male Nrg 1™ rats
exhibited higher CORT levels compared to male WT rats (*p<0.02), whereas females
were not significantly different. At the peak time point no genotype differences were
found in either sex. At the recovery time point female Nrgl™ rats displayed significantly
lower CORT levels than WT females (*p<0.02), while male Nrg 1™ and WT rats were not
significantly different. In addition, it was found that both male and female Nrg1™ rats
displayed significantly lower recovery CORT levels compared to their own basal levels
(male: **p<0.01, female: *p<0.02) while basal and recovery CORT levels were
indistinguishable for both male and female WT rats. Bars represent mean ° SEM.
Adapted from Physiology and Behavior, 104, Taylor et al., Disruption of neuregulin 1
gene in the rat alters HPA axis activity and behavioral responses to environmental
stimuli, pp.205-214, copyright (2011a); and Behavioural Brain Research, 224, Taylor et
al., The involvement of Type II Neuregulin 1 in neuroendocrine and behavioral
reactivity, pp.223-232, copyright (2011b), with permission from Elsevier.
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Figure 3.5. Acute Restraint Stress Corticosterone Secretion: Sex Differences.

At the basal time point (A), WT female CORT levels were signiﬁcant#y greater than WT
male CORT (**p<0.01) while no sex difference was detected in Nrgl'" animals. At the
end of the restraint stress (B), both WT (**p<0.01) and Nrg1™ (***p<0.001) females
exhibited greater CORT secretion than males. At the recovery time point (C) WT female
CORT levels were significantly greater than WT male CORT (*p<0.02) whereas Nrg1™
males and females were indistinguishable. Bars represent mean ° SEM. Reprinted from
Behavioural Brain Research, 224, Taylor et al., The involvement of Type II Neuregulin 1
in neuroendocrine and behavioral reactivity, pp.223-232, copyright (2011b), with
permission from Elsevier.
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Glucocorticoid and Mineralocorticoid Receptor Expression

With changes in CORT secretory dynamics during exposure to acute stress, it
became relevant to assess whether GR expression was altered in the Nrg1™ rats. Protein
expression was examined separately for males and females due to the fact that blots for
males and females were run separately and differences in blot exposures could confound
the interpretation of any significant findings. Mean GR and MR protein expression in
males is summarized in Table 3.1. In the pituitary, adult male Nrg1™ rats showed
increased expression of GR compared to male WT rats (p<0.05). Conversely, adult male
Nrgl™ rats showed decreased expression of GR in the PVN (p<0.05). The highest
concentration of MR in the brain is in limbic regions, therefore both GR and MR were
examined in the HPC and AMG (de Kloet et al., 1998). In the HPC, GR expression was
also significantly increased in male Nrg1™ rats compared to male WT rats (p<0.02)
whereas no difference was found in MR expression between male Nrgl™ and WT rats.
Consequently, the MR/GR ratio was found to be significantly decreased in the HPC of
male Nrg1™ rats (p<0.03). In the AMG, no differences between GR, MR or MR/GR ratio
were detected between male NrglTn and WT rats.

Mean GR and MR protein expression in females is summarized in Table 3.2. In

contrast to males, adult female Nrg1™

rats had reduced expression of GR in the pituitary
(p<0.01) compared to female WT rats. No difference in GR expression between and WT
and Nrg1™ females was found in the PVN. No significant differences in GR or MR

expression were found between WT and Nrgl™ females in the HPC or AMG. However,

in the AMG, a trend for a decreased MR/GR ratio was found in female Nrngn rats

compared to female WT rats (p=0.07).
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Brain Region Protein WT Nrgl™
Pituitary GR 0.93 £0.07 1.30+0.14*
PVN GR 1.05+0.02 0.73 £0.07*
GR 0.59 +£0.07 0.92 £0.10*
HPC MR 0.56 £0.04 0.59+0.05
MR/GR ratio 0.97+£0.09 0.65+0.03*
GR 1.00+£0.22 0.83+0.10
AMG MR 0.46 +£0.08 0.40+0.02
MR/GR ratio 0.49 £0.05 0.51 £0.05

mean GR or MR expression/actin expression ©° SEM
* compared to WT in same region (p<0.05)

Table 3.1. Male Glucocorticoid and Mineralocorticoid Receptor Expression.

Male Nrg1™ rats exhibit increased GR expression in the pituitary (*p<0.05) and HPC
(*p<0.02), resulting in a reduced MR/GR ratio in the HPC (*p<0.03). In contrast, male
Nrgl™ rats exhibit decreased GR expression in the PVN (¥p<0.05).

Brain Region Protein WT Nrgl™
Pituitary GR 1.37£0.08 0.97 £0.07*
PVN GR 2.11+0.33 2.07 +£.022
GR 1.17+£0.1 1.12+0.07
HPC MR 0.49 +0.07 0.45+0.06
MR/GR ratio 0.49+£0.11 0.40 +£0.04
GR 0.89+£0.16 1.14£0.10
AMG MR 0.84 +0.03 0.81 +£0.05
MR/GR ratio 1.16+0.18 0.72+0.05"

mean GR or MR expression/actin expression ° SEM

** compared to WT in same region (p<0.01)
* compared to WT in same region (p<0.07)

Table 3.2. Female Glucocorticoid and Mineralocorticoid Receptor Expression.
Female Nrg1™ rats exhibit decreased GR expression in the pituitary (**p<0.01) and

slightly increased GR in the AMG, resulting in a trend toward a reduced MR/GR ratio in
the AMG (*p<0.07).
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Discussion
Summary of Results

Type I NRGI protein is expressed in the HPC, PFC and PVN (Law et al., 2004;
Taylor et al., 2011a). This localization implicates Type Il NRG1 in the regulation of
neuroendocrine and behavioral responses to stress. However, a role for NRGI1 in the
regulation of the HPA axis has not been previously investigated. Interestingly, we found
that Nrg1™ rats have disrupted basal and acute stress recovery corticosterone secretion,
with subtle differences between male and female Nrg1™ rats. In addition, sex-specific
alterations in expression of GRs in the pituitary, PVN, HPC and AMG were identified.
Blood Collection Methodological Considerations

In order to conserve animals, tail clip procedures were initially utilized to
determine HPA axis responses to acute stress as outlined by Vahl and colleagues (Vahl et
al., 2005). These investigators showed that stress hormone profiles were identical in
blood samples obtained by tail clipping and decapitation in Sprague-Dawley rats.
However, in the present study, we did not find that these procedures resulted in identical
hormone profiles. This difference may be due to the use of Fischer 344 rats in our study,
which are known to have enhanced HPA axis responses to stress exposure compared to
Sprague-Dawley rats (Glowa et al., 1992; Dhabhar et al., 1993; Dhabhar et al., 1995).
Thus, to insure that CORT concentrations were an accurate reflection of the response to
acute restraint stress, rather than to the tail clip procedure, only trunk blood data were

fully analyzed.
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Corticosterone Secretion in Adolescence

Essentially, no differences in CORT secretion between adolescent and adult rats
were observed. This was unexpected, as changes in the HPA axis across puberty in male
and female rats have previously been reported. Romeo and colleagues found that at 30
and 60 minutes after stress exposure prepubertal (28 days) rats have higher levels of
CORT compared to adults (Romeo et al., 2004b). However, at the time points that we
also examined (basal, peak and 120 minutes post-stressor) Romeo and colleagues did not
find any age differences (Romeo et al., 2004b). Therefore, the data presented here are not
different from the data published by others. Furthermore, the aforementioned studies
were conducted in Sprague Dawley rats, while those presented here used Fischer 344
rats. It is possible that differences in HPA axis maturation exist between the two strains
(e.g. HPA axis maturation may occur earlier in Fischer 344 rats). However, no published
reports of this comparison could be identified.
Neuroendocrine Profile of Nrgl ™ rats

We found that Nrg1™ rats exhibited increased basal CORT secretion compared to
WT rats, and enhanced suppression of CORT secretion after stress exposure both
compared to WT rats and relative to their own basal levels. However, the effect of
reducing Type Il NRG1 expression appears to be of little consequence on restraint stress-
induced activation of CORT secretion in Nrngn rats, as no difference between CORT
responses in WT and the Nrg1™ rats were identified immediately after restraint stress
(peak time point). Under further examination, subtle sex-specific effects in CORT
secretion were revealed in NrglTn rats. We found that male Nrngn rats had elevated basal

CORT secretion compared to male WT rats, while female Nrg1™ rats were not
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significantly different than female WT rats. In contrast, at the post-stress recovery time
point, female Nrg1™ rats demonstrated enhanced suppression of CORT secretion while

male Nrg1™

rats displayed CORT secretion equivalent to that of male WT rats. However,
when examined separately, both male and female Nrgl™ rats did display enhanced
suppression of CORT secretion at recovery compared to their own basal levels, whereas
male and female WT rats did not. These subtle sex-specific genotype effects may be
influenced by differential changes in GR and MR expression in male and female Nrg1™
rats.

Enhanced suppression of CORT secretion after recovery from an acute stress is a
rare occurrence in HPA axis physiology but does occur in pathological situations, such as
PTSD (Louvart et al., 2006; Yehuda, 2009). The enhanced suppression of CORT
following stress would commonly be coupled with an up-regulation of GR levels in the
pituitary, PVN or HPC. Indeed, increased expression of GR was found in the pituitary
and HPC of male Nrg1'™" rats, resulting in a reduced MR/GR ratio in the HPC. On the
contrary, GR expression was relatively unaffected in the brains of female Nrg1™ rats and
was even reduced in the pituitary, which is, indeed, paradoxical. Although, it should be
noted that in female Nrngn rats, GR expression in the AMG is slightly increased which
led to a reduced MR/GR ratio. While the AMG is certainly involved in modulating HPA
axis function (Herman et al., 2005) it is not clear how this subtle change could cause a
significant enhancement of GC negative feedback in this instance. However,
dissociations between neuroendocrine stress responses and GR expression have been
reported (Hinz and Hirschelmann, 2000; Wei et al., 2007; Kolber et al., 2008a; Wagner et

al., 2010) and indicate that other mechanisms may be involved in this response. A
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differential change in GR expression across sexes and brain regions in the Nrg1™ rats
was an unexpected finding, which may suggest that there are more complex factors
involved in the local regulation of GR gene expression. For example, it has been shown
that the synthetic GC, dexamethasone, induces NRG1 production and alters expression
and dimerization patterns of ErbB receptors in mouse fetal lung cells (Dammann et al.,
2006). Thus a complex interaction between GCs and NRG1-ErbB4 signaling may exist
and further experiments will be needed to examine this interaction more thoroughly.

Importantly, a reduced MR/GR ratio in the HPC of males and AMG of females
suggests that the MR/GR balance was disrupted in the Nrg1™ animals. The equilibrium
between MR and GR is known to be crucial for the set point of the HPA axis as well as
the HPA axis response to stress (Oitzl et al., 1997; de Kloet et al., 1998). A relative
reduction in MR activity could lead to increased HPA axis drive, and is also consistent
with increased basal CORT secretion found in male Nrgl™ rats. In fact, acute treatment
with a selective MR antagonist has been shown to increase morning basal levels of
CORT without having an effect on acute stress recovery CORT (Spencer et al., 1998).
While elevated GR expression in both the pituitary and HPC of male Nrngn rats may
result in increased inhibitory influence over HPA axis activity following exposure to
restraint stress, further studies utilizing dexamethasone suppression or a pre-stress GC
challenge would be needed to clarify differences in GR mediated negative feedback (de
Kloet, 1991; Jacobson and Sapolsky, 1991; de Kloet et al., 1998).

One potential mechanism underlying the altered CORT secretion in NrglTn rats
may lie in the known biology of NRG1. Studies have shown that NRG1 is necessary for

the establishment of excitatory synapses in GABAergic interneurons and for the
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development of balanced excitatory/inhibitory tone in the brain via induction of activity-
dependent GABA release (Ting et al., 2010; Wen et al., 2010). It is clear from several
studies that both glutamatergic and GABAergic mechanisms play a role in controlling
HPA axis function (Ziegler and Herman, 2000; Herman et al., 2004) and disruption of
metabotropic glutamate receptor expression produces enhanced post-stress suppression of
CORT (Mitsukawa et al., 2006). Further studies will be needed to confirm the presence
of an altered balance between glutamatergic and GABAergic tone in the Nrg1™ rats.
Additionally, males tend to be more sensitive to modulators of the GABA 4 receptors
(Skilbeck et al., 2008). Thus, normal sexual dimorphism in GABAergic
neurotransmission may be altered by the disruption of Type I NRG1. In addition,
estrogen has been shown to effect CORT responses to stress and interact with GR in the
PVN in females (Weiser and Handa, 2009). Estrogen has also been shown to modulate
both excitatory and inhibitory states in neurons (Y ourick and DeCoster, 1996; Cyr et al.,
2002; Blurton-Jones and Tuszynski, 2006; McEwen, 2010). It may be that circulating
gonadal hormones modulate NRG1-induced changes in GABAergic neurotransmission
during development and adulthood to produce some of these sex-specific findings.
However, the lack of alterations between WT and Nrgl™ females in pubertal onset or
measures of adult reproductive function indicates no overt perturbations in ovarian
hormone function (Chapter 2)(Taylor et al., 2011b). In addition, we found no differences
in maternal behaviors between the WT and Nrg1™ rats (Chapter 2)(Taylor et al., 2011a).
Previous studies by Meaney and colleagues suggest that HPA axis activity can be
programmed by maternal care, such that animals exposed to less maternal care show

enhanced basal CORT secretion and augmentation of stress responsivity (Plotsky and
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Meaney, 1993; Levine, 1994; Liu et al., 1997). Importantly, our findings indicate that the
differences in HPA axis activity observed in the Nrg1™ rats are not due to the quality or
quantity of maternal care provided to the pups.

Alterations in HPA axis function are a robust finding in several psychiatric
disorders. Patients with schizophrenia frequently experience a disrupted ability to resume
normal HPA axis activity following an acute stress (Goldman et al., 1993) and elevated
cortisol levels have been reported both during an acute phase of chronic schizophrenia
and during the first psychotic episode (Tandon et al., 1991; Ryan et al., 2004; Mondelli et
al., 2010). Additionally, depressed individuals have been reported to show HPA axis
dysregulation with decreased negative feedback (Young et al., 1991; de Kloet et al.,
2005). Many patients and individuals at risk for developing a psychiatric disorder,
including depression and psychosis, show HPA axis hyperactivity (Modell et al., 1998;
Garner et al., 2005; Mittal et al., 2007; Pariante, 2009). Conversely, patients with PTSD
frequently present with enhanced GR-mediated negative feedback inhibition (Yehuda,
2009). Stress-based animal models of schizophrenia, depression and PTSD confirm the
importance of stress and HPA axis dysregulation as etiological factors for these disorders
(Koenig et al., 2005; Willner, 2005; Bale, 2006; Cohen et al., 2006; Lee et al., 2007;
Seckl, 2008; van Winkel et al., 2008; Yamamoto et al., 2009).

Conclusions

The present experiments are among the first to describe a relationship between
disrupted NRG1 expression and stress reactivity. Transposon induced disruption of Type
II NRG1 resulted in increased basal CORT secretion and enhanced suppression of CORT

secretion after recovery from an acute stressor. Furthermore, sex-specific phenotypes in
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basal and recovery CORT secretion and changes in GR and MR expression were found,
leading to a disrupted MR/GR balance in the HPC of males and AMG of females.
Importantly, these findings can not be attributed to differences in maternal care, female
pubertal onset or measures of adult female reproductive function (Taylor et al., 2011a;
Taylor et al., 2011b). The results of these studies address experiment 3.1 of specific aim 1
which was to determine whether HPA axis function is dysregulated by disrupting the
expression of Type II NRGI in the rat brain. The present findings implicating NRG1 in
stress regulation may make this model amenable to investigating the effects of gene by
environment (i.e. stress) interactions with outcomes potentially relevant to multiple

psychiatric disorders.
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Chapter 4: Behavioral Reactivity of Nrgl™ Rats
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Abstract

Since the identification of NRG1 as a susceptibility gene for schizophrenia,
several transgenic mouse models have been employed to elucidate the role NRG1 may
play in the pathogenesis of psychiatric disease. Unfortunately very few studies have
included females, despite the fact that some work suggests that the consequences of
disrupted NRG1 expression may be sex-specific. Here, we used Nrg1™ Fischer rats to
demonstrate sex-specific changes in behavioral phenotypes as a consequence of reduced
Type Il NRGI1 expression. We have previously shown subtle sex-specific effects in
CORT secretion and GR expression in the brain. The current studies show that male
Nrgl™ rats fail to habituate to an open field despite normal overall levels of locomotor
activity; in contrast, female Nrg1™ rats exhibit reduced locomotor activity and enhanced
habituation to novel environments. Furthermore, we also show that female, but not male,
Nrg1™ rats have impaired prepulse inhibition, while both male and female Nrg1™ rats
demonstrate enhanced habituation to acoustic startle. Our results provide support for the

involvement of NRG1 in the sex-specific regulation of behavioral reactivity.
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Introduction

The strong association of NRG1 with schizophrenia has prompted investigation of
the functional role of NRG1 and ErbB4 with mutant animal models. Several Nrgl KO
mouse lines have been behaviorally characterized and exhibit different phenotypes
depending on the region knocked out. In these mice, mutations have typically been
targeted t o NBbgene, en@dudig theTMaldmair ($teansson et al.,
2002; O'Tuathaigh et al., 2007; Dean et al., 2008), the EGF domain (Gerlai et al., 2000)
and Ig-like domain (Rimer et al., 2005).

In heterozygous Nrgl KO mouse models, several groups have identified a
locomotor or exploration related hyperactive phenotype (Boucher et al., 2007; Karl et al.,
2007; O'Tuathaigh et al., 2007; Duffy et al., 2008). This phenotype is primarily found in
the KO models that disrupt expression of the TM and EGF domains of NRG1, but not in
the Ig-like domain KO models (Rimer et al., 2005). In heterozygous Nrgl TM domain
KO mice, failure to habituate in observation chambers and impaired prepulse inhibition
(PPI) are also reported (Stefansson et al., 2002; O'Tuathaigh et al., 2006; O'Tuathaigh et
al., 2007; O'Tuathaigh et al., 2008). While heterozygous Nrgl EGF domain KO mice also
demonstrate hyperactivity, they show a facilitated ability to habituate to a novel
environment (Duffy et al., 2008).

In addition, mice over-expressing Type | NRG1 or with decreased expression of
Type III NRGI1 also demonstrate PPI deficits (Chen et al., 2008; Deakin et al., 2009).

I nterestingly, pol ynNRGlhdvdalsorben linked toPH e 5

(@}

reg
disruptions in humans (Hong et al., 2008). PPI is an operational measure of sensorimotor

gating, whereby a non-startling stimulus precedes and inhibits the response to a startling
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stimulus (Powell et al., 2009). Deficits in sensorimotor gating may be linked to
disruptions in attention and cognition that are seen in patients with schizophrenia, and
other neuropsychiatric disorders such as obsessive-compulsive disorder, psychotic
bipolar disorder and panic disorder (Swerdlow et al., 1993; Geyer et al., 2001; Perry et
al., 2001; Ludewig et al., 2002). Deficits in PPI may be due to an inability to filter out
intrusive and overwhelming environmental stimuli and maintain a cohesive thought
structure. PPI regulation involves a neurocircuitry that includes many brain regions such
as the PFC, HPC, basolateral AMG, nucleus accumbens, striatum and ventral tegmental
area (Swerdlow et al., 2001). Importantly, PPI can be assessed across species and is now
considered a reliable endophenotype, useful for studying animal models of schizophrenia
with potential relevance to other neuropsychiatric disorders (Powell et al., 2009).

The present studies utilize Nrgl™ rats, generated with the Sleeping Beauty
transposon (Lu et al., 2007). The transposon inserted into the first intron, which lies
downstream of the coding sequence for the Type II NRG1 protein isoform. This region
corresponds t o NRGhgne thadis nioe fiequenthy assodiated whtle
schizophrenia (Stefansson et al., 2002; Harrison and Law, 2006; Mei and Xiong, 2008;
Pedrosa et al., 2009). Therefore, this novel rat preparation differs from existing mouse
models of disrupted Nrgl expression, whichh ave t argeted the 306 reg

As is typical of animal research, relatively few studies of Nrgl mutant mice have
been conducted with females. However, those that did include females found several sex-
specific differences in exploration of environment, spatial cognition and anxiety behavior
caused by disruption of NRG1. Specifically, in heterozygous TM domain KO mice

sifting over initial exploration was increased in females and decreased in males, and male
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mutants had higher escape latencies on the Barnes maze than female mutants
(O'Tuathaigh et al., 2006; O'Tuathaigh et al., 2007). In addition, in heterozygous mice
over expressing Type 1 NRGI, female mice tended to show mild increases in anxiety
while males did not (Deakin et al., 2009). Thus it is feasible that NRG1 may play a role
in regulating certain behaviors in a sex-specific manner. Importantly, we have
demonstrated that disruption of Type Il NRGI in the rat does not alter normal female
sexual maturation or adult reproductive capability. However, we did find sex-specific
differences in GR expression and in basal and post-stress recovery CORT secretion.

The primary goal of these studies was to test the hypothesis that NRG1 plays a
role in regulating sexually dimorphic behavioral responses to the environment. To
accomplish this goal, male and female Nrg1™ rats were used to determine the effects of
disrupted Type II NRG1 on open field locomotor activity and habituation, acoustic startle
response and habituation, and PPI. In addition, phenotypic differences between male and

female Nrgl'™ rats were explored.
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Methods and Materials
Male and random cycling female Fischer 344 WT and homozygous Nrg1™ rats
were used in the present studies. This model was developed and obtained from the

PhysGen Program in Genomic Applications (http://pga.mcw.edu/) at the Medical College

of Wisconsin. In these animals, the mRNA and protein corresponding to Type II NRG1
in the brain are disrupted by the random insertion of the Sleeping Beauty transposon into
the first intron of the Nrgl gene (Taylor et al., 2011a). All animals were housed and bred
at the Maryland Psychiatric Research Center in a temperature- and light-controlled (lights
on 06.00 h to 20.00 h) facility. Water and chow (Harlan Teklad, Frederick, MD) were
available ad libitum. All procedures conform to the guidelines for animal research
established by the National Institutes of Health, and were approved by the University of
Maryland School of Medicine Institutional Animal Care and Use Committee.
Open field testing and habituation

Adult male (n=13/genotype) and female WT and Nrngn rats (n=8-12/genotype)
were moved from the vivarium to the behavioral testing room and allowed to acclimate
for 30 minutes each day before testing. Locomotor activity of the rats was evaluated in an
open field arena for 10 minutes on two consecutive days. The arena was a 62 x 62 x 46
cm box with black Plexiglas walls. The floor of the arena was covered with unscented cat
litter to allow for easy removal of urine and feces between each animal. Locomotor
activity was recorded and scored using an ANY-maze video tracking system (version 4.6,
Stoelting, Wood Dale, IL). Time mobile, line crossing and distance traveled were the
indices chosen for analysis.

As sex-specific impairments in habituation to an observation chamber have been
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found in TM domain KO mice, and increased habituation in an open field have been
found in male EGF domain KO mice, the present studies also analyzed habituation to the
open field both in the first session (within-session habituation) and between two
consecutive sessions (between-session habituation) (Stefansson et al., 2002; O'Tuathaigh
et al., 2006; O'Tuathaigh et al., 2007; O'Tuathaigh et al., 2008). Furthermore, in other
animal models of neurodevelopmental disorders, notably neonatal lesions in the AMG or
ventral HPC, a decrease in within- and between- session habituation to an open field was
found (Daenen et al., 2001). To determine within-session habituation, the differences in
locomotor activity between the first and second half of the first exposure to the open field
were calculated as a percent decrease in activity (Hughes and Collins, 2010). Between-
session habituation was analyzed with repeated measures ANOVA. To examine sex
differences in locomotor activity, an overall locomotor activity index was generated by
converting each subj ect-&aec(l0lscos)edyarel on eac
then averaging the three T scores.
Acoustic startle response and prepulse inhibition

An automated startle reflex system (SR Lab, San Diego Instruments, San Diego,
CA) was used to measure the acoustic startle response (ASR) and PPI in adult female
(n=7/genotype) and male (n=8/genotype) animals as previously described (Koenig et al.,
2005; Taylor et al., 2011b). Individual startle trials (120 dB for 40 ms) were used to
measure baseline startle response. The trials in which a weak prepulse stimulus (1, 3, 6,
12 or 15 dB above background for 20 ms) were followed by a 120 dB startle stimulus
assessed sensorimotor gating. The ability of the preceding stimulus to attenuate the startle

response to the 120 dB stimulus is termed PPI. Background noise (65 dB) was present
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during the entire 22-minute trial. A total of 23 individual startle trials, 8 of each 1 and 15
dB, and 9 of each of the 3, 6 and 12 dB PPI trials were presented in a pseudo-randomized
order. The inter-trial interval was 15 s. Holding cylinders within the isolation chambers
were cleaned with 75 % ethanol between each session. Groups were counterbalanced to
ensure that each experimental group had equal exposure to each chamber. Baseline
acoustic startle is expressed as the average of all acoustic startle trials (120 db) except for
the first block of trials. Habituation to acoustic startle was determined by expressing the
difference in response between the first and last block of startle trials as a percent
decrease in response. PPI is presented as the percent decrease in startle amplitude as a
function of the magnitude of the prepulse stimulus using the following formula: percent
decrease = 100 - ([prepulse startle]/[baseline ASR] x 100).
Statistical methods

Statistical analyses were conducted using SPSS statistical software (version 12.0).
For the open field test, repeated measures ANOV As were conducted, with trial included
as a repeated measures factor. To compare habituation on the first day of open field
exposure, unpaired t-tests were used. ANOVAs were used to compare baseline acoustic
startle and acoustic startle habituation. PPI was analyzed with repeated measures
ANOVA. Post hoc tests and planned comparisons, conducted using I-matrix contrast
statements in SPSS, were used to follow up any significant interactions or planned
comparisons. One NrglTn female was identified as a statistical outlier for locomotor

activity using the Grubbs test and was dropped from the open field study.
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Results
Open Field Testing and Habituation

For overall analysis, 2x2x2 repeated measures ANOVAs (Genotype (WT vs.
Nrg1™) x Trial (exposure 1 vs. exposure 2) x Sex (male vs. female)) were conducted on
indices of locomotor activity during the open field testing, with trial included as the
repeated measure. These analyses revealed a main effect of exposure on time mobile
(F1.41=36.36, p<0.001; Fig. 4.1A), number of line crossings (F; 41=17.05, p<0.001; Fig.
4.1B) and distance traveled (F; 4;=19.21, p<0.001; Fig. 4.1C) such that locomotor activity
was decreased from the first to the second exposure. However, there was also a main
effect of sex on all indices (time mobile: F, 4;=14.86, p<0.001; line crossing: F 4;=19.06,
p<0.001; distance traveled: F; 4;=11.16, p<0.01; Fig. 4.1 A-C respectively) with males
exhibiting greater locomotor activity than females on all measures. Furthermore, sex
significantly interacted with genotype on measures of time mobile (F; 4;=10.58, p<0.01)
and distance traveled (F; 4,=7.03, p<0.02) and trended toward the same interaction on line

crossings (F; 41=3.65, p<0.07).
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Figure 4.1. Open Field Testing and Habituation in Male and Female Nrgl™ rats.

Locomotor activity was measured with three indices, time mobile (A), line crossings (B)
and distance traveled (C). An overall effect of exposure was found, with activity on each
index decreasing from the first to second exposure. In addition, on each of these indices
an overall effect of sex was found such that males spent more time mobile (***p<0.001;
A) made more line crossings (***p<0.001; B) and traveled greater distance (**p<0.01;C)
than females. Sex was also found to interact with exposure, which is further examined in
Figure 4.2-4.4. Bars represent mean ° SEM.
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To further examine this sex by genotype interaction, the locomotor index (average
T-score of all three indices) was analyzed with a 2x2x2 repeated measures ANOVA (Sex

(male vs. female) x Genotype (WT vs. NrglTn

) x Trial (exposure 1 vs. exposure 2)) with
trial included as the repeated measure. This analysis confirmed a significant effect of sex
(F141=17.02, p<0.001; Fig. 4.2) and a significant interaction between sex and genotype
(F141=8.36, p<0.01; Fig. 4.2). No effect of exposure was found, therefore the two days
were combined for presentation in Figure 4.2. Post hoc analysis revealed a sex difference

only in Nrg1™ rats (p<0.001; Fig. 4.2) on overall locomotor activity, such that females

were less active than males.
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Figure 4.2. Sex Differences in Locomotor Activity.

No sex difference between WT males and females was detected on the locomotor index,
a combined measure of time mobile, line crossings and distance traveled. However, a sex
difference was detected in Nrg1™ rats, with males exhibiting greater locomotor activity
compare to females (***p<0.001). Bars represent mean © SEM. Reprinted from
Behavioural Brain Research, 224, Taylor et al., The involvement of Type II Neuregulin 1
in neuroendocrine and behavioral reactivity, pp.223-232, copyright (2011b), with
permission from Elsevier.
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In order to more clearly understand the sex-specific effects of disrupted Type 11
NRG1 on locomotor activity and habituation, males and females were separated for
further analysis. In males, 2x2 repeated measures ANOVAs (Genotype (WT vs. Nrg1™)
x Trial (exposure 1 vs. exposure 2)) were conducted on indices of locomotor activity
during the open field testing, with trial included as the repeated measure. These analyses
revealed that time spent mobile (F; 24=20.12, p<0.001; Fig. 4.3A) and number of line
crossings (F;24=8.5, p<0.001; Fig. 4.3B) both decreased with repeated exposure to the
open field arena, however this effect interacted with genotype for both indices (time
mobile, F; 24=5.2, p<0.05; line crossings, F;24=7.2, p<0.05; Fig. 4.3A-B respectively).
Post hoc analyses revealed that the interaction was due to the fact that on the second day
of exposure to the open field, WT males spent significantly less time mobile (p<0.05;
Fig. 4.3A) and made fewer line crossings (p<0.05; Fig. 4.3B) than they did during their
first exposure to the open field. On the other hand, Nrgl™ males failed to show a
reduction in activity during the second exposure to the open field (Fig. 4.3). This pattern
resulted in Nrng” males spending significantly greater time mobile than WT males on
the second day of exposure (p<0.05; Fig. 4.3A). While there was not a significant
interaction between exposure and genotype on distance traveled, planned comparisons
within genotypes revealed that, similar to the pattern observed for time mobile and line
crossings, WT males significantly decreased distance traveled on the second day of

exposure (p<0.01; Fig. 4.3C) while NrglTn males did not.
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Figure 4.3. Male Locomotor activity and Habituation.

(A) WT males spent significantly less time mobile (*p<0.05), (B) made fewer line
crossings (*p<0.05) and (C) significantly decreased distance traveled (**p<0.01) upon
re-exposure to the open field on the second day of testing compared to their first
exposure. However, NrglTn males failed to show a reduction in (A) time mobile, (B) line
crossings and (C) distance traveled during the second exposure to the open field. This
pattern resulted in NrglTn males spending significantly greater time mobile (A) than WT
males on the second day of testing (*p<0.05). Bars represent mean ° SEM. Reprinted
from Physiology and Behavior, 104, Taylor et al., Disruption of neuregulin 1 gene in the
rat alters HPA axis activity and behavioral responses to environmental stimuli, pp.205-
214, copyright (2011a), with permission from Elsevier
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Time mobile, number of line crossings and distance traveled were also utilized as
indices of locomotor activity during the open field testing in female rats. 2x2 repeated
measures ANOVAs (Genotype (WT vs. Nrng") x Trial (exposure 1 vs. exposure 2))
were conducted on these indices in females, with trial included as the repeated measure.
Time spent mobile (F; ;7= 16.29, p<0.01; Fig. 4.4A), number of line crossings (F; ;7=
7.85, p<0.02; Fig. 4.4B) and distance traveled (F; ;7= 11.27, p<0.01; Fig. 4.4C)
decreased with repeated exposure to the open field arena in both groups. Thus, both WT
and Nrgl1™ females habituated to the open field. However, Nrg1™ females spent less time
mobile (F; 17=6.73, p<0.02; Fig. 4.4A), had fewer line crossings (F; ;7= 5.99, p<0.03;
Fig. 4.4B) and traveled less distance (F; ;7= 4.85, p<0.05; Fig. 4.4C) compared to WT
females across exposures to the open field.

To determine if decreased locomotor activity was indicative of anxiety in Nrg1™
females, within-session habituation was determined for the first exposure to the open
field (Hughes and Collins, 2010). Upon first exposure to the open field, Nrg 1™ females
demonstrated increased within-session habituation in locomotor activity compared to WT
females on all indices (time mobile: p<0.01; line crossing: p<0.001; distance traveled:
p<0.001; Fig. 4.4 D-F respectively). No genotype differences in within-session

habituation were detected on any indices in males (data not shown).
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Figure 4.4. Female Locomotor Activity and Habituation.

Overall, Nrngn females (A) spent less time mobile (*p<0.02), (B) made fewer line
crossings (*p<0.03) and (C) traveled less distance (*p<0.05) than WT females. Both WT
and Nrngn females habituated to the open field across exposures, demonstrating
decreased locomotor activity from exposure 1 to exposure 2. However, on exposure 1,
Nrng” females exhibited enhanced habituation, as measured by percent decrease, in (D)
time mobile (**p<0.01), (E) line crossings (***p<0.001) and (F) distance traveled
(***p<0.001). Bars represent mean ° SEM. Reprinted from Behavioural Brain Research,
224, Taylor et al., The involvement of Type II Neuregulin 1 in neuroendocrine and
behavioral reactivity, pp.223-232, copyright (2011b), with permission from Elsevier.
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Acoustic startle response and prepulse inhibition

A 2x2 ANOVA (Genotype (WT vs. Nrgl™) x Sex (Male vs. Female)) revealed a
significant effect of sex (F; 2= 6.88, p<0.02; Fig. 4.5) on baseline ASR, with males
exhibiting greater startle amplitude than females. To examine habituation, a 2x2 ANOVA
(Genotype (WT vs. Nrng”) x Sex (Male vs. Female)) was utilized on the percent
decrease in ASR. This analysis revealed a significant effect of genotype (F; 6= 7.6,

p<0.02; Fig. 4.5), with Nrg1™ rats displaying enhanced habituation compared to WT rats.

[ wt male Bl Vg1 Male

FZd Wt Female Nrg1™ Female

5 Males > Females ﬁ
$500- -l— g 75

@ 3

o =

2 4004 s

= £

s < 50-

£ 3004 e —_—
E .

2 200 L @ T

g // 9 25=

[ (1]

=100- / S

@ / ]

o [}

g 0 4 = 0

>

<

Figure 4.5. Acoustic Startle Response.

On baseline ASR (A) an effect of sex (p<0.02) but not genotype was found, with males
showing greater startle amplitudes than females. On ASR habituation (B), measured by
percent decrease in startle amplitude, an effect of genotype (*p<0.02) was found, wherein
Nrg1™ rats exhibited greater habituation to acoustic startle stimuli than WT rats.
Reprinted from Behavioural Brain Research, 224, Taylor et al., The involvement of Type
IT Neuregulin 1 in neuroendocrine and behavioral reactivity, pp.223-232, copyright
(2011b), with permission from Elsevier.
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To confirm that Nrg1™ rats display normal auditory function, startle amplitude to
individual prepulses (1, 3, 6, 12 and 15 dB above the 65 dB background) was examined
with a 2x2x5 ANOVA (Genotype (WT vs. Nrgl™) x Sex (male vs. female) x Prepulse
intensity (1dB vs. 3dB vs. 6dB vs. 12dB vs. 15 dB)). One WT male outlier was detected
with the Grubbs test and was therefore excluded from this analysis only. An overall effect
of sex was revealed (F3 5= 5.14, p<0.03; Fig. 4.6) such that males demonstrated greater
startle amplitude than female rats, similar to baseline ASR. Importantly, no effect of
genotype was found, nor did it interact with any other factor. These findings indicate that

Nrg1™ and WT rats have comparable gross auditory abilities (Crawley, 1999).
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Figure 4.6. Auditory Function.

An overall effect of sex was revealed such that males demonstrated greater startle
amplitudes than female rats (p<0.03), similar to baseline ASR. Importantly, no effect of
genotype was found, nor did it interact with any other factor. These findings indicate that
Nrg1™ and WT rats have comparable gross hearing abilities. Bars represent mean °
SEM.



PPI trials were analyzed with a 2x2x4 repeated measures ANOVA (Genotype
(WT vs. Nrgl™) x Sex (male vs. female) x Prepulse intensity (3dB vs. 6dB vs. 12dB vs.
15 dB)) with prepulse intensity included as a repeated measure. The 1dB prepulse was
excluded from analysis as it resulted in prepulse facilitation in all groups. This analysis
revealed a main within-subjects effect of prepulse intensity (Fs75=119.3, p<0.001; Fig.
4.7) on all groups, with increasing prepulse intensity leading to increased PPI. Between-
subjects effects included a main effect of genotype (F26= 6.78, p<0.02; Fig. 4.7) and an
interaction between genotype and sex (F 26 =4.38, p<0.05; Fig.4.7). Post hoc analyses
revealed that the female groups drove the main effect of genotype, whereby WT females
demonstrated more robust PPI than Nrg1™ females (p<0.03; Fig. 4.7) while WT and
Nrgl™ males were indistinguishable (p=0.63; Fig.4.7). A sex difference was not detected

between either WT males and females or Nrgl™ males and females (Fig. 4.7).
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Figure 4.7. Prepulse Inhibition.

PPI trials are presented by group. Within each group, bars represent trials of increasing
prepulse intensity (from left to right: 3dB, 6dB, 12dB, 15dB). Nrg1™ females showed an
overall reduction in PPI compared to WT females (*p<0.03) while WT and Nrg 1™ males
were indistinguishable. Bars represent mean © SEM. Reprinted from Behavioural Brain
Research, 224, Taylor et al., The involvement of Type II Neuregulin 1 in neuroendocrine
and behavioral reactivity, pp.223-232, copyright (2011b), with permission from Elsevier.
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Discussion
Summary of Results

Disruption of Type II NRG1 led to sex-specific alterations in locomotor activity,
open field habituation and sensorimotor gating. In the open field arena, male Nrgl™ rats
exhibited normal locomotor activity, while female Nrg1™ rats were less active than WT
females. Interestingly, male Nrg1™ rats sustained reactivity to novel environments, as
demonstrated by a failure to habituate to an open field, while female Nrg1™ rats exhibited
enhanced habituation during the first exposure. Furthermore, disruption of Type II NRG1
altered normal sex differences in locomotor activity. Both male and female Nrg1™ rats
exhibited enhanced habituation to acoustic startle, while only female Nrgl™ rats
displayed a reduction in PPI, a measure of sensorimotor gating.
Open field testing and habituation

An interaction between sex and genotype was found on all indices of locomotor
activity. Interestingly, female NrglTn rats demonstrated a hypolocomotor phenotype,
while male Nrg1™ rats displayed normal locomotor activity. In Nrgl KO mouse models,
several groups have identified a locomotor or exploration related hyperactive phenotype
(Boucher et al., 2007; Karl et al., 2007; O'Tuathaigh et al., 2007; Duffy et al., 2008). This
phenotype is primarily found in the KO models that disrupt expression of the TM and
EGF domains of NRG1. Interestingly, female mice over-expressing Type I NRG1 were
less active in the open field (Deakin et al., 2009), while female mutant TM domain NRG1
mice exhibited increased locomotor activity during initial exploration (O'Tuathaigh et al.,
2006). These findings highlight the importance of different domains of NRG1 and

different species in behavioral phenotypes. While low levels of locomotor activity are
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sometimes used to infer increased anxiety (Archer, 1973; Belzung, 1999), an alternative
interpretation may be that decreased locomotor activity reflects decreased agitation in the
open field (Hughes and Collins, 2010).

Interestingly, no difference was found between female WT and Nrgl™ rats in
between-session habituation to the open field arena, with both genotypes exhibiting
decreased activity on the second exposure compared to the first. In further support of this
alternative interpretation, female Nrg1™ rats demonstrate enhanced within-session
habituation on the first day. Thus in females, disruption of NRG1 may lead to decreased
sensitivity to novelty and ultimately, enhanced habituation. In contrast, male Nrgl™ rats
failed to habituate between the first and second exposure to the open field. In essence, the
Nrg1™ rats appear to find the open field arena just as novel on the second exposure as
they do on the first. We have preliminary evidence that male Nrg1™ rats are competent
on object recognition memory in the same environment (data not shown), so it does not
appear that the Nrg 1™ rats have gross memory difficulties in this environment that could
account for their failure to habituate to the testing arena. This is an important point as the
present findings may indicate that male Nrg 1™ rats perceive their environment
differently, and sustain reactivity to novel environments for longer than normal.
Interestingly, the interpretation of decreased locomotor activity as a reflection of
decreased agitation would be consistent with the observed enduring locomotor activity in
male Nrg1™ rats as an indication of increased agitation. These sex-specific changes in
locomotor activity and environmental habituation may be predictive of anxiety-like
behavior in a more definitive assay, such as the elevated plus maze (see Chapter 5).

Fewer studies in Nrgl KO mice have examined habituation to an open field/novel
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environment. In male heterozygous KO mice for the EGF domain of NRG1, an improved
ability to habituate to a novel environment was found (Duffy et al., 2008). On the other
hand, in heterozygous KO mice for the TM domain of NRG1, a failure to habituate to
observation chambers, similar to that reported here in males, was found (O'Tuathaigh et
al., 2006). Interestingly, in rats with hippocampal lesions, habituation of exploration is
impaired (Clark et al., 2005). This may be of relevance given the disruption of normal
MR/GR balance found in the HPC of male Nrg1™ rats reported in Chapter 3.
Furthermore, NRG1 coordinates the organization of glutamatergic and GABAergic
synapses and signaling in the brain (Falls, 2003a; Harrison and Law, 2006; Ting et al.,
2010; Wen et al., 2010). Since these neurotransmitters play a critical role in the
regulation of behavioral responses to the environment, disruptions in behavior might be
anticipated due to a slight change in the balance between hippocampal excitation and
inhibition. Further studies will be required to examine the importance of changes in these
neurotransmitter systems in the NrglTn rats and the relationship of those changes to the
present findings.
Acoustic startle response and prepulse inhibition

Baseline ASR can be used as an index of aversive emotional states and stress
reactivity in animals (Davis et al., 1997). Despite being a relatively simple brainstem-
mediated response, startle can be either enhanced or attenuated by both internal and
external variables such as aversive events or positive affect (Koch, 1998). Regardless of
genotype, male rats exhibited greater ASR than female rats. This is consistent with other
reports that male rodents demonstrate increased ASR compared to female rodents (Koch,

1998; Melnick et al., 2002; Plappert et al., 2005; Kinkead et al., 2008). What is more
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interesting is that both male and female Nrg1™ rats demonstrated enhanced habituation to
the startle stimulus across the entire session. This is consistent with enhanced within-
trial, and normal between-trial habituation found in female Nl’ngn rats in the open field,
but contrary to the failure to habituate to the open field found in male Nrg1™ rats.
Interestingly, disruption of NRG1 in the rat brain appears to have task- and sex-specific
effects on habituation to environmental stimuli. However, mechanisms of short-term
habituation of the ASR are unclear but most likely occur within the ASR pathway itself
(cochlear nuclear complex, caudal pontine reticular nucleus and motor neurons) rather
than from extrinsic inhibitory influences on the ASR response (Koch, 1998). Thus it is
unlikely that sex-specific genotype differences in open field habituation can be compared
to habituation of the ASR.

On the PPI trials, male WT and Nrg1™ rats displayed equivalent PPI, while
Nrgl™ females showed reduced PPI compared to WT females. Thus disruption of Type
II NRGI1 results in a sex-specific effect on PPI as well. Additionally, the PPI deficit in
Nrng” females is not likely due to altered auditory function, as startle amplitude to
individual prepulse tones (1, 3, 6, 12 and 15 dB above 65dB background) was assessed
and found to be equivalent between genotypes (Crawley, 1999). Interestingly, both male
and female mice over-expressing Type I NRG1 demonstrated a PPI deficit with increased
baseline acoustic startle (Deakin et al., 2009), and other studies in TM domain and Type
III NRG1 KO mice, which only included males, found deficits in PPI (Stefansson et al.,
2002; Chenetal.,2008).1 n addi ti on, a missens&RGhut ati on
gene has been shown to have a possible functional effect on PPI in both control and

schizophrenia populations (Hong et al., 2008).
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A reduction in PPI is generally thought to reflect a disruption in sensory gating,
such that the brain is inundated with information from environmental stimuli leading to
impaired cognitive abilities (Braff and Geyer, 1990). However, in light of the
aforementioned enhanced habituation, the decrease in PPI in Nrgl™ female rats may also
reflect a general decrease in attention to environmental stimuli. One interpretation of this
finding is that the female Nrg1™ rats do not perceive the testing environment to be
threatening. Several studies have demonstrated that PPI is increased when the
environment is perceived as more threatening, such as when shocks are also administered
(Grillon and Davis, 1997; Cornwell et al., 2008). Consistent with our findings in
habituation to the open field, female Nrg1™ rats may perceive novel environments as less
threatening than WT females, while male Nrg1™ rats may be more prone to interpret
some novel environments as more threatening than WT males. This is consistent with our
previous findings that male, but not female, Nrgl™" rats have elevated basal CORT levels
(Taylor et al., 2011a; Taylor et al., 2011b).

Summary of sex-specific effects

We report here that disruption of Type Il NRG1 results in sex-specific phenotypes
in locomotor activity, habituation to an open field, and PPI. It was recently shown that
NRGT1 increases activity-dependent GABA release (Wen et al., 2010). Disruption of
GABAergic tone and thus the balance of excitatory and inhibitory neurotransmission
throughout development could play a role in mediating some of these sex-specific effects.
For example, during early development, GABA acts as an excitatory neurotransmitter
and may be important for the masculinization of the brain (McCarthy et al., 1997).

Furthermore, males tend to be more sensitive to modulators of the GABA 4 receptors
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(Skilbeck et al., 2008). Thus, the normal sexual dimorphism in GABAergic
neurotransmission may be altered in different directions by the disruption of Type II
NRGI. In addition, ovarian hormones have been shown to effect open field activity and
PPI, though the direction of these effects remains complicated and controversial
(Swerdlow et al., 1997; Koch, 1998; Van den Buuse and Eikelis, 2001; Kinkead et al.,
2008; Weiser and Handa, 2009). Estrogen has also been shown to modulate both
excitatory and inhibitory states in neurons (Yourick and DeCoster, 1996; Cyr et al., 2002;
Blurton-Jones and Tuszynski, 2006; McEwen, 2010) and may further modulate NRG1-
induced changes in GABAergic neurotransmission during development and adulthood to
produce some of these sex-specific findings. Importantly, no alterations were found
between WT and Nrgl™ females in pubertal onset or measures of adult reproductive
function, indicating no overt perturbations in ovarian hormone function.
Disruption of normal sex differences

Several sex-specific findings have already been discussed, but a brief summary of
sex differences in WT and Nrgl™ males and females is also warranted (summarized in
Table 4.1 along with sex differences in HPA axis activity from Chapter 3). In overall
locomotor activity, no sex difference was found between WT males and females. While
this pattern is generally atypical of rats, other studies have also reported a lack of sex
difference in the locomotor activity levels of WT Fischer 344 rats (Ramos et al., 1997).
However, an unexpected sex difference emerged in the Nrg1™ rats during open field
testing, with male Nrg1™ rats exhibiting more activity than female Nrg1™ rats. On
baseline ASR, we found that the sex difference in WT rats was preserved in Nrg1™ rats,

with males showing increased startle amplitude compared to females, consistent with
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reports by others (Koch, 1998; Melnick et al., 2002; Plappert et al., 2005; Kinkead et al.,
2008). On a final measure, no sex difference between males and females of either
genotype was detected on PPL. This lack of sex differences is similar to other reports with
males and random cycling females (Koch, 1998; Bubenikova et al., 2005; Plappert et al.,

2005).

Tn
Measure "WT ]"Vrg 1 Sex Difference

CORT

Basal < T Eliminated

Peak < < Preserved

Recovery < T Eliminated
Locomotor T > Emerged
ASR > > Preserved
PPI T T Preserved

Table 4.1. Summary of Sex Differences.

Conclusions

The present experiments provide evidence for the involvement of NRG1 in
behavioral responses to the environment in a sex-specific manner. Nrg1™ females
demonstrated reduced locomotor activity and enhanced habituation to both the open field
and acoustic startle, as well as reduced PPI. While male Nrg1™ rats displayed normal
locomotor activity, impaired habituation to an open field, but enhanced habituation to
acoustic startle and normal PPI. Importantly, these sex-specific phenotypes can not be
attributed to alterations in female pubertal onset or reproductive capability. Moreover, the
lack of HPG axis disruptions in females lends credence to these findings in male

offspring of Nrg1™ dams. These studies address experiment 3.2 of specific aim 1 which
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was to determine whether disruption of Type II NRGI results in altered reactivity to
different environments. Our results provide support for the involvement of NRGI in the
control of the behavioral response to environmental stimuli and the sex-specific nature of

this relationship.
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Chapter 5: Interaction of Nrgl and Chronic Adolescent Stress
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Abstract

The incidence of anxiety, mood, substance abuse disorders and schizophrenia
increases during adolescence. Epidemiological evidence confirms that the exposure to
stress during particularly sensitive periods of development can create vulnerabilities that
put genetically predisposed individuals at increased risk for psychiatric disorders, but it is
not clear how these events interact to promote a psychiatric outcome. Although a large
number of genes have been associated with mental illness, NRG1 is a frequently
identified schizophrenia susceptibility gene that has also been associated with the
psychotic features of bipolar disorder. The NRG1 subtype most likely involved in the
development of psychiatric disorders is Type II. Previously, we established that Type II
NRGI is expressed in the neurocircuitry involved in regulating HPA axis responses to
stressors, including the hypothalamic PVN, which integrates and controls the
neuroendocrine response to stress. We also found, using Nrgl™ rats, that genetic
disruption of Type II NRGI results in alterations in HPA axis function and behavioral
reactivity. In the present studies, Nrngn rats were used to test the hypothesis that Type II
NRGT1 disruption and chronic variable stress exposure during adolescence interact to alter
adult behaviors relevant to stress reactivity and psychiatric disease. In experiment one,
male and female NrglTn rats were exposed to chronic variable stress during adolescence
(36-44 days) and then tested for anxiety, stress reactivity, sensorimotor gating, fear
acquisition and memory and basal CORT secretion in adulthood. The results of this study
suggested that Nrgl genotype interacted with adolescent chronic variable stress in a sex-
specific manner. Interestingly disruption of Nrgl appeared to protect against adverse

consequences of adolescent stress, particularly in measures of anxiety. Experiment two
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was designed to determine if this protective effect was due to hormonal factors secreted
during stress (i.e. corticosterone) and not to other factors such as environmental
reactivity. A separate group of animals were exposed to high levels of CORT in their
drinking water during adolescence (36-44 days of age) and tested only for anxiety
behavior on the elevated plus maze. Interestingly, while exposure to high levels of CORT
in drinking water did lead to a sex-specific interaction with Nrgl on adult anxiety
behavior and basal CORT secretion, this interaction was not the same as that of chronic

variable stress exposure.
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Introduction

The HPA axis facilitates adaptation to stress and the adrenal GC hormones
(corticosterone in the rat, cortisol in humans) are the principal mediators of this adaptive
response. When stress is repeatedly encountered, a chronic elevation of GCs results in
dysregulation of the HPA axis and altered limbic system structure and function
(McLaughlin et al., 2009). The brain regions most vulnerable to chronic stress are the
HPC, AMG and PFC (McEwen, 2007). Interestingly, in both humans and rodents, these
regions also show significant maturation during adolescence (Huttenlocher, 1979; Romeo
and Sisk, 2001; Giedd, 2004; Koshibu et al., 2004; Zehr et al., 2006; Markham et al.,
2007; Giedd, 2008)

Adolescence is a critically important period for the development of normal adult
behaviors and disturbance of adolescent development plays an important role in the
etiology of several psychiatric disorders (Walker, 2002; Andersen and Teicher, 2008;
Paus et al., 2008; Walker et al., 2008; Ernst et al., 2009). Many brain systems mature
during adolescence including neurotransmitter activity and receptor expression, synapse
development and pruning, and myelination (Teicher et al., 1995; Andersen et al., 2000;
Lee et al., 2003; Markham et al., 2007). The neural pathways involved in coordinating
stress responses also continue development during adolescence (Andersen, 2003; Casey
et al., 2008). Furthermore, it has been shown that some strains of prepubertal rats exhibit
an exaggerated HPA axis response to both acute and chronic stress compared to adults
(Romeo and Sisk, 2001; Romeo et al., 2006).

Chronic stress exposure during adolescence can lead to long term behavioral and

neuroendocrine effects, depending on the timing of exposure, the sex of the animal and
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the type of stressors used (McCormick et al., 2010; Romeo, 2010). An additional factor in
mediating long-term effects of adolescent stress exposure may also include genetic
vulnerabilities. Disruptions to particular genes may create a vulnerability to adolescent
stress and ultimately alter the developmental trajectory of the adolescent brain. Since the
risk for many psychiatric disorders (i.e. anxiety and mood disorders, schizophrenia and
substance abuse) increases during adolescence (Hankin et al., 1998; Spear, 2000; Walker,
2002; Andersen, 2003; Costello et al., 2003; Dahl, 2004; Patton and Viner, 2007; Paus et
al., 2008), it is critical to assess interactions between genetic susceptibility and stress
exposure during this period of maturation and potential vulnerability.

The specific susceptibility genes that mediate the interaction with stress in
psychiatric populations have not been clearly identified. One candidate may be the NRG1
gene, which has been repeatedly identified by association studies as a susceptibility gene
for schizophrenia and bipolar disorder (Stefansson et al., 2002; Stefansson et al., 2003;
Harrison and Law, 2006; Prata et al., 2009). Gene-environment interactions account for
much of the pathology associated with psychiatric disorders (Bayer et al., 1999; Caspi et
al., 2003; Howes et al., 2004; Mittal et al., 2008; van Os et al., 2008; Aguilera et al.,
2009; Jaaro-Peled et al., 2009; Keri et al., 2009) but unfortunately, these interactions have
not been extensively investigated, especially during adolescence. Interestingly, there are
several demonstrations of gene by environment interactions associated with NRG1. In
patients with schizophrenia, a si MRl e
interacts with psychosocial stress to affect reactivity to expressed emotion (Keri et al.,
2009). NRGI genotype also interacts with job strain to increase risk of heart disease

(Hintsanen et al., 2007). Studies in genetically modified animals also demonstrate gene
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by environment interactions. Environmental enrichment increases exploratory behavior
more in Nrgl heterozygous mice (Karl et al., 2007).

Previously, we established that Type II NRG1 is expressed in the neurocircuitry
involved in regulating the HPA axis response to stressors, including the hypothalamic
paraventricular nucleus, which integrates and controls the neuroendocrine response to
stress. We have also shown that genetically disrupted Type II NRG1 in hypomorphic
Nrgd™ rats results in increased basal corticosterone in males and enhanced suppression of
corticosterone secretion after recovery from an acute stressor in females (Taylor et al.,
2011a; Taylor et al., 2011b). Furthermore, sex-specific changes in GR and MR
expression were found, leading to a disrupted MR/GR balance in the hippocampus of
males and amygdala of females (Taylor et al., 2011a; Taylor et al., 2011b). These
findings implicate Type Il NRG1 in stress regulation. In addition, we have previously
shown that male Nrg1™ rats fail to habituate to an open field over two days (Taylor et al.,
2011a) while female Nrg1™ rats show enhanced within-session habituation to the open
field (Taylor et al., 2011b). One interpretation of these findings is that male Nrg1'™" rats
are more sensitive to changes in their environment, while females are less impacted by
mildly stressful aspects in their environment.

HPA axis function and brain regions associated with its control mature during
adolescence, and stressful experiences in adolescence can have lifelong effects that may
be modulated by factors such as sex, type of stressor and genetic vulnerabilities.
Therefore, we hypothesized that Nrgl genotype would interact with chronic stress
exposure during adolescence in a sex-dependent manner to alter adult behaviors relevant

to psychiatric disease and adult basal HPA axis activity. To test this hypothesis, we
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exposed male and female WT and Nrg1™ rats to chronic variable stress during
adolescence (37-44 days of age) (Tirelli et al., 2003; McCormick and Mathews, 2007)
and assessed anxiety behavior (elevated plus maze), stress reactivity (acoustic startle
response), sensorimotor gating (prepulse inhibition), fear acquisition and memory (cued
fear conditioning and extinction), and basal CORT secretion in adulthood. Given that
Nrg1™ rats demonstrate altered environmental reactivity, we also tested the effects of
exogenously increasing circulating CORT by exposing a separate group of adolescent
male and female WT and Nrg1™ rats to high levels of CORT in drinking water and then
assessed anxiety behavior on the elevated plus maze and basal CORT secretion in

adulthood.
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Methods and Materials
Experiment 1: Adolescent Exposure to Chronic Variable Stress
Animals

Male and random cycling female Fischer 344 WT and homozygous Nrgl™ rats
were used in the present studies. All animals were housed in cages of 2-3 at the Maryland
Psychiatric Research Center in a temperature- and light-controlled (lights on 06.00 h to
20.00 h) facility. Water and chow (Harlan Teklad, Frederick, MD) were available ad
libitum. All procedures conform to the guidelines for animal research established by the
National Institutes of Health, and were approved by the University of Maryland School of
Medicine Institutional Animal Care and Use Committee.
Chronic Variable Stress

Animals were divided into 8 groups (summarized in Table 5.1): male WT control
(CON), female WT CON, male WT chronic variable stress (CVS), female WT CVS,
male Nrg1™ CON, female Nrgl™ CON, male Nrgl™ CVS and female Nrgl™ CVS (n=6-
7/group). Animals were exposed to CVS during adolescence (37-44 days of age), the
time when most psychiatric disorders begin to emerge (Paus et al., 2008). Beginning at
37 days of age and continuing through 44 days of age, male and female WT and Nrg 1
rats in the CVS group were exposed to repeated variable stress paradigm according to our
published protocol (Kinnunen et al., 2003; Koenig et al., 2005; Lee et al., 2007; Markham
et al., 2010). This paradigm presents stressors in a unpredictable manner so as to avoid
HPA axis habituation (Bhatnagar and Dallman, 1998; Kinnunen et al., 2003; Girotti et al.,
2006; Solomon et al., 2009). Briefly, the stresses used in this paradigm were: (1) restraint

in a well-ventilated cylindrical plexiglas restrainer (Harvard Bioscience, Boston, MA,
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USA) for 1 h, (2) exposure to a cold environment (4€C) for 6 h, (3) food deprivation, (4)
prevention of sleep during the light (inactive) portion of the cycle for 90 min by placing
rats into a cage with ~ 1 inch of water, (5) 15 min of swim stress, and (6) social stress
induced by overcrowded housing conditions during the active (dark) phase of the cycle
(Table 5.2). Two to three stressors were administered per day in a randomized order
(Kinnunen et al., 2003; Koenig et al., 2005; Lee et al., 2007; Markham et al., 2010).
Animals in both the CON and CVS groups were weighed on day 37 and day 44.
Following CVS treatment, animals were left undisturbed in their cages until behavioral

testing in adulthood, beginning at 83-88 days of age.

Treatment
Genotype/Sex CON CVS
WT male n==6 n=7
WT female n=7 n=7
Nrgl™ male n=7 n=7
Nrgl™ female n=7 n==6
Table S5.1. Chronic Variable Stress: Experimental Groups.
Time of Day
Age AM (~8-9) Mid-day (~12-1) PM (~4-5)
(days)
37 Swim 1 15 min Restraint I 60 min Swim 1 15 min
38 Restraint I 60 min Swim 1T 15 min Restraint T 60 min
39 Cold Exposure i 6 hr (JAM-3PM) Foo‘l.l.a‘;pfllrvsat“’“
40 Water in cage 1 90min Restraint 1 60 min Swim 1 15 min
41 Water in cage 1 90min Social Stress 1 overnight (beg. ~3pm)
42 Restraint I 60 min Swim T 15 min Restraint I 60 min
43 Swim 1 15 min Restraint I 60 min Swim 1 15 min
44 Cold Exposure T 6 hr (9 AM-3PM)

Table 5.2. Chronic Variable Stress: Experimental Procedures.
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Elevated Plus maze

All groups were tested for anxiety-like behavior in an elevated plus maze (EPM).
Animals were not handled prior to EPM testing, with the exception of being weighed at
day 37 and 44 as described above. On the morning of testing, all animals were moved
from the vivarium to the behavioral testing room and allowed to acclimate for 30
minutes. Animals of each treatment group and sex were balanced over the testing period
to account for time of testing. The EPM testing was performed according to standard
protocols (Walf and Frye, 2007; Lapiz-Bluhm et al., 2008). The maze (Stoelting, Inc.,
Wood Dale, IL) consisted of four arms, each of which was 50 cm X 10.0 cm. Two
opposing arms had 40 cm high walls and the other two were open (without walls). The
maze was elevated 50 cm above the floor. To begin the 5 min testing session, each rat
was placed onto the center of the maze facing the same open arm. ANY-maze tracking
software (Stoelting, Inc) was used to record and analyze the total amount of time spent in
theopen and cl osed arms. Time spent in
body was in each arm. An open to total ratio (OTR) for time (time in open arms divided
by time in open + closed arms) was calculated to account for any differences in
locomotor activity and was used for analysis of anxiety behavior (Lapiz-Bluhm et al.,
2008).
Acoustic Startle and Prepulse Inhibition

All experimental groups were tested for ASR and PPI, three days after EPM, to
allow for recovery from any potential stress induced by the EPM testing. An automated
startle reflex system (SR Lab, San Diego Instruments, San Diego, CA) was used to

measure the ASR and PPI as previously described (Koenig et al., 2005). Individual startle
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trials (120 dB for 40 ms) were used to measure baseline startle response. The trials in
which a weak prepulse stimulus (1, 3, 6, 12 or 15 dB above background for 20 ms) were
followed by a 120 dB startle stimulus assessed sensorimotor gating. The ability of the
preceding stimulus to attenuate the startle response to the 120 dB stimulus is termed PPI.
Background noise (65 dB) was present during the entire 22-minute trial. A total of 23
individual startle trials, 8 of each 1 and 15 dB, and 9 of each of the 3, 6 and 12 dB PPI
trials were presented in a pseudo-randomized order. The inter-trial interval was 15 s.
Holding cylinders within the isolation chambers were cleaned with 75 % ethanol between
each session. Groups were counterbalanced to ensure that each experimental group had
equal exposure to each chamber. Baseline acoustic startle is expressed as the average of
all acoustic startle trials (120 db) except for the first block of trials. Habituation to
acoustic startle was determined by expressing the difference in response between the first
and last block of startle trials as a percent decrease in response. One Nrgl™ CVS male
was identified as a statistical outlier and removed from this analysis. PPI is presented as
the percent decrease in startle amplitude as a function of the magnitude of the prepulse
stimulus using the following formula: percent decrease = 100 - ([prepulse
startle]/[baseline ASR] x 100).
Cued Fear Conditioning

One week after ASR and PPI testing, cued fear conditioning was conducted
according to our published protocol (Markham et al., 2010). An automated fear
conditioning system (Coulbourn Instruments, Whitehall, PA, USA) running under the
guidance of FreezeFrame software (Coulbourn Instruments) was used to evaluate fear

conditioning behavior. Behavioral testing took place in 25.4 cm X 25.4 cm x 19.05 cm
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chambers contained in sound-attenuated cubicles equipped with a speaker for delivering
tones, a ventilation fan for background noise (continuously present throughout the
experiment at 60 dB), a house light (continuously present throughout the experiment),
and a removable stainless steel grid floor for equally distributed delivery of a mild foot-
shock, controlled via a shocker-scrambler unit automated by the FreezeFrame software
(Coulbourn Instruments). The percent time spent freezing was monitored by a
videotracking system driven by the FreezeFrame software. Freezing was defined as two
consecutive seconds of complete movement cessation, with the exception of respiration.
The software automatically determined freezing; however, as indicated by the
manufacturer, the software may erroneously score immobility if movement is in the
vertical direction. Because animals occasionally jump in response to the footshock, an
experimenter (who wa stionpviewetedch wtideo anid,ffthe ani mal 0
software had erroneously scored freezing in this way, manually adjusted the threshold to
exclude this event. Footshock grids were calibrated before each conditioning session
using a digital meter to ensure that the current administered was consistent across
animals. Animals received no habituation to the testing chamber prior to behavioral
testing; they were moved to the testing room 30 min prior to testing each day, and were
returned to the vivarium at the conclusion of testing each day.

On the morning of the first day, animals underwent fear conditioning, during
which time an auditory stimulus was paired with a mild footshock. Following a 60 s
acclimation period upon introduction to the chamber, the animal was presented with a
tone (90 dB, lasting 10 s) that co-terminated with a footshock (1.0 mA, lasting 1 s).

Freezing behavior was measured during the tone presentation. In total, four tone-shock
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pairings were presented, with each pairing separated by an inter-trial interval that lasted
between 60 and 90 s. After the final pairing, the animal remained in the chamber for 60 s
and was then returned to its home cage. The entire trial including acclimation lasted 6.5
min. The chamber walls and floor grid were cleaned with 70% ethanol and the drip pan
beneath the floor grid was washed with detergent and cleaned with 70% ethanol between
each animal.
Cued Fear Extinction

Beginning 24 h after fear conditioning, each animal was returned to the chamber
to evaluate fear-related memory and extinction. Multiple contextual features of the
chamber were altered (relative to conditioning trials), namely: (1) an opaque plexiglas
insert was laid over the grid floor, (2) the chamber walls and floor were cleaned with
orange-scented cleaner (instead of ethanol) between animals, (3) the chamber cue light
was left on for the entire trial, providing more ambient light in the chamber, (4) the door
to the sound-proof chamber was left cracked open, (5) animals remained in an adjoining
room (instead of the actual testing room) during periods of group testing and were
transported between home cage and testing chamber using an empty holding cage, and
(6) the testing chamber was switched on a per-animal basis between conditioning trials
and cue extinction trials. Therefore, multiple tactile, olfactory, visual, and other
contextual cues were altered between conditioning trials and cue extinction trials. During
each 8-min cue extinction trial, no footshocks were delivered and freezing behavior in
response to presentation of the tone alone was measured; these trials are an opportunity
for the animal to learn that the tone no longer predicts a shock. In total, the tone (90 dB,

lasting 10 s) was presented five times per cue extinction trial, separated by an inter-trial
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interval that lasted between 60 and 90 s. After the final tone presentation, the animal
remained in the chamber for 60 s and was then returned to its home cage. There were two
sets of extinction trials, occurring 24 h and 96 h (4 days) after the initial conditioning
training session.
Footshock Sensitivity

Sensitivity to footshock was assessed in a separate group of adult rats (WT male,
n=4; WT female, n=5; Nrg1™ male, n=5; Nrgl™ female, n=5). Rats were placed in the
fear conditioning chamber, with the house light and fan and presented with uncued
footshocks (0.5s) of increasing amplitudes beginning with 0.06 mA. Amperage was
manually increased by 0.06 mA until 0.6 mA, after which it was increased by 0.1 mA,

and the intervals between shocks ranged from 15 to 25 s. Amperage was increased until a

bet\

vocalization response was consistently determin e d . Rat 6s received
shocks. The experimenter recording vocal:i
genotype.

Corticosterone Determination

Four days after the final extinction trials, rats were euthanized by decapitation,
trunk blood was collected into tubes containing 10% EDTA and plasma was isolated by
centrifugation. Plasma was stored at -80°C until use. CORT concentrations were
determined by RIA according to protocols provided by the manufacturer (MP
Biomedicals, Orangeburg, NY). Samples that fell below the limits of the standard curve
were excluded (i.e. less than 5 ng/ml), resulting in the removal of 2 female WT CON

samples.
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Experiment 2.1: Pilot Study: Corticosterone in Drinking Water in Adolescence
Animals

Male and female Fischer 344 rats were purchased from Harlan Laboratories and
arrived at our animal facility at 26 days of age. All animals were housed in same sex
cages of 2 and moved immediately to a light- and temperature-controlled testing room.
Animals were switched to a reverse light-dark schedule upon arrival (lights off 08:00 h to
18:00 h), and had free access to rat chow (Harlan Teklad) and water for 10 days during
habituation to the light schedule. A reverse light-dark cycle was utilized in order to obtain
plasma samples within 2 hours of the start of the active period, when the rats would have
recently consumed the CORT treated water. All procedures conform to guidelines for
animal research established by the National Institutes of Health, and were approved by
the University of Maryland Baltimore School of Medicine Institutional Animal Care and
Use Committee.
Corticosterone Treatment

In order to confirm that treatment with CORT during adolescence results in
increased circulating CORT levels and decreased weight gain, a pilot study was
necessary. The design here was based on published reports of CORT treatment in adult
rats and mice (Piroli et al., 2007; Lee et al., 2010). Rats were divided into four groups
(summarized in Table 5.3): male and female vehicle-treated animals (VEH) and male and
female CORT-treated animals (CORT) (n=8/group). The CORT group received 400
:g/ml CORT in drinking water for 8 days. CORT (Sigma-Aldrich, St. Louis, MO) was
dissolved in a small volume of ethanol (2.4%) and then diluted in tap water (Piroli et al.,

2007). The VEH group received the same amount of ethanol (2.4%) in drinking water
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(Piroli et al., 2007). Treatment began during the inactive (light) period at 36 days and
lasted until 44 days, so that animals would be exposed to CORT/VEH from 37-44 days of
age. Water bottles were weighed and refilled daily. Prior to treatment, animals were
weighed. At day 43, animals were weighed again and percent weight gained was
calculated. At the end of treatment (day 44) animals were sacrificed, beginning ~2.5
hours after the start of the active period, and trunk blood was collected into tubes
containing 10% EDTA. Due to experimenter error, plasma was unable to be obtained
from one CORT treated female. Plasma was isolated by centrifugation and stored at
-80°C until use. Plasma levels of CORT were determined by RIA according to protocols

provided by the manufacturer (MP Biomedicals, Orangeburg, NY).

Treatment
Sex VEH CORT
male n=2_8 n=2_§
female n=28 n=2_§

Table 5.3. Pilot Corticosterone in Drinking Water: Experimental Groups.
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Experiment 2.2: Adolescent Exposure to Corticosterone in Drinking Water
Animals

Male and random cycling female Fischer 344 WT and homozygous Nrgl™ rats
were used in the present studies. All animals were housed in same sex cages of 2 at the
Maryland Psychiatric Research Center in a temperature- and light-controlled facility.
Water and chow (Harlan Teklad, Frederick, MD) were available ad libitum, except as
noted below. All procedures conform to the guidelines for animal research established by
the National Institutes of Health, and were approved by the University of Maryland
School of Medicine Institutional Animal Care and Use Committee.
Adolescent Corticosterone Treatment

Rats were divided into 8 groups (summarized in Table 5.4): male WT vehicle-
treated (VEH), female WT VEH, male WT CORT-treated (CORT), female WT CORT,
male Nrgl™ VEH, female Nrg1™ VEH, male Nrg1™ CORT and female Nrg1™ CORT
(n=8/group). The CORT group received 400 :g/ml CORT in drinking water for 8 days
during adolescence (37- 44 days of age). CORT (Sigma-Aldrich, St. Louis, MO) was
dissolved in a small volume of ethanol (2.4%) and then diluted in tap water. The VEH
group received the same amount of ethanol (2.4%) in drinking water. Treatment was
administered during, beginning on day 36 until day 44, so that animals would be exposed

to CORT/VEH from 37-44 days of age. Water bottles were weighed and refilled daily.
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Treatment
Genotype/Sex VEH CORT
WT male n=3§ n=3§
WT female n=2_8 n=3_§
Nrgl™ male n=238 n=2y
Nrg1™ female n=38 n=_38

Table 5.4. Corticosterone in Drinking Water: Experimental Groups.

Elevated Plus Maze

All groups were tested for anxiety behavior on the EPM. Animals were not
handled prior to EPM testing, with the exception of being weighed at day 37 and 44 as
described above. Due to the range of ages, groups were split into two so that the age
range for testing was 84-87 days. On the morning of testing, all animals in each testing
group were moved from the vivarium to the behavioral testing room and allowed to
acclimate for 30 minutes. Animals of each treatment group and sex were balanced over
the testing period and testing day to account for time of testing. The procedure for EPM
testing was performed as described in experiment 1. An OTR for time (time in open arms
divided by time in open + closed arms) was calculated to account for any differences in
locomotor activity and was used for analysis of anxiety behavior (Lapiz-Bluhm et al.,
2008).
Corticosterone Determination

Three days after EPM testing, rats were euthanized by decapitation, trunk blood
was collected into tubes containing 10% EDTA and plasma was isolated by

centrifugation and stored at -80°C until use. CORT concentrations were determined by
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RIA according to protocols provided by the manufacturer (MP Biomedicals, Orangeburg,
NY). Samples that fell below the limits of the standard curve were excluded (i.e. less than
5 ng/ml), resulting in the removal of 2 male WT CORT samples.
Statistical Methods

Statistical analyses were conducted using SPSS statistical software (version 12.0).
Percent weight gained, volume consumed, average CORT dose, behavioral measurements
and CORT concentrations were analyzed with ANOVAs. In experiment 2.1, average
CORT dose was analyzed with an unpaired t-test. Post hoc tests and planned
comparisons, conducted using I-matrix contrast statements in SPSS, were used to follow
up any significant main effects or interactions. Statistical outliers were identified with the
Grubbs test, resulting in the removal of animals from several assays: Experiment 1: EPM:
one WT CON male and one WT CVS female; ASR habituation: one Nrgl™ CVS male.
Experiment 2.2: EPM: one WT VEH female, one WT VEH male, one WT CORT female

and one Nrg1™ VEH male.
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Results
Experiment 1: Adolescent Exposure to Chronic Variable Stress
Percent Weight Gained

No weight differences in animals assigned to CON and CVS groups were detected
prior to CVS treatment (data not shown). A 2x2x2 ANOVA (Genotype (WT vs. Nrg 1™
x Sex (male vs. female) x Treatment (CON vs. CVS)) was conducted on percent weight
gained during the treatment period (37-44 days of age). This analysis confirmed an effect
of treatment (F; 46=390.43, p<0.001; Fig. 5.1) such that CON animals gained more weight
than CVS treated animals. In addition an effect of genotype was found (F; 46=16.26,
p<0.001; Fig. 5.1) such that Nrg1™ rats gained more weight than WT rats. Finally, an
effect sex was also found (F 46=77.51, p<0.001; Fig. 5.1) indicating that males gained

more weight than females.

125



E=IWT male Bl Nrg 17" male

= WT female Bl Nrg 1™ female
*kk
40- I
T
@
£
[+ o pr——
& 30
£
.6 20-
=
@ 10-
L
[H]
o
0

CONTROL CVS

Figure 5.1. Percent Weight Gained during CVS treatment.

CVS treatment resulted in a significant decrease in percent weight gained over the
treatment period (***p<0.001) compared to CON groups. In addition, males gained more
weight than females (p<0.001) and Nrgl™ rats gained more weight than WT rats
(p<0.001). Bars represent mean ° SEM.
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Elevated Plus Maze

A 2x2x2 ANOVA (Genotype (WT vs. Nrgl™) x Sex (male vs. female) x
Treatment (CON vs. CVS)) was conducted on the open to total ratio (OTR) for time. This
analysis revealed a significant three-way interaction between genotype, treatment and sex
(F1.44=6.66, p<0.02; Fig. 5.2-5.4). Post hoc analysis was used to follow up this three-way
interaction. Same-sex and same-treatment genotype differences were examined first. In
CON groups, female Nrg 1™ rats spent significantly more time in the open arms than
female WT rats (p<0.01; Fig. 5.2), indicating that female Nrg1™ rats were less anxious
than WT female rats. In contrast, CON male Nrg1™ rats spent less time in the open arms
than CON WT rats (p<0.09; Fig. 5.2), indicating that Nrg1™ males were slightly more
anxious. The significant genotype differences found in CON animals were eliminated by
adolescent CVS treatment.

To examine treatment effects, same-sex and same-genotype groups were
analyzed. In females, WT CVS rats spent more time in the open arms than WT CON rats
(p<0.08; Fig. 5.3), indicating that adolescent CV'S treatment resulted in reduced anxiety
in adult WT females. In males, the opposite pattern appeared, though the effect was less
robust, with CVS WT males spending less time in the open arms than WT CON males,
indicating that adolescent CVS increased anxiety in adult WT males. Female Nl’ngn rats
were resistant to adolescent CVS, though in Nrg 1™ males CVS treatment tended to
reduce anxiety-like behavior,i . e. i ncrease time spent

Finally, sex differences in same-treatment, same-genotype groups were examined.
In both WT and Nrngn CON rats, a sex difference was detected. In WT CON animals,

males spent more time in the open arms than females (p<0.04; Fig. 5.4), whereas in CON
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Nrg1™ animals, males spent less time in the open arms than females (p<0.05; Fig. 5.4).
Adolescent CVS treatment eliminated adult sex differences in both genotypes. No
interaction between genotype, sex and treatment was identified in the number of open or
closed arm entries, time mobile or distance traveled (data not shown). However, an effect
of treatment was found on all of these measures such that animals exposed to adolescent
CVS were more active (increased open and closed arm entries and greater time mobile

and distance traveled) than CON animals (data not shown).
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Figure 5.2. EPM: Genotype Effects.

In CON groups, female Nrg1™ rats spent significantly more time in the open arms than
female WT rats (*p<0.01), indicating reduced anxiety. In contrast, Nrg1™ CON male rats
spent less time in the open arms than WT CON rats (“p<0.09), indicating increased
anxiety. No adult genotype differences were detected in adolescent CVS treated males or

females. Bars represent mean ° SEM.
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Figure 5.3. EPM: Treatment Effects.

In females, WT CVS rats spent more time in the open arms than WT CON rats

(#p<0.08), indicating that adolescent CVS treatment reduced anxiety in adult WT

females. In males, the opposite pattern appeared, though the effect was less robust, with
WT CVS males spending slightly less time in the open arms than WT CON males,
indicating that CVS increased anxiety in WT males. Female Nrg1™ rats were resistant to
adolescent CVS, though in Nrg1™ males CVS treatment tended to reduce anxiety-like
behavior, i .e. 1 ncr eas eBatsiepmentmepé 8EM. i n
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Figure 5.4. EPM: Sex Effects.

In both WT and Nrngn CON rats, a sex difference was detected. In WT CON animals,
males spent more time in the open arms than females (*p<0.04), whereas in Nrg1™ CON
animals, males spent less time in the open arms than females (*p<0.05). CVS treatment

eliminated sex differences in both genotypes. Bars represent mean ° SEM.
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Acoustic Startle Response

A 2x2x2 ANOVA (Genotype (WT vs. Nrgl™) x Sex (male vs. female) x
Treatment (CON vs. CVYS)) revealed a significant effect of sex (F;46= 6.7, p<0.02; Fig.

5.5) on baseline ASR, with males exhibiting greater startle amplitude than females.
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Figure 5.5. Baseline ASR.

Male rats exhibited greater ASR than female rats (*p<0.02). No effects of treatment or
genotype were identified. Bars represent mean ° SEM.
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ASR habituation was analyzed with a 2x2x2 ANOVA (Genotype (WT vs. Nrg 1™
x Sex (male vs. female) x Treatment (CON vs. CVS)) and identified a genotype by
treatment interaction (F; 45=5.22, p<0.03; Fig. 5.6). Post hoc analysis revealed a
genotype effect in CON groups, such that Nrgl™ CON animals exhibited less habituation
than WT CON rats (p<0.03; Fig. 5.6). However, this genotype effect was eliminated by
exposure to CVS during adolescence. In addition, a treatment effect was found in Nrg1™
rats, such that the CVS group exhibited enhanced habituation compared to the CON

group (p<0.02; Fig. 5.6). No effect of treatment was observed in WT rats.
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Figure 5.6. ASR Habituation.

Percent decrease in ASR over the entire session was collapsed across sexes for
presentation. WT CON rats habituated more than Nrg 1™ CON rats (*p<0.03), whereas
no difference between genotypes was detected when animals were exposed to CVS
during adolescence. In addition, in Nl’glTn animals, CVS treatment resulted in increased
habituation to ASR (*p<0.02), while no effects of CVS treatment were detected in WT
animals. Bars represent mean ° SEM.

133



Prepulse Inhibition

PPI trials were analyzed with a 2x2x2x4 repeated measures ANOVA (Genotype
(WT vs. Nrgl™) x Sex (male vs. female) x Treatment (CON vs. CVS) x Prepulse
intensity (3dB vs. 6dB vs. 12dB vs. 15 dB)) with prepulse intensity included as a repeated
measure. The 1dB prepulse was excluded from analysis as it resulted in prepulse
facilitation in all groups. This analysis revealed a main within-subjects effect of prepulse
intensity (F3 133 = 169.44, p<0.001) on all groups, with increasing prepulse intensity
leading to increased PPI. However, no between-subjects main effects or interactions were

identified (Fig. 5.7).
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Figure 5.7. Average PPI.

Average PPI (collapsed across all prepulse intensities) is presented by experimental
group. No group differences were detected. Bars represent mean ° SEM.
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Cued Fear Conditioning

To compare overall average freezing to tones across days, a 2x2x2x3 repeated
measures ANOVA Genotype (WT vs. Nrng”) x Sex (male vs. female) x Treatment
(CON vs. CVS) x Day (1-3)) was used with day included as the repeated measure. A
main effect of day was found (F, 9, =41.5, p<0.001) such that average freezing increased
from conditioning to the 24 h extinction trials and then decreased again at the 94 h
extinction trials (Fig. 5.8). In addition, between-subjects effects of genotype (Fj46= 5.4,
p<0.03) and sex (F; 46=4.9, p<0.04) were also identified, with Nrg1™ animals exhibiting
less overall freezing to tone than WT animals, and female animals exhibiting less overall

freezing to tone than male animals (Fig. 5.8). No effect of adolescent stress exposure was

identified.
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Figure 5.8. Overall Cued Fear Conditioning.

Freezing to tone increased from Conditioning to 24 h Extinction and then decreased again
at the 96 h Extinction. In addition, (A) Nrg1l™ animals exhibited less overall freezing to
tones than WT animals (*p<0.03) and (B) females exhibited less overall freezing to tone
than males (*p<0.04). Symbols represent mean ° SEM.
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Conditioning

A 2x2x2x4 repeated measures ANOVA (Genotype (WT vs. Nrg 1Tn) x Sex (male
vs. female) x Treatment (CON vs. CVS) x Tone (1-4)) was used to examine freezing to
tone on conditioning trials, with tone included as the repeated measure. This analysis
revealed a main effect of tone (F3 133 = 56.65, p<0.001) such that freezing increased with
each subsequent tone presentation after the first tone shock pair (Fig. 5.9). Note that
freezing to the first tone was not expected, as the shock is presented after the tone and
therefore the animal would not associate the first tone with an aversive stimulus. Tone
did not interact with any other factors. In addition, a between-subjects effect of genotype
was detected (F; 46=4.12, p<0.05) such that WT animals froze more to tone presentation

than Nrg1™ animals (Fig. 5.10).
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Figure 5.9. Conditioning: Freezing to Individual Tones.

Experimental groups are collapsed to demonstrate increased freezing to subsequent tone
tone-shock pairs (p<0.001). Bars represent mean ° SEM.
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Figure 5.10. Conditioning: Overall Genotype Effect.

WT animals demonstrate increased average freezing to tones during conditioning
compared to Nrg1™ animals (*p<0.05). Bars represent mean ° SEM.
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24 Hour Extinction

A 2x2x2x5 repeated measures ANOVA (Genotype (WT vs. Nrgl™) x Sex (male
vs. female) x Treatment (CON vs. CVS) x Tone (1-5)) was used to examine freezing to
tone on 24 h extinction trials, with tone included as the repeated measure. This analysis
also revealed an effect of tone (F4,134= 10.85, p<0.001) such that freezing initially
increased and then decreased as the tone no longer cued for a subsequent shock,
demonstrating within session extinction (Fig 5.11). No effect of any other factor was

identified at this time point.
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Figure 5.11. 24 h Extinction: Freezing to Individual Tones.

Experimental groups are collapsed to demonstrate that freezing initially increased and
then decreased as the tone no longer cued for a subsequent shock. Bars represent mean °
SEM.
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96 Hour Extinction

A 2x2x2x5 repeated measures ANOVA (Genotype (WT vs. Nrg 1Tn) x Sex (male
vs. female) x Treatment (CON vs. CVS) x Tone (1-5)) was used to examine freezing to
tone on 96 h extinction trials, with tone included as the repeated measure. This analysis
revealed a less robust effect of tone (Fa 154 = 2.44, p<0.05) such that freezing tended to

decrease over the session (Fig. 5.12).
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Figure 5.12. 96 h Extinction: Freezing to Individual Tones.

Experimental groups are collapsed to demonstrate that freezing tended to decrease over
the extinction session. Bars represent mean ° SEM.
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Interestingly, at this time point, between-subjects effects of genotype (F 46= 6.8,
p<0.02) and sex (F; 46 = 6.4, p<0.02) were identified. These effects mirrored the same
effects in the overall analysis, with Nrg1l™ animals exhibiting less overall freezing to
tones than WT animals, and female animals exhibiting less overall freezing to tone than
male animals (Fig. 5.13). Furthermore, a trend for genotype and sex to interact with
treatment was also identified (F146= 2 . 9 6 , p 00. 093 Fi g. 5.13) .
revealed that exposure to CVS during adolescence resulted in a genotype difference
among adult females such that Nrgl™ CVS females exhibited less freezing than both
Nrgl™ CON females (p<0.01; Fig. 5.13) and WT CVS females (p<0.03; Fig. 5.13). In
addition, while no sex difference was identified in WT CVS males and females, Nrg1™
CVS males and females were significantly different, with Nrgl™ CV'S females exhibiting

less freezing than Nrgl™ CV'S males (p<0.01; Fig. 5.13).
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Figure 5.13. 96 h Extinction: Genotype by Sex by Treatment Effects.

Exposure to CVS duringr adolescence resulted in Nrgl™ CVS females exhibiting less
freezing than both Nrg1'" CON females (**p<0.01) and WT CVS females (*p<0.03). In
addition, while no sex difference was identified in WT CVS males and females, Nrg1™
CVS males and females were significantly different, with Nrgl™ CV'S females exhibiting
less freezing than Nrgl™ CVS males (**p<0.01). Bars represent mean ° SEM.
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Footshock Sensitivity

Footshock sensitivity was determined with a 2x2 ANOVA (Genotype (WT vs.
Nrgl™) x Sex (male vs. female). This analysis revealed no significant effect of genotype
(F1.15=10.79, p<0.4) or sex (F; 15=4.06, p<0.062) , indicating that WT and NrglTn rats
have similar pain thresholds for footshock (data not shown). Though males did tend to
have a higher threshold than females.
Corticosterone

Animals were sacrificed four days after the final fear conditioning extinction
session to allow animals to re-establish homeostasis. Differences in basal CORT
secretion were determined with a 2x2x2 ANOVA (Genotype (WT vs. Nrg1™) x Sex
(male vs. female) x Treatment (CON vs. CVS)) with time of sacrifice (early, mid, late
morning) included as a blocking variable. A significant main effect of sex was found
(F1.43=9.96, p<0.01; Fig. 5.14) with females exhibiting higher CORT levels than males.
Planned comparisons were used to examine treatment effects in WT female rats. This
analysis revealed a trend for WT CVS females to have lower adult basal CORT compared

to WT CON females (p<0.06; Fig. 5.14).
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Figure 5.14. Adult Basal CORT after Adolescent CVS Exposure.
Females exhibited greater basal CORT secretion than males (**p<0.01) regardless of

genotype or treatment. Adolescent exposure to CVS led to a reduction in adult basal
CORT in WT females (#p<0.06). Bars represent mean °© SEM.
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Experiment 2.1: Pilot Study: Corticosterone in Drinking Water in Adolescence
Volume

A 2x2 ANOVA (Sex (male vs. female) x Treatment (VEH vs. CORT)) was
conducted on the average volume consumed (by cage) during the treatment period (37-44
days of age). A trend for an effect of treatment was found on volume consumed (F; 2 =
3.48, p0O00.09; Fig. 5.15), with CORT groups
5.15). An effect of sex was also identified (F; 1, = 13.21, p<0.01; Fig. 5.15) such that
males consumed more than females. The average daily dose of CORT (mg) consumed
([(avg. volume (mls) * 400ug/ml)/1000]/2) is summarized in Table 5.5. An unpaired t-
test was used to examine a sex difference between average CORT dose in males and
females. This analysis revealed that males received significantly greater CORT than

females (p<0.05; Table 5.5).
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Figure 5.15. Average Volume Consumed By Cage.

Males consumed significantly more than females (**p<0.01), regardless of treatment.
Bars represent mean °© SEM.

Sex Avg Daily CORT Dose (mg)
Female 8.49° 0.43
Male 11.0 ° 0.80*
Mean ° SEM

*p<0.05 compared to female

Table 5.5. Average Daily CORT Dose.

Males received more daily CORT in drinking water than females (*p<0.05).
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Percent Weight Gained

No weight differences in animals assigned to VEH and CORT groups were
detected prior to CORT treatment (data not shown). A 2x2 ANOVA (Sex (male vs.
female) x Treatment (VEH vs. CORT)) was conducted on percent weight gained during
the treatment period. This analysis confirmed an effect of treatment (F; 23 = 380.44,
p<0.001; Fig. 5.16) such that VEH treated animals gained more weight than CORT-
treated animals. A sex difference was also found (F 25 = 12.52, p<0.01; Fig. 5.16) with
males gaining more weight than females. In addition, a sex by treatment interaction was
detected (F; 25 = 77.4,1 p<0.001; Fig. 5.16). Post hoc analysis confirmed that both CORT-
treated males and females gained significantly less weight than VEH-treated males

(p<0.001) and females (p<0.001) respectively (Fig. 5.16)
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Figure 5.16. Percent Weight Gained.

CORT-treated males and females gained significantly less weight compared to VEH-
treated males (***p<0.001) and females (***p<0.001). Bars represent mean ° SEM.
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Corticosterone

A 2x2 ANOVA (Sex (male vs. female) x Treatment (VEH vs. CORT)) was
conducted on basal CORT levels at the end of treatment (44 days old). This analysis
revealed a significant effect of treatment (F; 27 = 13.17, p<0.01; Fig. 5.17), such that
CORT-treated animals exhibited significantly greater circulating CORT than VEH-
treated animals. Planned comparisons revealed that CORT-treated males had significantly

higher circulating CORT than VEH-treated males (p<0.01; Fig. 5.17), while this effect
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Figure 5.17. Adolescent CORT in drinking water: Circulating CORT.

Treat ment with CORT (400 eg/ml) in drinkin
circulating CORT in adolescent rats compared to VEH-treated animals. This effect was
more robust in males (**p<0.01) than in females ('p O0 . 11) . Braean § SEMe pr es en
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Experiment 2.2: Adolescent Exposure to Corticosterone in Drinking Water
Volume and Corticosterone Dose
A 2x2x2 ANOVA (Genotype (WT vs. Nrgl™) x Sex (male vs. female) x
Treatment (VEH vs. CORT)) was conducted on the average volume consumed during the
treatment period (37-44 days of age). Two cages were removed from the volume and
average CORT dose analysis, as the water bottles and/or cage tops were determined to be
unreliable. No effect of treatment was found on volume consumed (F; » =0.33,pO0 . 6 ;
Fig. 5.18), indicating that all groups consumed approximately the same volume of VEH
or CORT. Additionally, no effects of genotype (Fi»=1. 1 2, p @) Q=934 or s ex
pO0.6) were identified on average volume c
(Genotype (WT vs. Nrgl™) x Sex (male vs. female) was run on average daily dose of
CORT (mg) consumed ([(avg. volume (mls) * 400ug/ml)/1000]/2) and no effectsof
genotype (F1;1=0. 23, p00,,60) 36r, 9PO0.6HB) were found
(Table 5.6). Thus all experimental groups receiving CORT treatment were exposed to the
same dose. The discrepancy between the average daily CORT dose between WT females
from experiment 2.1 (Table 5.5) and experiment 2.2 (Table 5.6) is likely due to the fact
that the females in experiment 2.1 were shipped to our animal facility and thus
encountered some environmental stressors that may have impacted the WT females but

not the WT males. In experiment 2.2, the animals were bred in house.
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Figure 5.18. Average Volume Consumed By Cage.

No difference in volume consumed was detected between VEH and CORT groups. Bars
represent mean ° SEM.

Genotype/Sex Avg Daily CORT Dose (mg)
WT male 11.64 ° 0.86
WT female 12.03 ° 0.44
Nrg1™ male 12.87 ° 1.46
Nrg1™ female 11.55° 0.08
Mean ° SEM

Table 5.6. Average Daily CORT dose.

No difference in average daily CORT dose was detected.
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Percent Weight Gained

No weight differences in animals assigned to VEH and CORT groups were
detected prior to CORT treatment (data not shown). A 2x2x2 ANOVA (Genotype (WT
VS. Nrng”) x Sex (male vs. female) x Treatment (VEH vs. CORT)) was conducted on
percent weight gained during the treatment period (37-44 days of age). This analysis
confirmed an effect of treatment (F, 56 =610.97, p<0.001; Fig. 5.19) such that VEH-
treated animals gained more weight than CORT-treated animals. In addition an effect of
genotype was found (F; 56=18.13, p<0.001; Fig. 5.19) such that Nrg1™ rats gained more
weight than WT rats. Finally, an effect sex was also found (F; 56=72.06, p<0.001; Fig.

5.19) indicating that males gained more weight than females.
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Figure 5.19. Percent Weight Gained During CORT Treatment.

CORT treatment resulted in a significant decrease in percent weight gained over the
treatment period (***p<0.001) compared to VEH treatment. Bars represent mean ° SEM.
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Elevated Plus Maze

A 2x2x2 ANOVA (Genotype (WT vs. Nrgl™) x Sex (male vs. female) x
Treatment (VEH vs. CORT)) was conducted on the OTR for time. Five animals were
identified as statistical outliers and therefore removed from the EPM analysis. This
analysis revealed a significant genotype by treatment by sex interaction (F; 5,=8.97,
p<0.01; Figs. 5.20-5.22). No main effects of genotype, treatment or sex were identified.
Post hoc analyses were used to follow up this three-way interaction. Same-sex and same-
treatment genotype differences were examined first. No genotype effects were identified
in VEH- or CORT-treated males or VEH-treated females (Fig. 5.20). However, Nrg1™
CORT treated females spent significantly more time in the open arms than WT CORT-
treated females, indicating decreased anxiety in Nrgl™ CORT-treated females (p<0.001;
Fig. 5.20). To examine treatment effects, same-sex and same-genotype groups were

analyzed. Only Nrg1™

females demonstrated an effect of treatment, with adolescent
exposure to CORT resulting in decreased anxiety compared adolescent exposure to VEH
(p<0.02; Fig. 5.21). While no significant treatment effects were detected in other
experimental groups, WT CORT-treated females tended to show increased anxiety
compared to WT VEH-treated females. In contrast, WT CORT-treated males tended to
show decreased anxiety compared to WT VEH-treated males (Fig. 5.21). Finally, sex
differences in same-treatment, same-genotype groups were examined. No sex differences
were detected in VEH-treated WT and Nrg1™ rats, while CORT-treated WT and Nrg1™
rats displayed sex differences in opposite directions. CORT-treated WT males exhibited

less anxiety than CORT-treated WT females (p<0.05; Fig. 5.22), whereas in CORT-

treated Nrg1™ animals, males exhibited more anxiety than females (p(.051; Fig. 5.22).
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No interaction between genotype, sex and treatment was identified in the number of
closed arm entries, time mobile or distance traveled (data not shown). However, an
interaction between genotype, sex and treatment was identified on open arm entries. This
interaction mirrored that of the OTR for time, therefore only OTR data is shown and fully

discussed. Interestingly, an effect of treatment was not found on any of these measures.
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Figure 5.20. EPM: Genotype Effects.

No genotype effects were identified in VEH- or CORT-treated males or VEH-treated
females. However, Nrgl™ CORT-treated females spent significantly more time in the
open arms than WT CORT-treated females, indicating decreased anxiety in Nrg1™
CORT-treated females (***p<0.001). Bars represent mean ° SEM.

152



EaWT VEH male EaWT VEH female
ERWT CORT male ERE WT CORT female
Bl Nrg717" VEH male Bl Nrg17™ VEH female
Bl Nrg7" CORT male I Nrg7’ CORT female

0.09-
0.08-
0.07-

0.06+ _|_
0.05- T

0.04-
0.034 T
0.02-

0.01+
0.00

OTR (Time)

MALE FEMALE

Figure 5.21. EPM: Treatment Effects.

Nrg1™ females demonstrated an effect of treatment, with adolescent exposure to CORT
resulting in decreased anxiety compared adolescent exposure to VEH (*p<0.02). Bars

represent mean ° SEM.
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Figure 5.22. EPM: Sex Effects.

No sex differences were detected in VEH-treated WT and Nrg1™ rats, while CORT-
treated WT and Nrngn rats demonstrated sex differences in opposite directions. CORT-
treated WT males exhibited less anxiety than CORT-treated WT females (*p<0.05),
whereas in CORT-treated Nrg1™ animals, males exhibited more anxiety than females

(*pQ.051). Bars represent mean °© SEM.
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Due to the fact that group differences were not similar between adolescent CVS
treatment (experiment 1) and CORT treatment (experiment 2.2), CON and VEH groups
were compared in a 2x2x2 ANOVA (Genotype (WT vs. Nrgl™) x Sex (male vs. female)
x Treatment (CON vs. VEH)). This analysis revealed a significant genotype by sex by
treatment effect (F 46=13.3, p<0.01; Fig. 5.23). Post hoc analysis revealed that WT VEH-
treated males exhibited significantly more anxiety than WT CON males (p<0.04; Fig.
5.23). In addition, Nrg1™ VEH-treated females exhibited significantly more anxiety than
Nrgl™ CON females (p<0.02; Fig. 5.23). While there was a genotype by sex by
treatment effect detected in closed arm entries, no significant group differences were
identified, thus changes in activity levels can not account for the increased anxiety found

in the VEH-treated WT males and Nrgl™ females (data not shown).

155



B WT CON male = WT CON female
EZaWT VEH male EZ3 WT VEH female
Bl Nrg7""CONmale  EE Nrg7™ CON female
BB Ng7"VEHmale I Nrg1™ VEH female

*

01254 I |

0.100- T J
)
£ 0.075-
=
% 0.050+

0.025+ 1 T

%
0.000 /A
MALE FEMALE

Figure 5.23. EPM: Control vs. Vehicle Groups.

Both WT VEH-treated males and Nrgl™ VEH-treated females exhibited significantly
more anxiety than WT CON males (*p<0.04) and Nrg 1™ CON females (*p<0.02),
respectively. Bars represent mean ° SEM.
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Corticosterone

Animals were sacrificed three days after EPM testing to allow animals to re-
establish homeostasis. Differences in basal CORT secretion were determined with a
2x2x2 ANOVA (Genotype (WT vs. Nrngn) x Sex (male vs. female) x Treatment (VEH
vs. CORT)). This analysis revealed a significant effect of sex (F; 52=35.66, p<0.001) such
that females had higher basal CORT levels than males. In addition, an interaction
between genotype, sex and treatment was identified (F, 5,=6.06, p<0.02; Fig. 5.24). Post
hoc analysis was used to follow up this three way interaction. Same-sex and same-
treatment genotype differences were examined first. Only one significant genotype

difference was detected, such that Nrg1™

CORT-treated males exhibited greater basal
CORT levels than WT CORT-treated males (p<0.05; Fig. 5.24). To examine treatment
effects, same-sex and same-genotype groups were analyzed. Only Nrg1™ females
demonstrated an effect of treatment, with adolescent exposure to CORT resulting in
decreased basal adult CORT levels compared to VEH-treated Nrg1™ females (p<0.02;
Fig. 5.25). Finally, sex differences in same-treatment, same-genotype groups were
examined. In WT animals, both VEH- and CORT-treated females exhibited greater basal
CORT compared to VEH- and CORT-treated males (p<0.01, p<0.02 respectively; Fig.
5.26). In contrast, only VEH-treated NrglTn females exhibited greater basal CORT

compared to VEH-treated males (p<0.01; Fig. 5.26). Treatment with CORT during

adolescence eliminated this sex difference in Nrg 1™ rats (Fig. 5.26).
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Figure 5.24. Adult Basal CORT: Genotype Effects.

Nrg1™ CORT-treated males exhibited greater basal CORT levels than WT CORT-treated
males (*p<0.05). Bars represent mean ° SEM.
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Figure 5.25. Adult Basal CORT: Treatment Effects.

In Nrg1™ females, adolescent exposure to CORT resulted in decreased basal adult CORT
levels compared to VEH-treated Nrgl™ females (*p<0.02). Bars represent mean ° SEM.
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Figure 5.26. Adult Basal CORT: Sex Differences.

In WT animals, both VEH- and CORT-treated females exhibited greater basal CORT
compared to VEH- (**p<0.01) and CORT-treated (*p<0.02) males. In contrast, only
VEH-treated NrglTn females exhibited greater basal CORT compared to VEH-treated
males (**p<0.01). Treatment with CORT during adolescence eliminated this sex
difference in NrglTn rats. Bars represent mean ° SEM.
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Discussion
Summary of Results

Nrgl™ rats were used to test the hypothesis that disruption of Type Il NRG1 and
CVS exposure during adolescence interact to alter adult behaviors relevant to stress
reactivity and psychiatric disease. In experiment 1, male and female Nrg1™ rats were
exposed to CVS during adolescence (37-44 days of age) and then tested for anxiety,
stress reactivity, sensorimotor gating, fear acquisition and memory and basal CORT
secretion in adulthood. The results of this study suggested that Nrgl genotype interacted
with adolescent CVS in a sex-specific manner. Interestingly disruption of Nrgl in female
rats appeared to prevent the enduring effects of adolescent stress, particularly in measures
of anxiety. Experiment 2 was designed to determine if this protective effect was due to
the hormonal effects of chronic stress (i.e. increased circulating CORT) and not to other
factors such as genotype differences in environmental reactivity. A separate group of
animals was exposed to high levels of CORT (400 pg/ml) in their drinking water during
adolescence and tested only on the EPM in adulthood. Interestingly, while exposure to
high levels of CORT in drinking water did lead to a sex-specific interaction with Nrgl on
adult anxiety behavior and basal CORT secretion, this interaction was not the same as
that of CVS exposure. Following adolescent CORT exposure, Nrg1l™ females
demonstrated decreased anxiety and lower HPA axis activity compared to VEH-treated
Nrg1™ females. The following discussion examines genotype differences, sex differences
and treatment effects for each experiment and then compares the effects of CVS and

CORT treatment during adolescence.
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Experiment 1: Adolescent Exposure to Chronic Variable Stress
Adult Anxiety

Exposure to CVS during adolescence (37- 44 days of age) resulted in a significant
attenuation of percent weight gained in all groups. This is consistent with the well
documented effects of exposure to CVS to reduce body weight in both adolescent and
adult rodents (Isgor et al., 2004; Solomon et al., 2009; Jankord et al., 2010). In adulthood,
all experimental groups underwent behavioral testing, performed with the least stressful
assay first and with recovery days between assays. The most notable effects were found
in anxiety behavior on the EPM. In control groups, disruption of Nrgl resulted in a trend
toward increased anxiety in males and significantly decreased anxiety in females
compared to WT animals. These genotype differences resulted in opposite sex
differences, with WT CON females exhibiting greater anxiety than WT CON males,
which is consistent with the findings of others in different measures of anxiety-like
behavior in Fischer 344 rats (Skripuletz et al., 2010). On the other hand, in Nrg 1™ CON
animals, males demonstrated greater anxiety than females. These findings in the EPM
confirm and extend our earlier findings in NrglTn rats using simple habituation behavior
as an indication of anxiety (Taylor et al., 2011a; Taylor et al., 2011Db).

One study with heterozygous Nrgl TM domain KO mice found that males
demonstrated increased anxiety on the EPM (Boucher et al., 2007) while another found
no effect of deleting the TM domain on the EPM in either males or females (O'Tuathaigh
et al., 2008). In heterozygous Nrgl EGF domain KO mice, no difference was detected
between WT and KO mice on the EPM (Dufty et al., 2008). However, in mice over-

expressing Type I NRG1, while no overall anxiety phenotype was observed, females
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tended to show a mild increase in anxiety on the EPM (Deakin et al., 2009). Thus
anxiety-related phenotypes appear to be both varied and specific to the type of genetic
disruption in the Nrgl gene. The sex-specific effect of genotype in Nrg1™ rats is
interesting in that it reverses the sex-differences in anxiety found in the WT rats,
potentially inducing female rats to be more resilient to what would normally be an
anxiety provoking environment. Exposure to CVS during adolescence eliminated these
sex differences and genotype effects.

In WT female rats, adolescent CVS resulted in reduced anxiety, while WT males
showed a slight but non-significant increase in anxiety. The present findings in WT males
are consistent with exposure to chronic social stress during mid-adolescence resulting in
increased in anxiety on the EPM in adulthood (McCormick et al., 2008). The above-
mentioned study also found that diestrus females displayed increased anxiety as a result
of chronic adolescent social stress, (McCormick et al., 2008). That WT females in the
present study showed reduced anxiety after adolescent CVS exposure is likely due to
differences in the stress paradigm (chronic social vs. chronic variable) and the strain of
rat used, as Long Evans were used in the aforementioned studies while the present studies
used Fischer 344 rats. It should also be noted that the effects of adolescent severe
sporadic stress are somewhat inconclusive regarding anxiety and adolescent social
isolation has been shown to result in decreased anxiety-like behavior in adulthood (Pohl
et al., 2007; Weintraub et al., 2010).

Interestingly, anxiety in female NrglTn rats was completely unchanged by
adolescent CVS. However, male Nrg1™ rats tended to decrease anxiety following

adolescent CVS, similar to WT female rats. It is not uncommon for genetic manipulations
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of the HPA axis to exert a potentially protective effect on anxiety in adulthood.
Interestingly, in male mice with genetically deleted pituitary GR that were exposed to
chronic stress as adults a decrease in anxiety in adulthood was also found (Wagner et al.,
2011). Two interpretations of the present data in both male and female Nrg1™ rats appear
to be most relevant. Consistent with our previous findings, disruption of Nrgl in female
rats may make them less susceptible to the apparent reprogramming of anxiety-like
behavior by chronic stress during adolescence due to decreased environmental reactivity
(Taylor et al., 2011b). In addition, it is possible that disrupted Nrgl in male rats may
protect against the adverse effects of chronic adolescent stress, which is normally present
in WT female Fischer 344 rats. Alternatively, in male rats, disrupted Nrg1, in
combination with adolescent stress, may be maladaptive, in that their ability to respond
appropriately to certain situations, such as the EPM may be compromised. Regardless of
the interpretation, disruption of Nrgl in male rats creates an anxiety profile similar to that
of WT female rats, both under control and CVS conditions.
Adult Acoustic Startle and PPI

In agreement with acoustic startle responses found in Chapter 4, males exhibited
greater startle response than females. Previously we demonstrated that both male and
female Nrgl'™" rats exhibited increased habituation to acoustic startle response when
compared to WT male and female rats (Taylor et al., 2011b). However, in contrast to
previous findings, Nrg1™ CON male rats demonstrated a decrease in habituation to
acoustic startle compared to WT CON male rats. No effects of CVS in any experimental
group were identified on either acoustic startle or habituation. Others have found in male

rats that adolescent chronic variable stress resulted in enhanced acoustic startle responses
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(Maslova et al., 2002; Uys et al., 2006). These differences from our previous findings and
the findings of others may be attributed to prior behavioral testing on the EPM, which can
be considered a mild novel stressor (Avital and Richter-Levin, 2005).

Similarly, no effects of genotype or CVS were found on PPI. Previously we
showed that female Nrgl™ rats have attenuated PPL, however Nrgl™ CON female rats in
the present experiments did not exhibit this deficit (Taylor et al., 2011b). These
differences in genotype effects in ASR and PPI from the present studies and our previous
findings may indicate that adult Nrg1™ rats are particularly susceptible to even minor
experiences, such as prior exposure to the EPM. In addition, the effect of adult exposure
to a mild but novel (heterotypic) stressor may override the effects of adolescent chronic
variable stress exposure. Indeed, evidence supporting that rodents with genetically
disrupted Nrgl respond to the environment differently can be found in the open field
studies reported here in Chapter 4 (Taylor et al., 2011a; Taylor et al., 2011b). It has also
been reported that heterozygous Nrgl TM domain KO mice respond to environmental
enrichment differently than WT mice (Karl et al., 2007).

Adult Cued Fear Conditioning

In cued fear conditioning, rodents learn to associate a neutral stimulus (tone) with
an aversive event (shock). The resulting behavior (freezing) to the tone is measured and
used as an indication that the rodent associates the tone with the shock. Nrg 1™ rats,
regardless of sex or treatment, displayed a reduced ability to learn the association
between the tone and shock. The development of conditioned fear is known to be
dependent on proper AMG function (LeDoux, 2003). Interestingly, we previously found

that female, but not male, Nl’glTn rats have a subtle disruption to the MR/GR ratio in the
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AMG (Taylor et al., 201 1a; Taylor et al., 2011b). Importantly, the possibility that Nrg1™
rats have an altered pain threshold to footshock was ruled out. In heterozygous Nrgl EGF
and TM domain KO mice, impaired contextual fear conditioning was found, though
cued-conditioning was either not examined or not impaired, supporting that amygdalar
function might be more affected by disruptions to Nrgl than other brain regions involved
in fear conditioning (Ehrlichman et al., 2009; Duffy et al., 2010). Of potential relevance
to the impaired association learning demonstrated here, we have found that male Nrg1™
rats do not exhibit impairments on the Morris water maze (a hippocampal dependent
spatial memory task) but do show working and reference memory impairments in the Can
Test (a more prefrontal cortex and dorsal striatum dependent discrimination memory
task) (A. Taylor et al., in preparation).

All experimental groups demonstrated a memory for the tone-shock association,
indicated by increased freezing at the 24 h extinction session relative to the conditioning
session. During the extinction session 96 hours after conditioning, females demonstrated
greater extinction than males, and Nrg 1™ rats demonstrated greater extinction than WT
rats. Interestingly, at this time point, CVS-treated female Nrngn rats displayed
significantly more extinction to the tone than female Nrgl™ CON rats, female WT CVS
rats and male Nrgl™ CVS rats. Extinction of cued conditioned fear memory is PFC-
mediated (Morgan and LeDoux, 1995; Quirk et al., 2000; Milad and Quirk, 2002).
Whether the increased extinction in female Nl’ngn CVS rats is due to enhanced PFC-
mediated extinction or to a disruption of AMG-mediated acquisition of fear conditioning
remains to be determined. To date, only one other study has examined the effects of

adolescent stress on adult fear conditioning. In this study, no effect of exposure to
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predator odor during early adolescence was found on fear conditioning or retrained fear
conditioning, though males did demonstrate impaired extinction (Toledo-Rodriguez and
Sandi, 2007).
Adult Basal Corticosterone

Regardless of genotype or treatment, females exhibited increased basal CORT
secretion compared to males, consistent with our previous findings (Chapter 3) (Taylor et
al., 2011b) and the work of others. In addition, in WT females, adolescent CVS treatment
resulted in lower basal CORT secretion compared to CON females. No effect of
adolescent CVS was identified in Nrg1™ rats. The evidence for long lasting effects of
adolescent stress on adult HPA axis function is mixed. One study showed a decrease in
afternoon CORT concentrations in adults (Sterlemann et al., 2008). However most report
no effect on basal or stress-induced CORT and ACTH secretion, though some studies
find increased basal and stress induced CORT secretion in adulthood (Isgor et al., 2004;
Toledo-Rodriguez and Sandi, 2007; McCormick et al., 2008; McCormick et al., 2010).
Importantly, most of these studies were conducted in males only (McCormick et al.,
2010). Furthermore, none of the above mentioned studies used Fischer 344 rats, which
are known to have enhanced HPA axis responses to stressors compared to several other

rat strains (Glowa et al., 1992; Dhabhar et al., 1993; Dhabhar et al., 1995).
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Experiment 2.1: Pilot Study: Corticosterone in Drinking Water in Adolescence
Exposure to CVS requires animals to react to different stressful environments.
The lack of effect in Nrg1™ females may have been due to the previously observed
tendency for Nl’glTn females to demonstrate less environmental reactivity (Taylor et al.,
2011b). Therefore, we sought to remove the environmental reactivity component of the
adolescent stress and instead exogenously administer a high dose of CORT to mimic the
hormonal affects of the CVS paradigm. In experiment 2.1, WT male and female Fischer
344 rats were exposed to 400¢gg/ ml of CORT
was sufficient to increase circulating CORT in adolescent rats. Indeed this high dose of
CORT significantly increased circulating CORT levels during the active period. Males
exhibited a more significant increase in CORT levels than females. To our knowledge
this is the first study to demonstrate the effects of high levels of CORT in drinking water
on circulating CORT levels in adolescent rodents. Other studies have utilized adult male
or female rodents and reported increases in circulating CORT as a result of exposure to
CORT in drinking water similar to those reported here in adolescents (Rees et al., 2004,
2006; Piroli et al., 2007; Lee et al., 2010). One study did administer CORT pellets during
early adolescence (24-31 days of age) and found enduring reductions in body and adrenal
weights as well as a temporary reduction in the diurnal variation of CORT secretion

(Bush et al., 2003).
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Experiment 2.2: Adolescent Exposure to Corticosterone in Drinking Water
Adult Anxiety

The high dose of 400 eg/ ml CORT or
WT and Nrg1™ rats during adolescence (37- 44 days of age). Exposure to CORT in
drinking water during adolescence resulted in a significant attenuation of percent weight
gained in all groups, comparable to adolescent CVS exposure. In adulthood, all groups
were tested on the EPM to examine anxiety behavior. In contrast to experiment 1, no
genotype or sex differences were identified in VEH groups. However, in CORT-treated
animals, Nrg1™ females demonstrated decreased anxiety compared to WT females.
Similar to experiment 1 CON groups, sex differences in opposite directions were
identified in CORT-treated animals. In CORT-treated animals, WT females exhibited
greater anxiety than WT males, and Nrg1l™ males demonstrated greater anxiety than
Nrg1™ females. It is possible that exposure to VEH during adolescence eliminated the
genotype and sex differences found in CON groups from experiment 1. The potential
effects of VEH treatment are discussed below.

Interestingly, while exposure to high levels of CORT in drinking water did lead to
a sex-specific interaction with Nrgl on anxiety behavior, this interaction was not the
same as that of CVS exposure. In contrast to the effects of CVS exposure, the interaction
between disrupted Type II NRG1 and adolescent CORT exposure resulted in enduring
effects on females. Namely, CORT-treated NrglTn females demonstrated reduced anxiety
in adulthood compared to both VEH-treated Nrg1™ females and CORT-treated WT
females. No effects of adolescent CORT treatment were identified in either WT or Nrg1™

males.
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It must be noted however, that significant differences were detected in anxiety
behavior between CON animals (experiment 1) and VEH treated animals (experiment 2).
While the two experiments were not run simultaneously, all procedures were performed
identically. Comparison of these control groups revealed that WT male and Nrg1™
female rats appear to be affected by adolescent VEH (2.4% ethanol) exposure, resulting
in increased anxiety in adulthood. Further experiments, simultaneously examining CON
vs. VEH vs. CORT experimental groups are required to determine the effects of 2.4%
ethanol in drinking water during adolescence on adult anxiety behavior. Others have
studied the difference between adolescent and adult ethanol exposure (using 4.5-7%
ethanol diets or 4 g/kg injections) and found that adolescents may be more vulnerable to
repeated withdrawals from ethanol than adults (Wills et al., 2008), do not develop chronic
metabolic tolerance to ethanol (Broadwater et al., 2011) and have attenuated sensitivity to
anxiogenic effects of acute ethanol withdrawal (Doremus et al., 2003; Doremus-Fitzwater
and Spear, 2007). Recently, it was found that exposure to alcohol vapors over the entire
adolescent period (28-42 days of age) impaired the ability of young adult males to mount
a stress response (i.e. increased CRH expression in the PVN) to acute alcohol
administration (Allen et al., 2011). In addition when rodents began drinking alcohol in
late adolescence for 6 weeks, morphological changes were found in both astrocytes and
neurons (Evrard et al., 2006). However, at present, no studies of the enduring effects of
low dose ethanol exposure during adolescence on adult behaviors or basal HPA axis
activity could be identified.

While chronic (as little as six days) ethanol exposure actually dampens the HPA

axis response to challenges, chronic ethanol exposure and acute ethanol withdrawal are

170



associated with elevated circulating CORT levels, though less so in adolescent rats
(Rivier, 1995; Silveri and Spear, 2004; Prendergast and Little, 2007). As ethanol is
known to activate the HPA axis (Rivier and Lee, 1996), exposure to a low dose of ethanol
during adolescence in the present experiments may have been sufficient to increase
endogenous CORT. Thus, it is possible that the behavioral differences between
adolescent CVS and CORT groups on the EPM in adulthood may be related to the fact
that all rats in the second experiment experienced some elevation in circulating CORT
during adolescence (i.e. exogenous CORT exposure or an endogenous response to
ethanol exposure).
Basal CORT

No genotype differences were identified in VEH-treated animals. However, in
CORT-treated groups, Nrg1™ males exhibited greater basal CORT secretion compared to
WT males in adulthood. A sex difference, with females displaying increased basal CORT
secretion compared to males was evident in VEH-treated WT and Nrg1™ animals and
also in adolescent CORT-treated WT animals. Adolescent CORT treatment eliminated
this sex difference in Nrng” animals. As a result, only Nrg 1™ females displayed an effect
of adolescent CORT exposure on adult basal CORT secretion. Adolescent CORT
exposure resulted in decreased basal CORT in Nrg 1™ females compared to adolescent
VEH-treated Nrgl™ females.
Conclusions

Together these studies reveal that disruption of Type Il NRG1 significantly
impacts adult anxiety-related behaviors and reverses normal sex differences. In addition,

adolescent female rats appear to be particularly susceptible to modifications in the
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adolescent stress hormone milieu. The present studies altered stress hormones during
adolescence using CVS and CORT exposure. The primary difference between CVS
treatment and exogenous CORT treatment is the necessity to interact with the
environment. The combination of physical and psychological stressors used in our CVS
paradigm during adolescence led to decreased anxiety and attenuated basal HPA axis
function in adult WT females. However when the environmental reactivity component
was removed, exposure to CORT in drinking water during adolescence affected the
Nrgl™ females, resulting in both decreased anxiety and basal CORT secretion in
adulthood. In the case of the Nrgl™ females, a resilience to adolescent CVS but
susceptibility to exogenous CORT treatment is consistent with the reduction in sensitivity
to environmental changes and novelty we previously found (Taylor et al., 2011b). As
mentioned above, adolescent stress could be generating a beneficial or protective effect in
WT and Nrg1™ female rats, or it could impair the ability of these experimental groups to
interpret a stressful or potentially threatening environment as such. While WT and Nrg 1m
males did exhibit CVS-induced changes in anxiety, these changes were modest by
comparison to the findings in females, perhaps due to a lack of parallel changes in CORT
secretion. Adolescent CVS- and CORT- induced changes in anxiety and basal CORT in

adulthood are summarized in Table 5.7.
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WT Nrgl T
Measure Il | I |
CVS | CORT CVS | CORT | CVS | CORT | CVS | CORT
Adult ~d z 5 ~d 5 z z 5
Anxiety y z Z y z Z Z z
Adult ) .
Basal Z Z iy Z Z Z Z z
CORT

p<0.05, °p<0.06, °p<0.08, “non significant change
Compared to sex and genotype matched control group for each experiment

Table 5.7. Summary of adolescent stress effects on adult anxiety and basal CORT.

A potential limitation of these studies may be that to generate more robust and
enduring effects of adolescent stress a more salient or longer lasting stressor paradigm
must be used. It is difficult to say based on the extreme variability of the literature what
would create the most robust effects. A more ethologically relevant stressor would be an
intense social stressor such as the resident-intruder paradigm (Vidal et al., 2007), though
difficulties can arise when administering this paradigm to females. Additionally, the
timing of the adolescent stressors may also need to be adjusted. The difficulty with this is
that in order to increase the duration of the chronic stress paradigm, the specificity of the
adolescent epoch is lost. Such issues highlight the need for continued and perhaps more
consistent examination of the enduring consequences of adolescent stress.

The results of this chapter address experiments 1 and 2 of specific aim 2, which
were to investigate the interaction of Nrgl gene disruption and chronic variable stress
exposure during adolescence on adult behaviors relevant to stress reactivity and
psychiatric disease. Taken together, these studies confirm that adolescence is indeed a
time when stressful experiences can shape adult behaviors and HPA axis function.

Furthermore, the present studies suggest that the effects of chronic adolescent stress are
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more prominent in female rats than in males. Subtle sex-specific interactions between
genotype and adolescent stress were identified, with WT females (and potentially Nrg1™
males) being more susceptible to adolescent CVS and Nrg1™ females being more
susceptible to adolescent exposure to CORT in drinking water. Further examination of
genotype and stress interactions in NrglTn females may help our understanding of the

increased vulnerability of females to affective and anxiety disorders.
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Chapter 6: Discussion
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Research Highlights and Discussion

This dissertation is comprised of two specific aims designed to test the following
overarching hypothesis: Genetically compromised expression of Type II NRG1 in the
brain creates a vulnerability to stress, which is present during adolescence, and disrupts
normal adult behaviors associated with neuropsychiatric illnesses in a sex-specific
manner.
Specific Aim 1

To determine a role for Type II NRG1 in the control of HPA axis activity during
adolescence and adulthood.
Chapter 2

Insertion of the Sleeping Beauty transposon into the first intron of the Nrgl gene
reduced expression of both the mRNA and protein corresponding to the Type II NRG1
isoform. These findings establish the Nrg1™ rat preparation as a functional hypomorph of
Type I NRG1. No differences between WT and Nrgl™ female rats were observed for
age of pubertal onset or estrous cycle length, or in any measure of reproductive capability
or litter characteristics. Importantly, maternal behavior, variations in which are capable of
altering later life HPA axis function (Plotsky and Meaney, 1993; Levine, 1994; Liu et al.,
1997), was not affected by the disruption of Nrgl in these rats.
Chapter 3

Type I NRG1 was found to be expressed in the neurocircuitry involved in
regulating HPA axis responses to environmental stimuli, namely the PVN, HPC and PFC.
Thus the Nrng” rats were used to test the hypothesis that altered expression of Type II

NRGI disrupts stress regulation and reactivity. In support of this hypothesis, male NrglTn
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rats demonstrated increased basal CORT concentrations. While female Nl’ngn rats did
not show significantly increased basal CORT concentrations, they did display
exaggerated reductions in recovery CORT levels compared to both WT females at the
recovery time point and also compared to their own basal levels. However, no differences
were found between either genotype from adolescence to adulthood in these specific
measures, indicating that an adult pattern of CORT secretion may be established early in
Fischer rats. These results indicate a subtle sex-specific effect of disrupting Type 11
NRG1 on HPA axis regulation, with male Nrg1™ rats demonstrating increased basal
HPA axis drive and female Nrg1™ rats demonstrating enhanced recovery from an acute
stressor. Additionally, Nrgl™ rats showed sex- and region-specific changes in GR and
MR expression. Male Nrgl™ rats exhibited increased expression of GR in the pituitary
and HPC. In the HPC, the change in GR expression resulted in an imbalanced MR/GR
ratio. Interestingly, in the PVN, male Nrg1™ rats exhibited decreased GR expression,
which along with the altered MR/GR ratio in the HPC might lead to increased basal
CORT. Female NrglTn rats displayed reduced GR expression in the pituitary only and a
slight reduction MR/GR ratio in the AMG.
Chapter 4

Sex-specific effects of Type II NRG1 disruption were also found in locomotor
activity. Male NrglTn rats displayed normal locomotor activity compared to male WT rats
over two exposures to the open field, while female Nrngn rats displayed reduced
locomotor activity compared to WT females. In addition, male Nrg 1™ rats sustained
reactivity to novel environments, as demonstrated by a failure to habituate over the two

exposures to the open field, whereas female NrglTn rats displayed normal habituation
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between the two exposures and enhanced habituation within the first exposure, compared
to female WT rats. No differences induced by disruption of Type I NRG1 were found in
baseline acoustic startle responses, a measure of stress reactivity. However, both male
and female Nrg1™ rats exhibited enhanced habituation of the startle response over the
entire session when compared to WT rats. Finally, female Nrg1™ rats displayed reduced
PPI, a measure of sensorimotor gating. Together, these findings point to NRG1 as a
potential novel regulator of hormonal and behavioral environmental reactivity in a sex-
and assay-specific manner.
Specific Aim 2

To investigate the interaction of Nrgl gene disruption and chronic variable stress
exposure during adolescence on adult behaviors relevant to stress reactivity and
psychiatric disease.
Chapter 5

In experiment 1, male and female NrglTn and WT rats were exposed to chronic
variable stress during adolescence (37- 44 days of age) and then tested for anxiety, stress
reactivity, sensorimotor gating, fear acquisition and memory and basal CORT secretion
in adulthood. The results of this study suggested that Nrgl genotype interacted with
adolescent chronic variable stress in a sex-specific manner. Based on the behavioral
experiments in Chapter 4, it was predicted that male Nrgl™ rats would demonstrate
enhanced anxiety and that female Nrg 1™ rats would demonstrate reduced anxiety relative
to male and female WT rats, respectively. Evidence to support this prediction was found
in the CON groups in experiment 1, where CON male Nrg1™ rats displayed a non-

significant increase in anxiety on the EPM compared to WT CON male rats, and Nrg 1m
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CON female rats displayed less anxiety than WT CON female rats. In addition, Nrg1™
rats, regardless of sex or stress exposure, showed impaired fear acquisition during cued
fear conditioning, an AMG-mediated learning process.

Interestingly disruption of Nrgl appeared to prevent the effects of adolescent
stress in females and tended to have beneficial effects in males, particularly in measures
of anxiety. Adolescent CVS resulted in a non-significant increase in anxiety in WT
males, while it led to a non-significant decrease in anxiety in Nrg1™ males. Following
adolescent exposure to Nrgl™ CVS, female rats showed the same low anxiety as Nrg1™
CON female rats, whereas female WT CVS rats showed a trend toward decreased anxiety
and basal CORT secretion compared to female WT CON rats. These results do not
support the overarching hypothesis that genetically compromised expression of Type II
NRGI in the brain creates a vulnerability to stress, which is present during adolescence,
and disrupts normal adult behaviors associated with neuropsychiatric illnesses in a sex-
specific manner. Indeed, the results of chapter 5 experiment 1 suggest the opposite: that
disruption of Type II NRG1 in the brain may prevent (in females) or even protect against
(in males) the adverse enduring effects of subjective stress during adolescence,
particularly on anxiety behavior. It is evident from the existing literature on the enduring
effects of adolescent stress that the type, timing, duration and severity of the stressor used
can influence the outcome in adulthood. There is, however, no consensus as to which of
the above factors generates the most robust and consistent phenotypes. Given that social
behaviors are maturing in adolescent animals, a social stressor paradigm might be more
effective at generating a more robust gene by environment interaction in the Nrg 1™ rats.

Experiment 2.2 was designed to determine if this protective effect was due to the
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effects of chronic HPA axis activation (i.e. increased circulating CORT) and not to other
factors such as altered environmental reactivity in the Nrgl™ rats. A separate group of
animals was exposed to high levels of CORT (400 pg/ml) in their drinking water during
adolescence and tested for anxiety behavior on the EPM in adulthood. Unlike the CON
groups in experiment 1, no genotype differences were identified in VEH groups. While
exposure to high levels of CORT in drinking water did lead to a sex-specific interaction
with disrupted Type II NRG1 on anxiety behavior, this interaction was not the same as
that of CV'S exposure. In contrast to the effects of CVS exposure, disruption of Type II
NRG1 resulted in enduring effects of adolescent CORT exposure in females. Following
adolescent exposure to CORT in drinking water, female Nrgl™ rats displayed reduced
anxiety and basal CORT secretion compared to VEH-treated female Nrgl™ rats, while
adolescent CORT-treated Nrg1™ males and WT male and female rats showed no
difference in anxiety or CORT secretion compared to VEH-treated Nrgl™ males and WT
males and females.

These results suggest that in females, disruption of Type Il NRG1 in the brain
interacts with non-subjective stress during adolescence, resulting in enduring effects on
anxiety and CORT secretion in adulthood. Whether decreased anxiety and decreased
basal CORT secretion are beneficial is open to interpretation. That WT females
responded to adolescent CVS the same way that Nrg 1™ females responded to adolescent
CORT exposure is interesting. One explanation of these differential effects is the nature
of the stressors. It was put forward in Chapter 4 that Nrngn females may not be
negatively impacted by somewhat stressful aspects of the environment (i.e. increased

habituation to a novel open field and to the acoustic startle stimulus). This would be
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consistent with Nrgl™ females interpreting the more subjective stressors used in the CVS
paradigm as non-threatening, hence preventing the enduring effects of CVS on anxiety
and CORT secretion, which were found in WT females.

One major caveat must be noted in Chapter 5. Unexpectedly, CON and VEH
groups did not demonstrate the same behavioral profile on the EPM. Comparison of the
CON and VEH groupsO anxi ertatgd Wlenkleaand o r
Nrgl™ females were both significantly more anxious as adults than CON animals. In the
case of experiment 2, it was the adolescent VEH-induced increase in adult anxiety that
resulted in a significant difference between VEH- and CORT-treated Nrg1™ females.
Therefore, it can not be determined from the present experiments whether the effects of
adolescent CVS exposure on anxiety in adulthood are due to increased circulating CORT
vs. other subjective environmental factors. Collectively these experiments demonstrate
that exposure to chronic stress during adolescence has enduring effects on adult behavior
and HPA axis function, which are dependent on genetic background, sex and the type of
stressor.

In Chapter 1, the diathesis-stress model was put forward as a potential conceptual
framework in which to consider the interaction of stress, adolescence and genetic
vulnerabilities on behaviors relevant to psychiatric disorders. Based on this model, it was
suggested that exposure to stress during adolescence in an individual with a NRG1
polymorphism might result in increased aberrant behavior (such as anxiety) in adulthood.
Specific aim 2 set out to test this in rodents. Due to concerns over potential confounds in
experiment 2.2 (adolescent CORT exposure), and the repeated behavioral testing in

experiment 1, only the anxiety behavior from experiment 1 (adolescent CVS exposure)
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are discussed.

Only WT males fit into the predicted pattern of the diathesis-stress model, with
low anxiety in the absence of adolescent stress and increased anxiety in the presence of
adolescent stress (Fig 6.1A). Interestingly Nrg1™ males showed the opposite of the
predicted change, namely that adolescent stress resulted in a reduction in anxiety (Fig
6.1A). WT female rats showed the same pattern as Nrgl™ males, with adolescent stress
resulting in less anxiety (Fig 6.1B), while female Nrg1™ animals remained unaffected by
adolescent stress (Fig 6.1B). These findings underline the importance of considering the
sex of the experimental subjects, as what may be true for males does not necessarily
apply to females. In addition, in our animals, disruption Type II NRG1 not only did not
exacerbate the effect of adolescent stress exposure in WT males, but rather reversed the
pattern to that of WT females. Thus, genetic vulnerabilities and sex must be considered

on an individual basis when using the diathesis-stress model as a conceptual framework.
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Figure 6.1. Relevance to Diathesis-Stress Model.

A) WT males but not Nrg1™ males follow the predicted pattern of the diathesis-stress
model. B) Neither WT nor Nrgl™ female follow the diathesis-stress model.
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Conclusions of Research Highlights

Taken together, the results of the present experiments suggest that Type II NRG1
plays a role in mediating neuroendocrine and behavioral reactivity to novel and stressful
environmental stimuli. Furthermore, males with disrupted Type II NRG1 tend to be more
behaviorally reactive whereas females tend to be less reactive. In the case of a gene by
stress interaction during development, disrupted Type II NRG1 tends to confer a
resistance to the effects of adolescent chronic stress, with subtle sex- and stressor-specific
outcomes.
Potential Mechanisms

A major question that remains to be answered is the mechanism by which Type II
NRGI, a growth factor, achieves this subtle regulation of HPA axis function and
behavioral reactivity. One potential mechanism may lie in the known biology of NRG1.
It was recently shown that NRGI1 increases activity-dependent GABA release (Wen et al.,
2010). In addition, NRGI1 has been found to stimulate the formation of and stabilize
existing excitatory synapses on GABAergic neurons (Ting et al., 2010). Thus a decrease
in Type II NRG1 in the brain could result in decreased GABAergic neurotransmission,
possibly via decreased excitatory input. Interestingly, it is clear from several studies that
both glutamatergic and GABAergic mechanisms play a role in controlling HPA axis
function (Ziegler and Herman, 2000; Herman et al., 2004).

The glutamatergic outputs from the HPC and PFC most densely innervate the
subparaventricular zone (SPZ), peri PVN and bed nucleus of the stria terminalis (BST)
(Herman et al., 2004). The afferents from these regions are primarily GABAergic, project

to the PVN and inhibit CRH production and hence HPA axis activation (Fig 6.2)
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(Herman et al., 2004). The primarily GABAergic afferents from the medial and central
AMG also innervate the SPZ, peri PVN and BST and thus are situated to ultimately
disinhibit the PVN (i.e. allow for increased CRH production and HPA axis activation)

(Fig. 6.2) (Herman et al., 2004).

@

.\»

Normal HPA axis activity
and behavioral reactivity

Figure 6.2. Glutamatergic and GABAergic inputs to PVN.

Green regions represent primarily glutamatergic afferents while red regions represent
primarily GABAergic afferents.
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If disruption of Type II NRGI does indeed reduce activity dependent GABAergic
transmission (via reduced or unstable glutamatergic synapses and possibly reduced
NMDA receptors) then it is possible that inhibitory inputs from the SPZ, peri PVN and
BST would be reduced and result in increased basal HPA axis activity, such as is seen in
the male Nrg1™ rats. In addition, differential alterations of GC receptor expression in
limbic regions such as the HPC and AMG may modulate an overall reduction in activity
dependent GABAergic transmission from the SPZ, peri PVN and BST to the PVN in a
sex-specific manner. Interestingly, male Nrgl™ rats had a reduced MR/GR ratio in the
HPC, which may interfere with proper activation of the inhibitory inputs into the PVN
(Fig. 6.3). This would be consistent with the increased basal CORT levels found in
Nrg1™ males and increased behavioral reactivity demonstrated by failure to habituate to
the open field and increased anxiety on the EPM. In addition, an overall decrease in
GABAergic neurotransmission would be consistent with enhanced anxiety on the EPM
(Lapiz-Bluhm et al., 2008). On the other hand, female Nrg1™ rats showed a slightly
reduced MR/GR ratio in the AMG, which may interfere with normal disinhibition of the
PVN (i.e. activation of the HPA axis) (Fig. 6.4). This could be consistent with the more
robust reduction in post-stress recovery CORT levels found in Nrngn females and
general reduction in behavioral reactivity demonstrated by enhanced within-session

habituation to the open field, decreased PPI and decreased anxiety.
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Figure 6.3. Glutamatergic and GABAergic inputs to PVN: NrgI™ males.
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Figure 6.4. Glutamatergic and GABAergic inputs to PVN: Nrgl™" females.
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It may be that circulating gonadal hormones also modulate NRG1-induced
changes in GABAergic neurotransmission during development and adulthood to produce
some of these sex-specific findings. Interestingly males tend to be more sensitive to
modulators of the GABA receptors (Skilbeck et al., 2008) and estrogen has been shown
to modulate both excitatory and inhibitory states in neurons (Yourick and DeCoster,
1996; Cyr et al., 2002; Blurton-Jones and Tuszynski, 2006; McEwen, 2010). Estrogen
can also affect CORT responses to stress and interact with GR in the PVN in females
(Weiser and Handa, 2009). In addition, ovarian hormones have been shown to affect open
field activity and PPI, though the direction of these effects remains complicated and
controversial (Swerdlow et al., 1997; Koch, 1998; Van den Buuse and Eikelis, 2001;
Kinkead et al., 2008; Weiser and Handa, 2009).

Chronic stress has been shown to increase GABA content in the AMG and
decrease GABA content in the HPC in some strains of rats (O'Mahony et al., 2010). An
increase in GABAergic neurotransmission in the AMG would be consistent with the
slight reduction of anxiety found in adolescent stressed Nrngn males and WT females
(CVS-treated) and NrglTn females (CORT-treated). Furthermore, in the case of different
effects in CON vs. VEH groups on the EPM, it is known that chronic ethanol withdrawal
results in increased basolateral AMG dependent glutamatergic signaling and increased
anxiety behavior in the light/dark box (Silberman et al., 2009).

It should be noted, however, that the above-mentioned potential mechanisms of
disrupted Type II NRGI1 on inputs to the PVN are not exclusive. It is equally likely that
the balance between GABAergic and glutamatergic neurotransmission is altered in

regions upstream of the PVN, such as the HPC, PFC and AMG. In fact, evidence for
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altered function of the AMG was presented in Chapter 5, with Nrg1™ rats demonstrating
reduced capacity for cued fear conditioning. Furthermore, in other studies we have found
that male Nrg1™ rats make more working and reference memory impairments in the Can
Test (a prefrontal cortex and dorsal striatum dependent discrimination memory task),
though no impairments on the Morris water maze (a hippocampal dependent spatial
memory task) were found (A. Taylor et al., in preparation).
Future Directions

Of primary importance to the aims of this dissertation is the determination of
whether disruption of Type Il NRG1 in the rat results in regional modifications of
GABAergic neurotransmission. A straightforward approach would be to perform in vivo
microdialysis in the PVN under basal and KCL-induced depolarization conditions.
GABA concentration would be determined with reverse phase high performance liquid
chromatography (HPLC) coupled to fluorescence detection (Ohtani et al., 1999; Wang et
al., 2005). In addition, determination of GABA 4 receptor expression in the PVN via a
radioligand binding assay would provide more information on the effect of disrupted
Type I NRG1 on GABAergic neurotransmission in the PVN. One could predict that
Nrg1™ males would demonstrate decreased concentration of extracellular GABA and
increased receptor binding in the PVN, whereas Nrgl™ females would be predicted to
display less of a change or no change in these measures in the PVN. Once measures of
Abaseli ned GABAergic signaling were determ
stress on GABAergic neurotransmission in male and female Nrg1™ rats could be
pursued. In order to assess whether differences in circulating gonadal hormones are

altered in Nrg1™ rats and thus may modulate alterations in GABAergic signaling, RIAs
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for estradiol and testosterone should be conducted in adult Nrg1™ rats.
General Limitations

First and foremost, a limitation of the present studies is the use of a constitutive
mutant rodent model with reduced Type Il NRGI throughout development. The observed
phenotypes in Nrg1™ rats could be a by-product of altered developmental processes in
the central nervous system as opposed to the effects of reduced Type 11 NRGI1 in
adulthood. However, no other mutant rodent models of Nrgl are currently using
conditional or inducible KO mice at this time and the available technology is limited in
rats.

An additional limitation is that Nrgl is an extraordinarily complex gene, which
can be alternatively spliced to produce at least six types of proteins with over 30 different
isoforms (Falls, 2003a; Esper et al., 2006). Furthermore, the biology of NRG1-ErbB4
signaling is equally if not more complex. NRG1 is at times considered a jack of all trades
given that it is involved in everything from neuron migration, axon guidance,
myelination, synapse formation, stabilization of NMDA receptors, and GABAergic
signaling to long-term potentiation, the hormonal control of puberty and complex
behaviors (Falls, 2003a; Prevot et al., 2003 ; Harrison and Law, 2006; Dean et al., 2008).
In addition, in humans, NRG1 polymorphisms have been linked to schizophrenia, which
has prompted the investigation of several
region of NRG1 that is most associated with the psychiatric disorder yet the mutant
mouse model s di sr uBtefandod et 4l.,2Q)2; Stafasssoroefal., t he gen
2003; Harrison and Law, 2006). The hypomorphic Nrngn rats used in this dissertation

are potentially more relevant to the clinical literature given the location and more subtle
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disruption of the gene (i.e. disruption of a single type of NRGI1 vs. the deletion of a major
functional domain of all types of NRG1).

Unfortunately, the novelty of the Nrg1™

rats makes it more difficult to investigate
experimentally due to the fact that very few reagents are available to study Type Il NRG1
and very little is known about the specific biology of this type of NRG1. In fact, in the
older literature, Type Il NRG1 was referred to as glial growth factor, as it was discovered
based on its growth and differentiation abilities in Schwann cells (Esper et al., 2006).
However, it is now considered that the NRGs that actually act as glial growth factors are
actually Type III NRG1s and not Type II that was originally called GGF (Falls, 2003a).
This has proven to complicate the background literature on the function of Type II NRG1
in addition to procuring appropriate reagents such as antibodies. The novelty of our
Nrg1™ rats makes the relevance of comparisons within the basic NRG1 literature, as well
as other animal models of disrupted NRG1 difficult. The continued investigation of
various isoforms of NRG1 and its association with psychiatric disorders will ideally
create a large enough need for the development of more specific tools with which to
examine its complex biology.

An additional limitation regarding the Nrg 1™ rat preparation is the use of the
Fischer 344 background. Fischer rats are known to have enhanced HPA axis responses to
stressors compared to several other rat strains (Glowa et al., 1992; Dhabhar et al., 1993;
Dhabhar et al., 1995). It is possible that the enhanced response to stressors in Fischer rats
may mask or dilute some effects of the disruption of Type II NRGI. Use of a Sprague

Dawley rat background could be more informative regarding the effects of disrupted

Type Il NRG1 on HPA axis activity and anxiety behavior.
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A final overall limitation to the interpretation of the studies described in this
dissertation is the lack of consistency within the adolescent stress literature. As it is still a
young area of investigation, almost all of the published studies use a different type of
stressor, for different durations, beginning at different ages, in different strains of rats and
then examine a plethora of different behavioral or neurobiological outcomes in
adulthood. Perhaps most importantly, is the variability within the adolescent time period
during which stressors are administered. In rats, adolescence can broadly range from 28-
46 days of age (McCormick and Mathews, 2007). However, the general classification of
rodent adolescence includes three stages: pre-pubescence (21-34 days), mid-adolescence
(34-46 days) and late adolescence (46-59 days) (Tirelli et al., 2003; McCormick and
Mathews, 2007). Similar to the present experiments, studies that focused on adult
anxiety-like behavior and HPA axis function tended to administer stressors more during
34- 46 days of age whereas the studies focused on adult learning and memory tended to
focus on earlier, pre-pubescent stress (McCormick et al., 2010). However, the amount of
variability for stressor administration within the above-mentioned studies is still
substantial. As the area of research continues to grow, two important issues need to be
resolved: 1) the period of adolescence during which the rat brain is most vulnerable to
stress for particular categories of outcomes in adulthood and 2) the types of stressors that
are most detrimental to these outcomes in adulthood.

Conclusions

Psychiatric disorders account for more of the disease burden than all cancers

combined in market economies (World Health Organization, 2008). Gene-environment

interactions account for much of the pathology associated with psychiatric disorders
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(Bayer et al., 1999; Caspi et al., 2003; Howes et al., 2004; Mittal et al., 2008; van Os et
al., 2008; Aguilera et al., 2009; Jaaro-Peled et al., 2009; Keri et al., 2009) but
unfortunately, these interactions have not been extensively investigated. This is especially
true for adolescence, despite the fact that psychiatric illnesses typically emerge during
this time. Additionally, alterations in HPA axis function are a robust finding in several
psychiatric disorders. The findings of the present studies provide evidence that a risk
gene for schizophrenia and psychotic bipolar disorder, NRG1, may be involved in the
regulation of both hormonal and behavioral stress reactivity. Overall, this dissertation
describes the evaluation of adult locomotor behavior, sensorimotor function,
environmental responsivity as well as HPA axis activity and reactivity in a novel rat
model of disrupted Type Il NRGI. The results suggest that males and females are
affected differently by a subtle disruption to this risk gene. In addition the results of this
dissertation demonstrate a gene by environment interaction between adolescent stress and
disrupted Type II NRG1, such that anxiety behavior in adulthood is reduced or protected
from adverse affects of adolescent stress. The complexity of the present findings
underlines the difficulty with which a subtle change in a single gene can be matched to
overt phenotypes reminiscent of psychiatric disorders in rodents. However, the promising
role for Nrgl in stress and behavioral reactivity provides incentive to pursue this line of

investigation.
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