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ABSTRACT

Chun, Lauren Elizabeth (PhD, Psychology & Neuroscience)
Clock genes, acute stress, and the role of glucocorticoids in male and female rat brain

Thesis directed by Professor Robert L. Spencer

In order to optimize its survival, an organism needs to be synchronized to its
environment. Thus, properly entrained circadian rhythms are critical for normal health and
behavior, as many mood disorders are associated with disrupted circadian rhythms. Circadian
rhythms are controlled by the oscillating expression of core clock genes, including Per1, Per?2,
and Bmal1. While this molecular clock is well-established in the body’s master clock, the
hypothalamic suprachiasmatic nucleus (SCN), there is limited characterization of oscillating
molecular clocks in extra-SCN brain regions. Furthermore, there are sex differences in circadian
rhythms. Thus, the first study characterized the ubiquitous existence of oscillating molecular
clocks (Per1, Per2, and Bmal1 mRNA,; in situ hybridization) in the prefrontal cortex, amygdala,
hippocampus, and the hypothalamic paraventricular nucleus (PVN) in male and female rats. It
has been proposed that the SCN is able to entrain these extra-SCN molecular clocks through
the diurnal rhythm of glucocorticoids (CORT). Adrenalectomy disrupts clock gene expression in
the PFC. If a timely peak in diurnal CORT is necessary for normal clock gene rhythm, then
untimely stress-induced peaks in CORT may disrupt clock gene expression. There are sex
differences in stress. Thus, it was examined if 30 minutes of acute restraint stress could alter
clock gene expression in the PFC and PVN of male and female rats, whether this effect was
dependent on the presence of CORT, and if this effect could be modulated by estradiol in
female rats. Acute stress selectively and rapidly induces Per? mRNA (in situ hybridization) in
the PVN and PFC of male and female rats. There were no sex differences, despite greater

stress-induced CORT in females. Furthermore, stress-induced Per? mRNA was largely



independent of CORT in both males and females, as adrenalectomy had limited effects.
Additionally, in females, estradiol had no effect, either acutely or permissively, on stress-induced
Per1 mRNA. The selectivity of Per? induction suggests that Per? may act as an incident
detector for the molecular clock to salient cues in the environment in order for the organism to

adapt to changes in its environment.
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CHAPTER I: INTRODUCTION

The importance of circadian rhythms

Circadian rhythms are fluctuations in behavior and physiology that occur throughout a 24
hour period. They are behavioral and physiological representations of an internal timing system.
The most obvious circadian rhythm is the sleep/wake cycle. However, there are circadian
rhythms in a multitude of behaviors and physiology, such as hormone secretion (e.g., melatonin,
glucocorticoids), cardiovascular efficiency, cognition, body temperature, and blood pressure.
These circadian rhythms are tightly regulated so that the phase of circadian rhythms occur at
the appropriate time in order to synchronize the organism to its environment. Proper
entrainment of an organism to its environment optimizes its survival. The most potent
entrainment factor that synchronizes an organism to its environment is light. Importantly, all
circadian rhythms do not have to be synchronized with each other; the phase of circadian
rhythms are optimized for the function of the tissue (e.g., the timing of optimal liver functioning
may differ from the timing of body temperature) (Reppert & Weaver, 2002).

There is a strong association between properly entrained circadian rhythms and the
health of an organism. Many mood disorders, such as major depressive disorder (MDD), anxiety
disorders, and post-traumatic stress disorder (PTSD), are associated with disruptions in a
variety of circadian rhythms, including sleep/wake cycles and a blunted diurnal rhythm of
glucocorticoid (CORT) release (Johansson et al., 2002; Lamont et al., 2009; Partonen et al.,
2007). Additionally, Li et al. (2013) have found that genes that have a circadian rhythm are less
synchronized to the environment in post-mortem brains of people who had MDD, compared to
the post-mortem brains of healthy controls. Thus, there is clearly a link between disrupted
circadian rhythms and mood disorders. It has also been found that shift workers, who work at

night during their inactive phase, had a greater chance of developing depression, compared to



people who work during the active phase in the daytime (Caruso, 2014; Lee et al., 2015; Ma et
al., 2015; Togo et al., 2017). These data highlight how detrimental the desynchronization of
one’s circadian rhythms from their environment is on healthy, normal mood behaviors.

Circadian rhythms can be characterized based on three main parameters. Period
describes the duration of the rhythm. Because most organisms’ biological rhythms are entrained
to the light:dark cycle, circadian rhythms have a period of 24 hours. Circadian is Latin for
“around a day”. The peak, or highest point in a rhythm, is called the acrophase. The trough or
nadir is when the rhythm is at its lowest expression. Additionally, the robustness of the rhythm
can be described in terms of amplitude, which is the difference between the nadir and

acrophase of the rhythm. The greater the amplitude of a rhythm, the more robust the rhythm is.

The molecular clock underlies circadian rhythms

Underlying all circadian rhythms is an oscillating molecular clock. The molecular clock
consists of core clock genes that can be grouped into two different components. The positive
component of the molecular clock includes Bmal1 and Clock or Npas2 (Clock and Npas2 can
substitute for each other (DeBruyne et al., 2007; Landgraf et al., 2016)). Bmal1 and
Clock/Npas2 form dimers that bind to the E-box, an enhancer within the promoter region of the
clock genes that comprise the negative component of the molecular clock, the Period genes
(Per1, Per2, Per3) and the Cryptochrome genes (Cry1, Cry2). The Per and Cry transcripts are
translated into protein products in the cytoplasm, which are translocated back to the nucleus to
interfere with the dimerization of BMAL1 and CLOCK/NPAS2. Thus, PER and CRY are able to
negatively regulate their own transcription [Figure 1.1]. This transcription/translation loop

approximates 24 hours (Hastings, 2004; Reppert & Weaver, 2002; Takahashi et al., 2008).



Figure 1.1. Schematic representation of the molecular clock (PER = Period; CRY = cryptomchrome).
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In addition to the core clock genes, there are other factors that regulate the molecular
clock. In the cytoplasm, PER and CRY proteins undergo post-translational modifications. Their
protein products are phosphorylated by Casein kinase 1 € and & (CK1¢ and CK18), which
functions to tag these proteins for degradation via ubiquitination, or for translocation into the
nucleus (Lee et al., 2001; Reppert & Weaver, 2002). CK1¢ is an enzyme that is critical to
establishing a 24 hour period for the molecular clock, as mutations to CK1¢ result in a shortened
period (Lowrey & Takahashi, 2004) and sleep phase disorders in humans (Gallego & Virshup,
2007; Toh et al., 2001). Other post-translational modifications of the core clock proteins include
mitogen-activated protein kinase (MAPK), which phosphorylates BMAL1 in order to decrease its
ability to act as a transcription factor (Sanada et al., 2002). Additionally, glycogen synthase
kinase 3 (GSK3), can phosphorylate PERZ2 in order to regulate its translocation into the nucleus

(Martinek et al., 2001). Thus, the molecular clock is heavily regulated by a variety of kinases in



order to modify its robustness, period, and phase (Gallego & Virshup, 2007; Reppert & Weaver,
2002).

There is also an accessory loop to the molecular clock that primarily regulates the
expression of Bmal1. REV-ERBa can repress Bmal1 transcription by binding to the retinoid-
related orphan receptor (ROR) response element (RORE) within the promoter region of Bmal1.
REV-ERBa is in-phase with the negative component of the molecular clock (Per, Cry), so while
Bmal1 transcription decreases, Per1,2 and Cry1,2 transcripts rise. PER and CRY, upon
translocating back into the nucleus of the cell, inhibit Rev-erba, relieving its inhibitory actions
and causing activation of Bmal1 transcription. Thus, Rev-erba serves to add robustness to the
rhythmic expression of Bmal1 (Preitner et al., 2002; Ueda et al., 2002). An additional part of this
accessory loop is retinoic acid orphan receptor a (RORa), which functions to increase the

expression of Bmal1 transcription (Duez & Staels, 2008).

The master clock of the body: the suprachiasmatic nucleus of the hypothalamus

The molecular clock is well-established in the body’s master clock, the suprachiasmatic
nucleus of the hypothalamus (SCN) (Dunlap, 1999; Hastings, 2004; Reppert & Weaver, 2002;
Shearman, 2000; Takahashi et al., 2008). The SCN is a bilateral nucleus located in the anterior
hypothalamus, immediately dorsal to the optic chiasm. This nucleus entrains the organism to its
environment and coordinates all circadian rhythms throughout the body. Lesioning the SCN
results in arrhythmic behaviors, such as locomotor activity and diurnal hormone secretion
(Moore & Eichler, 1972; Stephan & Zucker, 1972). Furthermore, implanting SCN cells into an
animal dictates the animal’s subsequent circadian rhythm phase (Lehman et al., 1987; Pando et
al., 2002; Ralph et al., 1990), emphasizing the ability of the SCN to dictate circadian rhythms.
The SCN receives direct light input from the environment. Light enters the retina and this
information is sent through the retinohypothalamic tract (RHT) directly to the SCN, where

glutamate is released (Morin, 2013; Reppert & Weaver, 2002; Sollars & Pickard, 2015).



Glutamate binds to both NMDA and AMPA receptors, causing an influx of calcium. Calcium
initiates the activation of a variety of kinases (calcium/calmodulin-dependent protein kinase
(CaMK), protein kinase A (PKA), and mitogen-activated protein kinase (MAPK)), which then
phosphorylate CREB (Carlezon et al., 2005; Welsh et al., 2010). pCREB acts as a transcription
factor and binds to cAMP response elements (CRE) within the promoter regions of Per1 and
Per2 to induce their expression. This is the mechanism by which the molecular clocks within the
SCN are able to tell time (Welsh et al., 2010). Light is detected by melanopsin receptors in the
retina; however, it is still unknown if melanopsin is the sole detector of light (Sollars & Pickard,
2015). In addition to the RHT, the SCN also receives afferent input from the intergeniculate leaf
(IGL) via the geniculohypothalamic tract, and from serotinergic input from the raphe nucleus
(RN). Both the IGL and RN also receive light input from the RHT (Morin, 2013; Reppert &
Weaver, 2002; Sollars & Pickard, 2015). Thus, SCN afferents are almost exclusively dependent
on light input from the environment.

The SCN can be structurally divided into two different sections: the ventrolateral section,
which contains the majority of the vasoactive intestinal polypeptide (VIP) neurons and where
most of the retinal input terminates, and the dorsomedial section, which contains the majority of
vasopressin (AVP) neurons (Sollars & Pickard, 2015). Other neuromodulators found within the
SCN include gastrin-releasing peptide, substance P, somatostatin, calbindin, calretinin,
enkephalin, neurotensin, and cholecystokinin (Morin, 2013; Sollars & Pickard, 2015). The vast
majority of neurons within the SCN are GABAergic. GABA is critical in coordinating rhythms
within the SCN, and aiding in phase shifts within the SCN (Liu & Reppert, 2000). VIP is another
peptide that is critical in the intercellular synchronization of the SCN. Lack of VIP or its receptor,
VPACZ2, leads to loss of circadian rhythms in behavior and loss of rhythmic clock gene
expression within the SCN (Colwell et al., 2003; Cutler et al., 2003; Harmar et al., 2002;

Hastings & Herzog, 2004).



The SCN has very limited direct efferent projections. The SCN directly projects to the
medial preoptic area (MPOA). This brain region critically projects to the paraventricular nucleus
of the thalamus (PVT), which then goes on to project to the infralimbic subregion of the medial
prefrontal cortex (Sylvester et al., 2002). The SCN also projects directly to the retrochiasmatic
area, which projects to the ventromedial nucleus of the hypothalamus. Perhaps the most major
efferent projection of the SCN is to the subparaventricular zone (SPZ) of the hypothalamus,
which projects to the DMH; the DMH projects to other key areas of the brain, including the
paraventricular nucleus of the hypothalamus (PVN). Lesions to the SPZ results in decreased
amplitude or disrupted rhythm of sleep/wake, body temperature, locomotor activity, and neural
activity of extra-SCN brain regions (Sollars & Pickard, 2015). While there is potential for many

multi-synaptic efferent projections from the SCN, it is overall limited.

Molecular clocks exist outside of the SCN

The molecular clock, which is defined as having rhythmic expression of both the positive
and negative components, has been well-established in the SCN (Dunlap, 1999; Hastings &
Herzog, 2004; Reppert & Weaver, 2002; Shearman, 2000; Takahashi et al., 2008). More
recently, studies have begun to examine rhythmic clock gene expression in extra-SCN brain
tissue (e.g, bed nucleus of the stria terminalis, nucleus accumbens, hippocampus, lateral
septum, amygdala, hypothalamic nuclei, striatum, caudate putamen, cortex) (Amir et al., 2004;
Angeles-CasteIIanos et al., 2007; Feillet et al., 2008; Girotti et al., 2009; Guilding & Piggins,
2007; Harbour et al., 2014; Jilg et al., 2009; Lamont et al., 2005; Masubuchi et al., 2000; Perrin
et al., 2006; Rath et al., 2012; Reick et al., 2001), as well as peripheral tissue (e.g., liver, lung,
skeletal muscle, heart, stomach, spleen, kidney) (Yamamoto et al., 2004; Yamazaki et al.,
2000). However, the existing literature mostly examines either the positive component or the
negative component, never the entire molecular clock. There are only a few instances where

both the positive and negative core clock genes have been characterized (Girotti et al., 2009;



Harbour et al., 2014; Jilg et al., 2009; Masubuchi et al., 2000; Rath et al., 2012; Reick et al.,
2001), thus making it difficult to determine with certainty how extensive the molecular clock
exists in extra-SCN tissue.

The molecular clock within the SCN is considered to be autonomous, meaning that it is
able to stay rhythmic without input from other sources. This has been displayed ex vivo in cell
culture, where SCN cells have oscillating expression of clock genes for ~32 days (Yamazaki et
al., 2000). This differs from rhythmic clock gene expression found in extra-SCN brain regions
and peripheral tissue, where rhythmic clock gene expression is considered to be either semi-
autonomous or slave oscillators and lose rhythmic expression after a few cycles (Yamazaki et
al., 2000). Unlike the master clock, clock gene expression in extra-SCN tissues is dependent on
input from the SCN in order to stay rhythmic. SCN-dependent input to extra-SCN clocks has
been demonstrated by lesioning the SCN, which results in arrhythmic Per1 or Per2 expression
in cerebral cortex and peripheral tissue (Sakamoto et al., 1998; Wakamatsu et al., 2001).

Properly timed rhythmic expression of clock genes is necessary for normal health and
behavior. In rodent students, rats that received knockdown of Bmal1 or knockdown of both Per1
and Per2 resulted in behavioral arrhythmicity, as determined by aberrant and arrhythmic
locomotor activity (Bae et al., 2001; Bunger et al., 2000). These studies also emphasize the
importance of both the positive and negative components of the molecular clock in normal
circadian behavior. Disrupted Per1 and Per2 expression in the nucleus accumbens, a brain
region implicated in reward and motivation, is linked with anxiety-like behavior in mice (Spencer
et al., 2012). ClockA19 mutant mice exhibit manic-like behaviors and have been proposed as a
model for bipolar disorder (McClung et al., 2005; Mukherjee et al., 2010; Roybal et al., 2007).
These rodent studies are corroborated by research in humans that have identified mutations in
Clock, Npas2, Per1, Per2, and Bmal1 genes in a variety of mental ilinesses, including major
depressive disorder, anxiety, post-traumatic stress disorder, schizophrenia, autism, bipolar

disorder, and seasonal affective disorder (Bunney et al., 2014; Bunney & Bunney, 2000; Etain et



al., 2011; Johansson et al., 2002; Lamont et al., 2009; Landgraf et al., 2014; Li et al., 2013;
McCarthy & Welsh, 2012; McClung, 2007; Partonen et al., 2007). These studies, in both rodents
and humans, exemplify the importance of functional clock genes in maintaining normal health

and behavior.

Entrainment of extra-SCN clocks by glucocorticoids

Rhythmic expression of clock genes in extra-SCN brain regions and in peripheral tissue
is dependent on input from the SCN, as exemplified by the fact that if the SCN is lesioned,
extra-SCN clock gene expression becomes arrhythmic (Sakamoto et al., 1998; Wakamatsu et
al., 2001). However, the SCN has limited efferent projections and considering the expanse of
extra-SCN molecular clocks, multisynaptic connections cannot account for all SCN input to
extra-SCN molecular clocks. Thus, glucocorticoids (CORT; corticosterone in rodents, cortisol in
humans) have been proposed as an ideal candidate (Balsalobre et al., 2000) to serve as an
entrainment factor between the master clock and extra-SCN molecular clocks.

CORT is the final output of the hypothalamic-pituitary-adrenal (HPA) axis. The HPA axis
allows an organism to adapt to challenges in their environment. This is because CORT is a
hormone with vast functions, including muscle, bone, glucose, and lipid metabolism, immune
function, vascular tone, growth and development, and important central nervous system
functions (Herman et al., 2003). The head of the HPA axis is the paraventricular nucleus of the
hypothalamus (PVN). This bilateral nucleus sits at the dorsal portion around the third ventricle in
the anterior hypothalamus. The PVN receives both direct and indirect input from other areas in
the brain, including the limbic system structures (prefrontal cortex (PFC), hippocampus (HPC),
amygdala(AMYG)). Many of these inputs are integrated at the level of the bed nucleus of the
stria terminalis (BNST) (Herman et al., 2003). If enough input activates the PVN, it releases
corticotropin releasing hormone (CRH) into the median eminence to reach the anterior pituitary,

where CRH binds to CRH receptors. This causes the release of adrenocorticotropic hormone



(ACTH) from the anterior pituitary into the blood stream. ACTH travels to the adrenal glands
where it binds to its receptor, the MC2 receptors. This activates the adrenal cortex to produce
and release CORT into the general blood stream. CORT is a steroid hormone derived from
cholesterol and can readily pass through the phospholipid bilayer of cells, where glucocorticoid
receptors (GR) are found intracellularly. CORT-bound GRs dimerize, translocate to the nucleus,
and act as a transcription factor at glucocorticoid response elements (GREs) to alter the
transcription of genes. GRs are ubiquitously expressed, with the SCN as a notable exception
(Balsalobre et al., 2000; Rosenfeld et al., 1993; Rosenfeld et al., 1988), which explains the
diverse functions of CORT.

The ubiquitous nature of GRs makes CORT an ideal candidate for acting as the
entrainment factor between SCN and extra-SCN molecular clock coordination. Additionally,
CORT has a diurnal rhythm that is controlled by the SCN (Moore & Eichler, 1972; Szafarczyk et
al., 1983). Its acrophase is at the onset of the organism’s active phase (dark phase in nocturnal
laboratory rats, light phase in diurnal animals such as humans). This SCN-controlled diurnal
peak in CORT may be the signal by which the SCN is communicating to extra-SCN clocks. GR
binding sequences (GBS) have been found in the promoter regions of Per1 and Per2 (Cheon et
al., 2013; Reddy et al., 2007; So et al., 2009; Yamamoto et al., 2005). While the functionality of
these GSBs in the promoter region of Per2 are less established, it has been shown that
administration of CORT can acutely upregulate Perf gene expression in rat-1 fibroblast cells
(Balsalobre et al., 2000), human peripheral blood mononuclear cells (Burioka et al., 2005) and
in hippocampal tissue ex vivo (Conway-Campbell et al., 2010). CORT or GR agonist treatment
ex vivo also can induce rhythmic expression of many of the core clock genes, including Per1,
Per2, and Bmal1 (Balsalobre et al., 2000; Reddy et al., 2007; So et al., 2009). Additionally, it
has been found that removal of endogenous (and therefore diurnal) CORT via adrenalectomy
(ADX) results in phase-shifted or arrhythmic clock gene expression in the PFC (Woodruff et al.,

2015) and the oval nucleus of the BNST (Amir et al., 2004). Importantly, Woodruff et al. (2016)
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has shown that when giving ADX rats a daily replacement CORT injection when animals’ diurnal
CORT normally occurs, normal clock gene rhythmicity in the PFC is restored. Daily CORT
injections given antiphasic to the normal diurnal CORT acrophase disrupts clock gene
expression even more. Thus, diurnal CORT is necessary for rhythmic expression of extra-SCN

molecular clocks.

The effect of stress on clock gene expression

If an appropriately timed peak in diurnal CORT under basal conditions is necessary for
the rhythmic expression of clock genes, what would happen to clock gene expression if there
are untimely, stress-induced peaks of CORT? A few studies have shown that acute stress can
rapidly induce the expression of Per1 mRNA in the PVN (Takahashi et al., 2001) and PER1
protein in the PVN, dorsomedial nucleus of the hypothalamus, and the piriform cortex (Al-Safadi
et al., 2014). Additional studies have also determined that chronic stress can affect rhythmic
clock gene expression by altering the phase or disrupting the amplitude. Unpredictable chronic
stress increases the amplitude of rhythmic Per2:luciferase expression in the nucleus
accumbens, but decreases Per2:luciferase rhythm in the SCN (Logan et al., 2015). Additionally,
three consecutive days of 2 hours of restraint stress induced a phase-shift in both Per?1 and
Per2 mRNA in peripheral tissues, hippocampus, and cortex of rats (Tahara et al., 2015).
However, Kinoshita et al. (2012) did not find an effect of chronic restraint stress on PER2
protein expression in the HPC or PFC, but found blunted PER1 rhythm in the SCN. Other
studies using chronic stress paradigms have also found other changes in rhythmic clock gene
expression. However, exact results varied. Notably, many of these studies used light pulses or
changes in the light:dark schedule as a stressor; thus, these results must be considered with
caution (Calabrese et al., 2016; Christiansen et al., 2016; Jiang et al., 2013; 2011; Takahashi et

al., 2013). These studies collectively suggest that stress — both acute and chronic — affect clock
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gene expression. Thus, it would be critical to further characterize stress-induced clock gene

expression and possible underlying mechanisms.

The importance of sex differences

Women have greater prevalence of mood disorders that are associated with both
disruptions in circadian rhythms and stress (e.g., major depressive disorder (MDD), anxiety
disorders, post-traumatic stress disorder (PTSD)) compared to men (Kessler, 2003). Thus, it is
important to incorporate female subjects into studies examining stress, circadian rhythms, or
both. This is further supported by the fact that there are sex differences in both circadian
rhythms (Bailey & Silver, 2014), as well as in stress reactivity with a particular emphasis on
stress-induced HPA axis activation (Babb et al., 2014; Handa et al., 1994; Iwasaki-Sekino et al.,
2009; Kitay, 1961; Viau & Meaney, 1991). The interaction between stress and circadian rhythms
may also contribute to the greater prevalence of MDD and anxiety disorders in women
compared to men.

Rodents have an estrous cycle that lasts 4-5 days. There are four stages in the estrous
cycle, with each stage about 1-2 days longs. The estrous cycle begins with the development of
the follicles in the ovary. This follicular phase consists of two stages: metestrus, followed by
diestrus. Steroidogenesis occurs during the follicular phase, resulting in slowly rising estrogen
levels. The next stage is the periovulatory phase, or proestrus, which prepares the body for
ovulation. Proestrus is tightly regulated in regards to timing, only lasts for approximately 12
hours, and occurs in the animal’s active phase. During proestrus, estrogen levels peak followed
4-6 hours by peaks in progesterone levels. The final stage is estrus, which is the day that
ovulation occurs and is the stage of greatest sexual receptivity, though at this point, estradiol
levels have significantly declined (Becker et al., 2004).

There are sex differences in a variety of different aspects of circadian rhythms. In rats,

males have a larger SCN, more axospinal synapse, and post-synaptic density materials in the
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SCN, compared to females. However in humans, women have a larger SCN compared to men.
Furthermore, there is a vast distribution of estrogen receptors and androgen receptors in the
retina, in afferents to the SCN, and in efferents from the SCN, leaving the potential for gonadal
hormones to influence inputs to and outputs from the SCN, that can subsequently influence
entrainment of circadian rhythms. Furthermore, in human studies, there are sex differences in
sleep, where women sleep more but worse than males, are more susceptible to insomnia, and
react worse to sleep deprivation. These differences begin during adolescence and end at
menopause, which suggests that gonadal hormones may have an activational role on sleep
(Bailey & Silver, 2014). In addition to sex differences in circadian rhythms, there is evidence for
a direct role of gonadal hormones on basal clock gene expression. In the uterus, Perf mRNA is
only rhythmic during proestrus but not during other stages of the estrous cycle (Nakamura et al.,
2010). Additionally, administration of either estradiol or progesterone can induce Per1 and Per2
expression in reproductive tissue of female rats (He et al., 2007; Nakamura et al., 2010). In the
brain, rhythmic expression of PER2 protein varies in amplitude depending on the stage of the
estrous cycle in the oval nucleus of the BNST and in the central amygdala (CEA) (Perrin et al.,
2006). Thus, gonadal hormones may play an important role in clock gene expression, which
may underlie the sex difference seen in circadian rhythms.

There are robust sex differences in response to stress. In rodents, it is well-established
that females have greater HPA axis activation (greater ACTH and CORT release) in response to
an acute stressor, compared to males (Babb et al., 2014; Handa et al., 1994; Heinsbroek et al.,
1991; lwasaki-Sekino et al., 2009; Kitay, 1961; Rivier, 1999; Seale et al., 2004; Viau & Meaney,
1991). There is evidence to suggest that females have decreased glucocorticoid negative
feedback, resulting in greater and prolonged CORT in response to an acute stressor (Bland et
al., 2005; Burgess & Handa, 1992; Heinsbroek et al., 1991; Viau & Meaney, 1991; Weiser &

Handa, 2011). The greater stress-induced CORT seen in females is believed to be due to the



13

activational effects of estradiol, as the sex difference effect is pronounced in females with higher
estradiol levels (Carey et al., 1995; Goel et al., 2014; Iwasaki-Sekino et al., 2009; Rivier, 1999).

In addition to sex differences in stress-induced activation of HPA axis, there are reported
sex differences in stress-induced neuronal activity, as measured by CREB or the immediate
early gene c-Fos. C-Fos is rapidly induced and is considered a marker for neuronal activation;
pCREB is a transcription factor for c-Fos (Sheng & Greenberg, 1990). However, sex differences
in stress-induced c-Fos expression are less consistent, as c-Fos gene expression differs based
on stressor used and brain region examined (Figueiredo et al., 2002; Ter Horst et al., 2009;
Sterrenburg et al., 2011). Some studies have found that females have greater c-Fos expression
in response to stress in the oval nucleus of the BNST (Sterrenburg et al., 2011). Other studies
have found the opposite, where males and females in diestrus have greater c-Fos expression in
the HPC and cortex compared to female rats in proestrus (Figueiredo et al., 2002). Additionally,
Ter Horst et al. (2009) have found that stress actually decreases c-Fos expression in females,
but increases c-Fos expression in male rat brains. Other studies still find no sex difference of
stress-induced c-Fos expression in the PVN, medial amgydala, and ventral lateral septum
(Sterrenburg et al., 2011). Interestingly, Bland et al. (2005) did find a time course difference in
stress-induced c-Fos expression, where 30 minutes after stressor onset, males have greater c-
Fos expression compared to females. However, at 60 and 90 minutes after stressor onset, male
c-Fos levels returned to baseline, while female c-Fos levels remained elevated. Many of these
inconsistences may have to do with the stressor used, duration between stressor onset and
time of sacrifice, and brain region examined. Further studies are needed to get a clearer

understanding of sex differences in stress-induced c-Fos expression.

Brain regions involved in mood disorders

The primary brain regions examined in the subsequent studies are the PVN and the

prefrontal cortex (PFC). The PVN was chosen as a region of interest due to its critical role as



14

head of the HPA axis. The PFC was chosen due to its critical role in executive functioning,
emotional control, working memory, learning of extinction of conditioned fear, attention, and
stress reactivity (Arnsten & Rubia, 2012; Goldman-Rakic, 1996; Robbins, 1996; Vertes, 2003).
Furthermore, dysfunction of the PFC is implicated in a number of mood disorders, in particular
PTSD, depression, and anxiety (Baxter et al., 1989; Drevets et al., 1997; Elliott et al., 1997;
Mayberg et al., 1999; Radkovsky et al., 2014). Also, the PFC plays an important role in
glucocorticoid negative feedback, where it provides inhibitory influence over the HPA axis,
which aids in shutting off of the stress response (Figueiredo et al., 2002; Herman et al., 2003).
The PFC has several subregions which were examined: the anterior cingulate cortex
(AC), the prelimbic medial prefrontal cortex (PL), the infralimbic medial prefrontal cortex (IL),
and the ventral orbital cortex (VO). The PL and IL comprise the medial PFC (mPFC), which is of
particular interest due to the mPFC’s predominant role in stress and mood disorders. The
hippocampus (HPC; subregions include the CA1, CA3, superior DG (supraDG), and inferior DG
(infraDG)) and the amygdala (AMYG; subregions: basolateral (BLA), central medial (CEA), and
medial (MEA)) were also examined in a few of the studies described herein. These brain
regions were chosen because of their role in the limbic system, emotion, learning and memory,
and stress responsivity (Conrad, 2008; Herman et al., 2003; Joéls et al., 2013; Lebow & Chen,
2016). Similar to the PFC, the dysfunction of these brain regions has been implicated in the
cause/symptom of mood disorders (Bremner et al., 2000; Drevets et al., 2008a; Lebow & Chen,

2016; Videbech & Ravnkilde, 2004).

Objectives

The studies herein sought to fully characterize extra-SCN molecular clocks in the SCN,
PVN, PFC, HPC, and AMYG. This included examining clock gene expression from both the
positive (Bmal1 mRNA) and negative (Per1, Per2 mRNA) components of the molecular clock,

which many previous studies are lacking. Furthermore, no study to date has directly compared
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male and female rats despite evidence for the role of gonadal hormones on clock gene
expression. Thus, Chapter 2 examined whether there was an oscillating molecular clock in
these brain regions of male and female rats. Chapter 3 determined whether acute restraint
stress could rapidly (within 30 minutes) alter the expression of clock genes in the PFC and PVN
of male and female rats. It has yet to be determined if stress-induced clock gene expression
occurs in the PFC, and there has yet to be a study that directly compares stress-induced clock
gene expression in male versus female rats. A subsequent study in Chapter 3 examined in male
rats if stress-induced clock gene expression in the PFC and PVN was dependent on CORT.
Chapter 4 sought to extend the work to determine if stress-induced Per1 mRNA in female rats
was dependent on CORT, and if estradiol can modulate this effect either acutely or
permissively. In this study, in addition to the PFC and PVN, stress-induced Per1f mRNA was
also examined in the HPC. The studies herein are critical for understanding the interactions
between stress, clock genes, and gonadal hormones, in brain regions critical to the expression

of normal mental health.
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CHAPTER II: VARIATIONS IN PHASE AND AMPLITUDE OF RHYTHMIC CLOCK GENE
EXPRESSION ACROSS THE PREFRONTAL CORTEX, HIPPOCAMPUS, AMYGDALA, AND
HYPOTHALAMIC PARAVENTRICULAR AND SUPRACHIASMATIC NUCLEI OF MALE AND

FEMALE RATS

ABSTRACT

The molecular circadian clock is a self-regulating transcription/translation cycle of positive
(Bmal1, Clock/Npas2) and negative (Per1,2,3, Cry1,2) regulatory components. While the
molecular clock has been well-characterized in the body’s master circadian pacemaker, the
hypothalamic suprachiasmatic nucleus (SCN), only a few studies have examined both the
positive and negative clock components in extra-SCN brain tissue. Furthermore, there has yet
to be a direct comparison of male and female clock gene expression in the brain. This
comparison is warranted, as there are sex differences in circadian functioning and disorders
associated with disrupted clock gene expression. This study examined basal clock gene
expression (Per1, Per2, Bmal1 mRNA) in the SCN, prefrontal cortex (PFC), rostral agranular
insula, hypothalamic paraventricular nucleus (PVN), amygdala, and hippocampus of male and
female rats at 4-h intervals throughout a 12:12h light:dark cycle. There was a significant rhythm
of Per1, Per2, and Bmal1 in the SCN, PFC, insula, PVN, subregions of the hippocampus, and
amygdala with a 24-h period, suggesting the importance of an oscillating molecular clock in
extra-SCN brain regions. There were three distinct clock gene expression profiles across the
brain regions, indicative of diversity amongst brain clocks. Although generally the clock gene
expression profiles were similar between male and female rats, there were some sex
differences in the robustness of clock gene expression (e.g., females had less robust rhythms in
the medial PFC, more robust rhythms in the hippocampus, and a greater mesor in the medial
amygdala). Furthermore, females with a regular estrous cycle had attenuated aggregate
rhythms in clock gene expression in the PFC compared to non-cycling females. This suggests

that gonadal hormones may modulate the expression of the molecular clock.
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INTRODUCTION

The existence and characteristics of intrinsic molecular circadian clocks in brain regions
outside of the body’s master circadian pacemaker, the suprachiasmatic nucleus of the
hypothalamus (SCN), require further exploration, as these intrinsic clocks, if operational, may
contribute to the normal functioning of these extra-SCN brain regions. Furthermore, there are
sex differences in circadian rhythms (Bailey & Silver, 2014), yet there has been virtually no
direct comparison of basal clock gene expression at the mRNA level in the brains of male and
female subjects. The approximately 24-hour rhythmic expression of clock genes in the SCN
comprises a molecular clock that is necessary for the expression of circadian rhythms
throughout the body (Reppert & Weaver, 2002; Takahashi et al., 2008). This molecular clock
consists of counter-regulatory and oscillatory transcription/translation interactions between
positive (Bmal1, Clock or Npas2) and negative (Per1, Per2, Per3, Cry1, Cry2) clock gene
components (Darlington et al., 1998; Dunlap, 1999; Gekakis, 1998; Reppert & Weaver, 2002).
Expression of both the positive and negative clock gene components are thought to comprise a
functional molecular clock, as genetic knockdown of either the positive or negative components
results in behavioral arrhythmicity in rodents (Bae et al., 2001; Bunger et al., 2000).

The SCN exhibits rhythmic expression of Bmal1, Per1, Per2, Cry1, and Cry2 mRNA with
a genetically determined period that approximates 24-h (Bae et al., 2001). These genes have
been found to be rhythmically expressed in many other mammalian brain and peripheral
tissues, raising the prospect that extra-SCN clock gene expression may directly contribute to
neural function throughout the brain (Abe et al., 2002; Sakamoto et al., 1998). In rodents,
rhythmic clock gene expression has been found in a variety of peripheral tissues, and their
rhythmic expression contributes to the optimal functioning of these tissues (Balsalobre et al.,
2000; Yamamoto et al., 2004; Yamazaki et al., 2000). Rhythmic clock gene expression has also
been observed in some extra-SCN brain regions (Amir et al., 2004; Angeles-Castellanos et al.,

2007; Feillet et al., 2008a; Girotti et al., 2009; Guilding & Piggins, 2007; Lamont et al., 2005;
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Masubuchi et al., 2000; Perrin et al., 2006; Rath et al., 2012; Rath et al., 2014; Reick, 2001;
Yamamoto et al., 2004). Most reports of clock gene expression in the brain have provided
limited insight into the nature of extra-SCN clocks because those reports focused on only one or
a few clock genes and brain regions (Guilding & Piggins, 2007). Only more recently has both
the positive (Bmal1) and negative (Per1/Per2) components of the molecular clock been well-
examined within a few extra-SCN brain regions (PVN, central amygdala, hippocampus,
neocortex, and cerebellum) (Girotti et al., 2009; Harbour et al., 2014; Jilg et al., 2009; Rath et
al., 2012). Thus, it is not possible to discern from the extant literature whether there is evidence
for oscillatory expression of positive and negative regulatory clock components within most
brain regions, whether intrinsic clock gene expression is ubiquitous throughout the brain, and
whether the expression rhythms (phase relationships and amplitude) are similar across brain
regions.

Normal clock gene expression has been implicated in overall mental health (Bunney et
al., 2014; Bunney & Bunney, 2000; Etain et al., 2011; Johansson et al., 2002; Lamont et al.,
2009; J. Z. Li et al., 2013; McCarthy & Welsh, 2012; McClung, 2007; Partonen et al., 2007). In
mice, mutation or knockdown of Clock or Per1/Per2 are associated with manic-like behavior and
increased anxiety (Dzirasa et al., 2011; Mukherjee et al., 2010; Spencer et al., 2012). The
prevalence of mood disorders associated with clock gene disruption (e.g., depression, anxiety,
and post-traumatic stress disorder) is greater in women compared to men. There also appears
to be a role for gonadal hormones in circadian function (Bailey & Silver, 2014; Thomas &
Armstrong, 1989) and clock gene expression in female rodents (He et al., 2007; Nakamura et
al., 2010; 2005; Nakamura et al., 2001; Smith et al., 2010). However, there has yet to be a study
to directly compare in males and females the expression of positive and negative clock genes.

Consequently, the objective of our first experiment was to directly compare in male and
female rats clock gene expression of both the positive (Bmal1) and negative (Per1, Per2)

components of the molecular clock in brain regions important in the regulation of emotion,
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mood, and stress responsivity (prefrontal cortex (PFC), rostral agranular insula, amygdala, and
hippocampus). In a second experiment we examined whether clock gene expression profiles
varied in female rats depending on the presence or absence of estrous cycle cyclicity. For
comparison purposes we also examined clock gene mRNA expression in the SCN and PVN,
brain regions we previously demonstrated have robust rhythmic expression of each of these
clock genes in male rats (Girotti et al., 2009). The dysfunction of the medial PFC (mPFC),
hippocampus, and amygdala are implicated in the same mood and anxiety disorders associated
with disrupted clock gene expression (Adhikari, 2014; Del Casale et al., 2013; Drevets et al.,
2008b; Koenigs & Grafman, 2009; Mayberg et al., 2005). The mPFC, amygdala, and
hippocampus are also critical components of fear conditioning and extinction of fear
conditioning, both of which exhibit diurnal fluctuations in behavioral expression (Chaudhury &
Colwell, 2002; Eckel-Mahan et al., 2008; Smarr et al., 2014; Valentinuzzi et al., 2001; Woodruff
et al., 2015b). Characterization of basal clock gene expression in these brain regions may

contribute to a better understanding of circadian function in mental health.

MATERIALS AND METHODS

Animals

Sprague Dawley rats (Harlan, Indianapolis, IN), aged approximately 2.5 months, were
used in both experiments. Rats were allowed 2 weeks to acclimate to the facility, cage mates,
and light:dark cycle. Half of the rats were maintained on a normal 12:12 h light:dark cycle (lights
on at 0500 h or 0530 h) and the other half were maintained on a reverse 12:12 h light:dark cycle
(lights on at 1700 h or 1730 h). Rats were divided evenly between four individual rooms that
were temperature and humidity-controlled. Rats were pair-housed and had free access to food
and water. Procedures for the ethical treatment of the animals were conducted in accordance to

the guidelines found within the Guide for the Care and Use of Laboratory Animals (DHHS
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Publication No. (NIH) 80-23, revised 2010 8" edition) and were approved by the University of

Colorado’s Institutional Animal Care and Use Committee.

Experiment 1: Basal clock gene expression throughout the brain of male and female rats

In order to assess basal clock gene expression, two cohorts of rats were used, with sex
counterbalanced across cohorts (total of 48 males and 49 females; 8-9 rats of each sex at each
time point). Females and males were age-matched and housed in separate rooms. Female
estrous cycle was not tracked for this first experiment. Thus, all female data from this

experiment were pooled regardless of estrous cycle stage.

Experiment 2: Basal clock gene expression throughout the brain of normally cycling
versus non-cycling female rats

74 female rats were used (12-13 rats at each time point). Estrous cycle phase was
assessed by daily vaginal lavage for 2 weeks. The rats on the reverse light:dark schedule were
lavaged daily at zeitgeber time 1 (ZT1 — ZT refers to the number of hours after the light phase
onset), and the rats on the normal light:dark schedule were lavaged daily at ZT8. Lavages
began 2 days after arrival and after the light:dark schedule was set. For lavage, a blunt tip glass
eye dropper filled with ~0.5mL of sterile saline was inserted into the vagina. To gently wash off
vaginal cells for examination, the saline was expelled into the vagina two to three times before
being extracted up by the eye dropper. A drop of the sample was placed on concave
microscope slides and immediately examined under 40x light microscopy to assess estrous
cycle stage. Rats were considered cyclers if they had at least three different estrous cycle

stages within the last five days before sacrifice (Goldman et al., 2007; Marcondes et al., 2002).

Tissue Collection
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For both experiments, rats were removed from their home cage and immediately
decapitated at six evenly spaced times across the 24 hour day (ZTO0, 4, 8, 12, 16, 20).
Procedures were performed under red light conditions for rats killed during the dark phase
(ZT12, 16, 20). Trunk blood was collected into EDTA-coated tubes and centrifuged at 4,000
rpms for 10 minutes at 4°C. Plasma was then aliquoted and stored at -70°C until subsequent
use. Brains were extracted and flash frozen in -25 £ 5°C isopentane chilled with dry ice. Brains
were then cut (12 pm thick coronal sections) with a cryostat (Leica CM 1850) at the level of the
mPFC (Bregma ~ 2.2-3.2 mm anterior to Bregma), SCN (Bregma ~ 1.3 to 1.4 mm posterior to
Bregma), PVN (Bregma ~ 1.8 to 1.88 mm posterior to Bregma), and hippocampus/amygdala
(Bregma ~ 2.5 to 2.8 mm posterior to Bregma) according to Paxinos & Watson (4" edition).
Brain slices were thaw-mounted onto Colorfrost Plus microscope slides, and stored at -70°C

until subsequent use.

Corticosterone (CORT) Hormone Assays

Plasma samples were assayed in duplicate using an ELISA kit according to the
manufacturer’s instructions (Cat #ADI-901-097 Enzo Life Sciences, Plymouth Meeting, PA or
Cat #K014-H1 Arbor Assays, Ann Arbor, MI). Sensitivity for CORT was 18.6 pg/mL (Enzo Life
Sciences) or 27.0 pg/mL (Arbor Assays) according to the manufacturer. Plasma was diluted
1:50 in assay buffer and heat inactivated for 60 minutes at 65°C in order to denature
corticosteroid binding globulin. Intra-assay coefficient of variation averaged 8.9%, and the inter-

assay coefficient of variation was 12.8%.

In situ Hybridization
In situ hybridization for Per1, Per2, and Bmal1 mRNA was performed as previously
described (Ginsberg et al., 2003; Girotti et al., 2009) with slight modifications as follows.

Hybridization was performed in a 50% formamide humidified atmosphere at 54°C for 16-18
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hours. Slides were then treated with RNase A (Cat #R5503, Sigma, St. Louis, MO) at 37°C for
an hour, washed in decreasing concentrations of standard saline citrate solution (SSC),
incubated in 0.1X SSC at 65°C for an hour, then dehydrated through a series of ethanol
washes. Dried slides were then exposed to X-ray film for 2-4 weeks, after which films were
digitized by use of Northern Light lightbox model B95 (Imaging Res. Inc, St. Catharines, Ontario,
CAN), a Sony CCD video camera model XC-ST70 fitted with a Navitar 7000 zoom lens
(Rochester, NY) connected to a LG3-01 frame grabber (Scion Corp., Frederick, MD) inside a
Dell Dimension 500, and captured with Scion Image beta rel. 4.0.2.
Densitometry

Digitized brain images were analyzed using ImageJ64 (NIH) to quantify the mean optical
density (OD) of regions of interest (ROI). ROIs were hand drawn using visible anatomical
landmarks with aid of the Paxinos & Watson Brain Atlas. An experimenter blind to the treatment
group assignments generated ROlIs for both hemispheres. PFC and rostral agranular insula
(insula) measures were based on 6 coronal slices per brain, and all other measures were based
on 4 coronal slices per brain. The mean gray values of all ROIs were converted into
uncalibrated ODs using ImagedJ (NIH). Densitometry was performed on films in which the gray
level signal fell within the linear range of the gray level to OD relationship. These ODs were then
averaged to get the mean OD for each animal. The mean OD for each rat was normalized by
converting the mean OD values to a percent of mean value for the male ZTO group in
Experiment 1, or a percent of the mean value for the overall ZTO group for Experiment 2.
Statistical Analysis

Data were analyzed by two-way analysis of variance (ANOVA) in order to assess clock
gene variation across time of day and sex in Experiment 1, or clock gene variation across time
of day and estrous cyclicity in Experiment 2. Rats in Experiment 2 were divided into non-cyclers
or cyclers, rather than stage of estrous cycle, in order to increase power of analysis due to a

limited number of subjects in each estrous stage at each ZT. For significant main effects or
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interactions, Fischer’s least significant difference (FLSD) post-hoc test was used to assess
significant sex or cyclicity differences at a specific time of day. P-values < 0.05 were considered
to indicate significant differences between groups. Statistical Package for Social Sciences
(SPSS, Mac version 21, 2012) was used for ANOVA and post-hoc analysis. For most clock
gene measures in most brain regions there was minimal, but occasional missing data due to the
absence within that assay of tissue sections for a particular brain that included the appropriate
region of interest. Those missing data are reflected in the small variations in denominator
degrees of freedom for the ANOVA analyses. Due to technical difficulties, there were not
enough tissue sections to measure Per2 gene expression for the first cohort of rats in
Experiment 1 at the level of the SCN. Consequently, that measure is based on group sizes of 4-
5 rats. All line graphs showing relative clock gene expression over the course of the day have
double-plotted ZT0/ZT24 data for aid in visualization of the underlying rhythm.

Data with a significant time of day effect were further analyzed using least-squares
rhythmometry method with ChronoLab 3.0.3 (Mojon et al., 1992) and separated out by male or
female (Experiment 1), and by cycling or non-cycling (Experiment 2). Data were tested for fit to
a cosine curve constrained to a 24-h period and considered to have a significant 24-h period if
the p-value was < 0.05. In cases where there was a significant 24-h period, estimates of
amplitude and acrophase, along with their corresponding 95% confidence intervals (Cls), were
generated. Amplitude refers to the distance from the MESOR (rhythm adjusted mean) to the
peak of the rhythm, and is reported in units of normalized percent OD values in each
experiment. Acrophase, the phase angle where the peak of the fitted curve falls, was converted

to ZT time.

RESULTS

Experiment 1: Basal clock gene expression throughout the brain of male and female rats



Table 2.1. Experiment 1: Statistical analysis of basal Per1, Per2, and Bmal1 mRNA
throughout the brain. Two-way ANOVA results for effect of time of day (ZT), sex, and
their interaction, *p < 0.05, **p < 0.001. Cosinor analysis test for 24 h rhythmicity was
analyzed separately for each sex (x = rhythmic, p < 0.05). SCN = suprachiasmatic
nucleus, PVN = paraventricular nucleus of the hypothalamus, AC = anterior cingulate
cortex, PL = prelimbic cortex, IL = infralimbic cortex, VO = ventral orbital cortex, Insula =
rostral agranular insular cortex, CA1 (of hippocampus), CA3 (of hippocampus), supraDG
= superior blade of the dentate gyrus, infraDG = inferior blade of the dentate gyrus, CEA
= central amygdala, BLA = basolateral amygdala, MEA = medial amygdala.

Cosinor Analysis

(x = p<0.05)
ZT Sex Sex x ZT Male Female

SCN F(5 82) = =20.9* F(1 82) = =1.7 F(5 82) = =0.0 X X

PVN F(5 84) = =12.8** F(1 84) = =0.0 F(5 84) = =04 X X

AC F(5 84) = =7.7 F(1 84) = =0.5 F(5 84) = =0.5 X X
PL F(5 84) = =3.0* F(1 84) = =0.0 F(5 84) = =04 X
IL Fss2=3.0"  F1gn=00 Fpen=09 x

VO F(5’84) =11.5** F(1’84) 0.4 F(5,84) X X

Per1 Insula F(5’84) f 89:* F(1y84) =0.0 F(5 84) = 0 5 X X

CA1 F(5yg5) =45 F(1 85) = =01 (5 85) = =07 X

CA3 F(5’85) =4.2* F(1 85) = =0.9 F(5’85) =12 0.07 X

SupraDG F(5'35) =20 F(1 85) — =04 F(5.85) =0

infraDG F(5 85) = =12 F(1 85) — =04 F(5,85) =1.2
CEA F(5 85) = =5.1* F(1 85) — =03 F(5185) =15
BLA Fis85 =6.7"* F15 =01 Fg5 =22 X X
MEA F(5 85) = =2.9* F(1 85) = =0.1 F(5 85) = =0.2

SCN  Fep =221 F1g2=0.0 Fpre)=06 X X
PVN  Fse3 =32.2" F183=0.2 Fpgy=15 X X
AC F(5,83) - 10.5** F(1 83) — O O F(5,83) = 18 X X
PL Fis83)=8.3™ F183=02 Fse3=10 X X
IL Fises =5.8" Frgy=01 Fgsn=11 x X
VO F(5yg3) =10.2** F(1yg3) 0.0 F(5,83) = X X
Bmal Insula  Fsg3) = 13.4" F(183=0.0 F5e3=1.0 X X
CA1 Fs5) = 3.4" F185)=0.0 F(585=0.8 0.05 X
CA3  Fsg5=3.2"  F185=09 Fse5=04 0.07 X
supraDG Fise5 =1.9 F.85=0.9 Fs.85 = 0.7
infraDG F(5 85) = =18 F(1,85) 0.2 F(5,85)
CEA F(5 85) = =9.5* F(1’85) =12.2* F(5 85) = =14 X X
BLA F(5 85) = =7.6** F(1’85) =15 F(5 85) = =0.9 X X
MEA F(5yg5) =7.0** F(1yg5) =20.7* F(5 85) = =0.5 X X
SCN F5.36) = 23.4™ F(1 36)= 2.4  Fs36= 1.1 X X
PVN F(5Y73) =14.3** (1 78) — =04 F(5,78) =0.8 X X
AC Fis84y=12.0" F(184=03 F584=1.3 X X
PL F(5 84) = =6.7" F(1,84) =041 F(5,34) =1.3 X X
IL Feen=4.0"  Fuen=00 Fpen=10 x
VO Fis84y=17.9" F(184=03 Fs584=1.0 X X
Per? Insula F(5yg4) f 180:: F(1 84) = =0.0 F(5,84) i 1.3 X X
CA1 F(5,85) =10.6 F(1 85) = =01 F(5,85) =1.2 X X
CA3  Fes=11.0" F1g5=0.0 Fies=17 X X
supraDG  F(s g5 = 3.3 Fi185y=0.1  Fsg5=1.2 X
infraDG F(5 85) = =17 F(1 85) = =0.2 F(5 85) =
CEA  Fe5 =51 Fg5 =09 Fies)= =0.5 0.06 X
BLA  Fse5=7.9"  F185 =01  F5g5 = 2.1 X X

MEA F(5’85) 2.8* F(1’85) 0.5 F(5yg5) =0.7

CORT F(5’85) =10.2** F(1 85) = =29.4% F(5 85) = =2.0 X X

24
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CORT hormone levels

There was a robust diurnal rhythm of basal CORT levels, with an acrophase centered
around the onset of the dark phase (male acrophase = 12.7+£0.9, 95% confidence interval (Cl);
female acrophase = 13.811.5, 95% CI) [Fig 2.1]. Two-way ANOVA found significant main effects
of ZT and sex. Post-hoc tests (FLSD) revealed that females had greater levels of CORT

compared to males at ZT8-20 (i.e., during all times except the diurnal nadir) [Table 2.1, Fig 2.1].

Figure 2.1. Basal levels of plasma CORT hormones in male and female rats. There is
a significant ZT effect in CORT levels (two-way ANOVA, p < 0.05). Males and
females also had a significant rhythm of CORT as determined by cosinor analysis (p
< 0.05). There was also a significant sex effect where females had greater CORT
than males at all times except the diurnal nadir (Fischer's LSD, *p < 0.05).
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Clock Gene Analysis — Sex Comparison of Time of Day (ZT) and 24-h Rhythmic Expression

As expected, the SCN had robust, 24-h rhythmic Per1, Per2, and Bmal1 mRNA

expression (significant main effect of ZT; significant cosinor analysis) [Table 2.1, Fig 2.2].
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Figure 2.2. A) 24-h rhythmic expression of Per1, Per2, and Bmal1 mRNA in the
SCN and PVN. There was an overall significant ZT effect (two-way ANOVA, p <
0.05) and 24-h rhythm (cosinor analysis, p < 0.05) for all clock genes in both the
SCN and PVN of both males and females (n=8 for each sex and ZT time, except
n = 4 for SCN Per2 mRNA). Female profiles are denoted by filled circles
connected by a solid line; male profiles are denoted by open squares connected
by a dashed line. B) Representative autoradiographic images were taken from
the diurnal peak and trough of each clock gene’s rhythmic expression in the SCN
and PVN (brain regions of interest denoted within black rectangle).
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There was no main effect of sex or sex by ZT interaction for Per1, Per2, and Bmal1 mRNA in
the SCN. There were also no sex differences in acrophase or amplitude for all clock genes
examined (cosinor analysis). There was also robust 24-h rhythmic Per1, Per2, and Bmal1
MRNA expression for both sexes in the PVN [Fig 2.2], anterior cingulate cortex (AC), ventral
orbital cortex (VO), rostral agranular insula (insula) [Fig 2.3], and basal lateral amygdala (BLA)

[Fig 2.5] [Table 2.1].



Figure 2.3. 24-h rhythmic expression of Per1, Per2, and Bmal1 mRNA in the anterior cingulate
(AC), prelimbic (PL), infralimbic (IL), and ventral orbital (VO) subregions of the prefrontal cortex,
as well as the rostral agranular insula. There was an overall significant ZT effect for all clock
genes across all subregions of the PFC and insula (two-way ANOVA, p < 0.05; n=8 for each sex
and ZT time). Although there was a significant 24-h rhythm of each clock gene for males in all
brain regions (cosinor analysis, p < 0.05), females failed to have a significant rhythm for Per? in
the PL and IL subregions, and for Per2 in the IL. Female profiles are denoted by filled circles
connected by a solid line; male profiles are denoted by open squares connected by a dashed line.
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Figure 2.4. 24-h rhythmic expression of Per1, Per2, and Bmal1 mRNA in the CA1 and CA3
subregions of the hippocampus in male and female rats. There was an overall significant
ZT effect for all clock genes in the CA1 and CA3 (two-way ANOVA, p < 0.05; n=8 for each
sex and ZT time). Whereas females had significant rhythmic expression of each clock gene
in both CA1 and CA3 (cosinor analysis, p < 0.05), males failed to have significant rhythmic
Per1 and Bmal1 mRNA expression in the CA1 and CA3. All clock genes failed to exhibit
rhythmic expression in the inferior (not pictured) and superior blades of the dentate gyrus
(ZT effect, 2-way ANOVA, p > 0.05), however, Per2 mRNA expression was rhythmic in the
supra DG for females (cosinor analysis, p < 0.05). Female profiles are denoted by filled
circles connected by a solid line; male profiles are denoted by open squares connected by
a dashed line.
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Figure 2.5. 24-h rhythmic expression of Per1, Per2, and Bmal1 mRNA in the amygdala.
There was an overall significant ZT effect for all clock genes in the BLA, MEA, and CEA
(two-way ANOVA, p < 0.05; n=8 for each sex and ZT time). There was also a significant
sex effect for Bmal1 mRNA in the CEA and MEA (two-way ANOVA, p < 0.05; *p < 0.05,
FLSD). Cosinor analysis found all clock genes to be rhythmic in the BLA for both males
and females (p < 0.05). In the CEA, cosinor analysis found Bmal1 mRNA rhythmic for
both males and females (p < 0.05), and Per2 mRNA rhythmic in females (p < 0.05) with
males trending toward rhythmic expression (p = 0.06). In the MEA, only Bmal1 mRNA
was rhythmic for both males and females (p < 0.05). Female profiles are denoted by filled
circles connected by a solid line; male profiles are denoted by open squares connected
by a dashed line.
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Although there was not a significant sex by ZT interaction for clock gene expression in any of
the brain regions examined, cosinor analysis indicated that males but not females had a robust
24-h rhythm of Per1 (prelimbic and infralimbic cortex) and Per2 (infralimbic cortex) mRNA in

subregions of the medial prefrontal cortex [Table 2.1]. On the other hand, females but not males
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had a robust 24-h rhythm of Per1 (CA1 and CA3), Bmal1 (CA1 and CA3), and Per2 (supra
blade of the dentate gyrus) mRNA in subregions of the hippocampus, and a more robust 24-h
rhythm of Per2 mRNA in the central nucleus of the amygdala (CEA) [Table 2.1]. The only main
effect of sex observed was for Bmal1 mRNA expression in the CEA and medial amygdala
(MEA) [Table 2.1]. Post-hoc analysis revealed that this sex effect is due to greater Bmal1 mRNA
expression in females compared to males at ZTO and ZT20 in the CEA (greater peak levels in
females), and ZT0, ZT8, and ZT20 in the MEA (greater peak and trough levels in females).
There was an absence of rhythmic Per1 and Bmal1 mRNA in the dentate gyrus (DG)
[Table 2.1]. Although there was a significant ZT effect for Per1 mRNA in all three amygdala
subdivisions, only in the BLA did that expression have a significant 24-h rhythm. Similarly, there
was a significant ZT effect for Per1 and Per2 mRNA in the MEA, but that expression did not

have a significant 24-h rhythm.

Clock Gene Analysis — Acrophase Comparison Within and Across Brain Regions

The 24-h rhythmic expression of Bmal1, Per1, and Per2 mRNA in the brain regions
examined revealed three distinct composite profiles, suggesting that the molecular clock varies
in its overall phase relationship between different brain regions. The three main clock profiles
are: 1) Bmal1 mRNA acrophase in the dark phase with Per1/Per2 mRNA antiphasic to Bmal1
MRNA; 2) Bmal1 mRNA acrophase in the light phase with Per1/Per2 mRNA antiphasic to
Bmal1 mRNA; 3) Bmal1 mRNA acrophase around the transition from dark to light phase with

Per1/Per2 mRNA acrophase in the early/mid dark phase [Fig. 2.6].
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Figure 2.6. Plot of acrophases (+ 95% CI) for Per1, Bmal1, and Per2 mRNA in all brain
regions examined in males and females separately (A-C) and males and females
combined (D-F). There were 3 distinct molecular clock profiles: 1) BmalT mRNA
acrophase in the dark phase with Per1/Per2 mRNA antiphasic to Bmal1 mRNA (A,D), 2)
Bmal1 mRNA acrophase in the light phase with Per1/Per2 mRNA antiphasic to Bmal1
mRNA (B, E), and 3) Bmal1T mRNA acrophase around the transition from dark to light
phase with Per1/Per2 mRNA acrophase in the early/mid dark phase (C,F). The Bmal1
MRNA acrophase clusters for each of the 3 distinct profiles are highlighted within black
rectangles. Acrophase estimates are for rhythms with a significant 24-h period, p < 0.05;
cosinor analysis (NS = not significant).
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Bmal1 mRNA acrophase in the dark phase with Per1/Per2 mRNA antiphasic to Bmal1 mRNA

The SCN and the CEA both had Bmal1 mRNA acrophase at ~ZT18. In the SCN, the acrophase
of Per1 mRNA was antiphasic to Bmal1T mRNA and occurred at ~ZT5 [Fig 2.6]. The acrophase
of Per2 mRNA expression occurred at ~ZT9, between that of Per1 and Bmal1 mRNA. This is
the only brain region examined in which the acrophase of Per2 mRNA was significantly different

than that of Per1 mRNA (no overlap of 95% ClIs). In the CEA, Per1 mRNA failed to be rhythmic,
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but Per2 mRNA was rhythmic and antiphasic (acrophase ~ZT4) to Bmal1 mRNA expression.
Considered together, both the SCN and CEA had a Bmal1 mRNA acrophase in the dark phase
and an antiphasic acrophase of a negative component of the molecular clock (either Per1 or

Per2 mRNA).

Bmal1 mRNA acrophase in the light phase with Per1/Per2 mRNA antiphasic to Bmal1 mRNA

The PVN, insula, VO, and the CA1 and CA3 subregions of the hippocampus had a Bmal1
MRNA acrophase in the beginning of the light phase [Fig 2.6]. In these brain areas, both Per1
and Per2 mRNA expression had an acrophase (~ZT13-18) that was approximately antiphasic to
the Bmal1 mRNA acrophase (~ZT0-5). It is noteworthy that the acrophases for Bmal1 and Per1
mRNA in these brain areas were also anti-phasic to their respective acrophases in the SCN,
demonstrating distinct patterns of rhythmicity between the two hypothalamic nuclei. In these

brain regions, the acrophases for Per1 and Per2 mRNA were similar to each other.

Bmal1 mRNA acrophase at the transition from dark to light with Per1/Per2 mRNA acrophase
during the early-mid dark phase
Subregions of the medial PFC (AC, PL, IL), the BLA, and the MEA had an acrophase of Bmal1
mMRNA around the late dark phase (ZT20-24), and an acrophase of Per1 and Per2 mRNA during
the early to mid dark phase (ZT11-16) [Fig 2.6]. The acrophases of Per1 and Per2 mRNA of
these brain regions were similar to the Per7 and Per2 mRNA acrophases seen in the PVN,
insula, VO, and the CA1 and CA3 subregions of the hippocampus. The exception is the MEA,
which lacked 24-h rhythmic expression of both Per? and Per2.

Throughout nearly all brain regions examined, there was a distinct trend for the

acrophase of each of the three clock genes to be slightly phase-delayed in females compared to
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males, although within any one brain region this sex difference was not statistically significant

[Fig 2.6].

Rhythmic Clock Gene Amplitude Comparison Across Brain Regions

There was robust Per1, Per2, and Bmal1 mRNA expression in the SCN and PVN, with
relatively large amplitudes for each 24-h rhythm [Fig 2.7]. Consistent with other reports (Girotti
et al., 2009; Harbour et al., 2014; Harbour et al., 2013), in these two brain regions there was a
larger amplitude of Per?1 and Per2 mRNA 24-h rhythms than there was for Bmal1 mRNA.
Notably, the amplitudes of the 24-h rhythms of Bmal1 and Per2 mRNA were lower in all other
brain regions examined. The amplitude of Perf mRNA 24-h rhythm was somewhat lower in the
PFC subregions and insula compared to the SCN and PVN, and was distinctly lower in the
hippocampus and amygdala.

Figure 2.7. Plot of amplitudes (£ 95% CI) for the rhythmic expression of Per1, Bmal1, and

Per2 mRNA in all brain regions examined in males and females combined. The SCN and

PVN had the greatest amplitudes for Per1, Bmal1 and Per2 mRNA rhythmic expression

compared to all other brain regions examined. In all cases where there was a significant

24 h rhythm for both sexes (Table 1, Fig. 6), there was no significant sex difference in

amplitude. Brain regions of interest are arranged in rostral to caudal order on the x-axis.

Instances where there was not a significant rhythm have been marked as not significant
(NS).
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Experiment 2: Basal clock gene expression throughout the brain of normally cycling
versus non-cycling female rats

Estrous Cyclicity and CORT levels

A large percentage of female rats (43%) in this experiment were considered non-cyclers.
This lack of cycling could be due to some cases of vaginal lavage-induced pseudopregnancy
(Becker et al., 2004), but perhaps largely due to the Lee-Boot effect, as females were pair-
housed and in rooms with only females (Van der Lee & Boot, 1955; 1956). Similar to
Experiment 1, females had a large diurnal rhythm in basal plasma CORT levels (two-way
ANOVA and cosinor analysis, p < 0.05) with an acrophase of 11.2+1.7 95% CI. There was no

effect of cyclicity or ZT by cyclicity interaction.

Clock gene expression

Two-way ANOVA and cosinor analysis found similar acrophases and amplitudes for 24-

h rhythms of Bmal1 and Per2 mRNA expression as in Experiment 1 [Table 2.2].
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Table 2.2. Experiment 2: Statistical analysis of basal Per1, Per2, and Bmal1 mRNA
throughout the brain. Two-way ANOVA results for effect of time of day (ZT), estrous
cyclicity, and their interaction, *p < 0.05, **p < 0.001. Cosinor analysis test for 24 h
rhythmicity was analyzed separately for female rats that displayed a regular estrous cycle
(Cyclic; n=5-10 per ZT time; N=42) and those that did not (Acyclic; n=2-8, per ZT time;

N=32).
Cosinor Analysis
(x=p<0.05)
ZT Cyclicity  Cyclicity x ZT Acyclic  Cyclic
SCN F(5 63) = =30.5* F(1 63) = =04 F(5’63) =23 X X
PVN F (5,63) =51* F(1 63) = =28 F(5’63) =0.6 X X
AC F (562) = =0.6 F(1 62) = =0.3 F(5’62) =14
PL F(5 62) = =0.5 F(1 62) = =0.9 F(5,62) =1.6
IL F (5,62) = =0.6 F(1 62) = =0.7 F(5,62) =1.8
VO F(5,62) 0.9 F(1 62) = =1.0 F(5,62) =15 X
Pert Insula F(5,62) =1.2 F(1 62) = =0.1 F(5’62) f 14 X
CA1 Feoy=08  Frey=04 Froey=18
CA3 F (5,63) = =0.6 F(1 63) = =0.3 F(5,63) =1.2
SupraDG F(5,63) =1.0 1y63) =0.9 F(5,63) =14
infraDG F(5,63) =11 F(1’63) =17 F(5’63) =15
CEA F(5,62) =0.8 F(1 62) = 0.0 F(5,62) =14
BLA F(5162) =22 F(1 62) = =0.0 F(5’62) =1.9 X
MEA F(5,62) =1.5 F('I,GZ) 0.0 F(5,62) =1.5
PVN F (5,63) 3 6 F(1 63) = 0 1 F(5’63) =1.2 X
AC F(5 62) = =7.0* F (1,62) =4.6* F(5,62) =2.8* X X
PL F (5,62) =4.7* F(1 62) = =23 F(5’52) =2.8* X X
IL F(5,62) 2.1 F(1 62) = =4.3* F(5,62) =2.6* X X
VO F(5'52) =6.3** F(1 62) = =24 F(5’52) =2.6* X X
Bmal Insula F(5’52) =10.97** F(1 62) = =41* F(5’62) f 2.1 X X
CA1 F(5 63) = =19 F(1 63) =0.7 F(5,63) =0.5
CA3 F (5,63) = =22 F(1 63) = =0.1 F(5’63) =0.5
SUpraDG F(5,63) =1.2 F(1,63) =0.3 F(5,63) =0.2
infraDG F(5,63) =0.8 F(1’63) =0.0 F(5’63) =0.3
CEA F (562 = 2.6 F(1 62) = 0.5 F(5,62) =04 X
BLA F (5,62) =44 F(1 62) = =0.8 F(5,62) =04 X
MEA 5,62) =6.0" F(1,62) =0.1 F(5,62) =15 X
SCN F(5 63) = = 34.6™ F(»] 63) = =0.1 F(5,63) =0.7 X X
PVN F(5 63) = =10.1** F(1 63) = =0.1 F(5’63) =11 X X
AC F (562) = =4.0* F(1,62) =1.0 F(5,62) =0.3 X X
PL F(5 62) = =07 F(1 62) = =04 F(5’62) =0.3
IL F 5 62) =0.8 F(1 62) = =0.8 F(5’62) =04
VO F (5,62) =57 F(1’62) 0.5 F(5’62) =04 X X
Per? Insula F (562) = =7.2% F(1 62) = =05 F(5,62) i 0.3 X X
CA1 F(5’62) =1.8 F(1 62) = =0.0 F(5’62) =15
CA3 F(5 62) = =1.6 F(1 62) = =0.3 F(5’52) =14 X
SUpraDG 5 62) = =07 F(1,62) 0.0 F(5,62) =1.9
infraDG F(5,62) =1.3 F(1 62) = =0.0 F(5’62) =20
CEA F(5 62) = =3.9* F(1 62) = =0.3 F(5,62) =15 X
BLA F (562) = =07 F(1 62) = =0.2 F(5’62) =0.5
MEA (5 62) = =0.5 F(1,62) 0.0 F(5,62) =1.0
CORT F(5,63) =55 F(1,63) =0.0 F(5,63) =04 X X

Per1 mRNA failed to have a significant main effect of ZT, with the SCN and PVN as the

exceptions. Similar to the profile for females in Experiment 1, Per1 and Per2 expression in the
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prelimibc cortex (PL) and infralimbic cortex (IL) failed to be rhythmic, suggestive of an
attenuated amplitude in females compared to males. There was a significant cyclicity x ZT
interaction for Bmal1 mRNA expression in the AC (Fis62) = 2.8, p = 0.02), PL (F562)=2.8, p =
0.02), IL (F562) = 2.6, p = 0.03), and VO (F (5,62) = 2.6, p = 0.03), where non-cyclers had more

robust 24-h Bmal1 expression compared to cyclers [Fig 2.8].

Figure 2.8. Comparison of Per1, Per2 and Bmal1 mRNA in the SCN, PL, and IL of female
rats separated according to estrous cyclicity status. Note that there was a blunted rhythm
and significant phase-advance for Bmal1 mRNA in the PL and IL, but not SCN, of female
rats that had regular estrous cycles (cyclic; n=5-10 per ZT time; N=42) compared to
female rats with less regular estrous cycles (acyclic; n=2-8 per ZT time; N=32)
(Significant cyclicity status by ZT interaction, two-way ANOVA, p < 0.05). There were
also significant differences of cyclicity status on Bmal?1 mRNA at ZTO0 (PL, IL) and ZT4
(IL) (two-way ANOVA, FLSD, *p < 0.05). Cyclicity status had no significant effect on clock
gene expression in the SCN. Per1 and Per2 mRNA were not rhythmic in the PL and IL (p
> 0.05). Acyclic profiles are denoted by filled circles connected by a solid line; cyclic
profiles are denoted by open squares connected by a dashed line.
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Bmal1 mRNA expression in the subregions of the PFC were the only instances where there was
a significant cyclicity by ZT interaction [Table 2.2]. Examination of cosinor analysis revealed that
while both non-cyclers and cyclers had rhythmic Bmal1 mRNA expression in the PFC, cyclers
had a blunted rhythm (smaller amplitude) compared to non-cyclers. In addition to a blunted
amplitude, cyclers also had a significant difference (cosinor analysis) in acrophase of Bmal1
mMRNA rhythm in the PL and IL subregions. When including all of these brain regions in an
ANOVA analysis that treated brain region as a repeated measure factor, there was a significant

cyclicity by ZT interaction (Fsg; = 2.9; p = 0.02) [Fig 2.8].

DISCUSSION

We found a 24-h rhythmic expression profile for both positive (Bmal1) and negative
(Per1, Per2) regulatory clock genes across a range of brain structures that are important for
emotion-related learning and control. The phase relationship between the expression of these
clock genes varied within and between brain regions with three distinct profiles evident. Overall,
these rhythms were similar between male and female rats. However, in female rats, the
acrophase of all clock genes in nearly all brain regions examined was slightly phase-delayed
compared to male rats, though not significant. There were also some brain region specific sex
differences in the robustness of rhythmic clock gene expression. In addition, the PFC had less
robust rhythmic clock gene expression in the composite data of female rats at various phases of

the estrous cycle compared to females that were not cycling.

Three Distinct Molecular Clock Profiles

The molecular clock in the SCN represents one of the distinct molecular clocks found in
this study — Bmal1 mRNA acrophase in the dark phase with antiphasic expression of Per1/Per2
MRNA. These acrophases matched that of previous studies seen in the SCN (Dunlap, 1999;

Girotti et al., 2009, Harbour et al., 2014). This was the only tissue examined where there was a
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significant difference in the acrophase of Per1 and Per2 mRNA with a ~4-h phase-delay of Per2
MRNA relative to Per1 mRNA, as previously reported in several different rodent species
(Albrecht et al., 1997). The CEA was the only extra-SCN brain region examined in this study
that had a phase relationship for the positive and negative clock gene components similar to the
SCN. Per2 mRNA was rhythmic in the CEA and its acrophase was antiphasic to the acrophase
of Bmal1 mRNA. Our results are consistent with the previous finding that PER2 protein diurnal
expression in the CEA has a similar, although somewhat advanced phase relationship with
PER2 protein expression in the SCN, which differs from other brain regions (BLA, DG) (Lamont
et al., 2005). Our results are also in close agreement with the recent finding that Bmal1 and
Per2 mRNA in the CEA and SCN have similar phase-relationships, with acrophase estimates
very close to ours (Harbour et al., 2014). The CEA integrates neural input to produce expression
or inhibition of fear (LeDoux et al., 1988; Wilensky et al., 2006). Circadian variations have been
observed in conditioned fear expression and conditioned fear extinction memory (Chaudhury &
Colwell, 2002; Eckel-Mahan et al., 2008; Valentinuzzi et al., 2001; Woodruff et al., 2015; Pace-
Schott et al., 2013). Whether the similar phase-relationship of clock gene expression between
the SCN and CEA has a functional significance for circadian modulation of conditioned fear
remains to be determined. The SCN and CEA are comprised predominantly of GABAergic
neurons (Sun & Cassell, 1993; Sun et al., 1994; Wagner et al., 1997), which may contribute to
the somewhat unique circadian clock relationship of those two brain regions.

The second distinct molecular clock observed was characterized by a Bmal1 mRNA
acrophase during the light phase with anti-phasic expression of Per1/Per2 mRNA. This was
evident in the PVN, the CA1 and CA3, the VO, and the rostral insula. In the PVN there were no
sex differences in acrophase or amplitude of any of the clock genes despite a robust sex
difference seen in the amplitude of diurnal CORT levels. In the hippocampal DG, the only
significant clock gene expression rhythm that we observed was in female rats (Per2 mRNA),

consistent with the more robust CA1 and CA3 rhythms evident in female rats compared to
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males [Fig 2.4 & 2.6]. Despite the overall lack of statistical significance, the general diurnal
expression profile for each clock gene in the DG was similar to that seen in the CA1 and CA3
[Fig 2.4]. Previous studies have shown rhythmic clock gene expression in rodent DG (Feillet et
al., 2008a; Gilhooley et al., 2011; Harbour et al., 2014; Lamont et al., 2005), whereas others
failed to see rhythmic Per1 or Per2 mRNA in DG or whole hippocampus of rodents (Shieh et al.,
2003). Wang et al. (2009) observed rhythmic but blunted amplitude of Per2 mRNA and PER2
protein in the DG compared to CA1, CA2, and CA3 of mouse hippocampus. Consequently,
there may be some rhythmic clock gene expression in the DG with an expression profile similar,
but less robust, to the profile in the CA1 and CA3. Performance on hippocampal-dependent
learning and memory tasks has been shown to have diurnal differences (Eckel-Mahan et al.,
2008; Smarr et al., 2014), possibly reflecting rhythmic clock gene expression in the
hippocampus.

The third distinct molecular clock observed had an acrophase of Bmal1 mRNA that
occurred at the transition from the dark to the light phase and acrophases of Per?1 and Per2
mMRNA that occurred during the early to mid dark phase. Subregions of the medial PFC (AC, PL,
IL) and BLA shared this molecular clock. This is the first study to show rhythmic expression of
these clock genes throughout the mPFC. A key feature of this third molecular clock profile is the
lack of fully anti-phasic rhythms between Bmal1 and Per1/Per2 mRNA due to the distinct
acrophase of Bmal1 compared to other brain regions. This lack of anti-phasic expression may
be due to phenotypic variations in clock gene mRNA or protein half-lives, resulting in an anti-
phasic molecular clock evident primarily at the protein level. Additionally, CRY in these tissues
may play a bigger role in the negative regulation of Bmal? mRNA expression than PER1 or
PER2 (Shearman et al., 2000). It should also be noted that in the SCN, only the rhythmic

expression of Per1t mRNA, not Per2 mRNA, is fully anti-phasic to Bmal1 mRNA.

Possible Factors Contributing to Tissue Differences in the Molecular Clock
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The 24-h rhythmic expression of Per? and Per2 mRNA in the brain regions examined
had two distinct acrophases: in the mid-light phase or in the early to mid-dark phase. The
timing/entrainment of these rhythms may be related to the presence of a glucocorticoid
response element (GRE) and cAMP response element (CRE) in the promoter region of both
genes (Colwell, 2011; So et al., 2009; Yamamoto et al., 2005). In the SCN, light increases
activation of cAMP response element binding protein (CREB), which results in rapid increase of
Per1, and somewhat delayed Per2 transcription (Miyake et al., 2000; Shearman, 2000;
Tischkau et al., 2002; Zylka et al., 1998). Thus, it may be expected that the acrophase of Per1
and Per2 expression occurs during the light phase in the SCN. In all other brain regions
examined except the CEA, the acrophase of Per? and Per2 mRNA occurred during the first half
of the dark phase. The increased nocturnal physical activity and general arousal during the dark
phase is associated with increased neural activation, which could increase Per1 and Per2
expression via CREB activation. Interestingly, in humans and a diurnal rodent (degu) Per1/2
gene expression in extra-SCN brain regions has been found to have an acrophase during the
light phase (Li et al., 2013; Vosko et al., 2009).

Glucocorticoids can rapidly induce Per1 mRNA in fibroblasts, liver, and hippocampus,
and Per2 mRNA in mesenchymal stem cells, likely via the GRE associated with these genes’
promoter region (Balsalobre et al., 2000; Conway-Campbell et al., 2010; So et al., 2009;
Yamamoto et al., 2005). Peak Per1 and Per2 mRNA levels seen during the early dark phase in
extra-SCN brain regions could be influenced by the daily peak in circulating CORT levels
present at the onset of the dark phase. The diurnal CORT peak may contribute to daily GRE-
mediated induction of Per1 and Per2 mRNA expression and act as an entrainment factor for
extra-SCN clocks (Balsalobre et al., 2000; Pezik et al., 2012). There is very little GR expression
in the rodent SCN (Balsalobre et al., 2000; Rosenfeld et al., 1988; 1993). Thus, Per1 and Per2

MRNA expression in the SCN would not be subject to this daily entraining influence.
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While there were two distinct acrophases for Per1 and Per2 mRNA evident in the brain
regions examined, there were three distinct acrophases for Bmal1f mRNA. This suggests that
the phase relationship of rhythmic Bmal1 mRNA is not solely determined by Per1/Per2 mRNA
profiles. Retinoid-related orphan receptor (ROR) is a protein that positively induces Bmal1
transcription (Sato et al., 2004). There are tissue variations in the expressed isoforms of ROR
that may differentially modulate the oscillatory relationship between Bmal1 gene expression and

the other molecular clock elements (Emery & Reppert, 2004).

Tissue Comparison of the Molecular Clock Amplitude

Overall, there was a robust amplitude of rhythmic Per1, Per2, and Bmal1 mRNA in the
SCN and PVN of male and female rats, with no differences between the sexes. Clock gene
expression in all other brain regions, while still rhythmic, had attenuated amplitudes compared
to the SCN and PVN. These other brain regions may have less intercellular synchronization
compared to the SCN and PVN. Increased synchronization could be due to a greater shared
phenotypic response to the entraining influence of local neural, paracrine or hormonal factors. It
is also possible that clock gene rhythmic expression patterns (phase, amplitude) may differ
between cell types within some brain regions, resulting in a blunted composite amplitude at the

tissue level.

Gonadal Steroid Modulation of the Molecular Clock

There were small sex differences in the robustness of rhythmic clock gene expression in
certain extra-SCN brain regions. In females, there were less robust Per? and Per2 rhythms in
the PL and IL, brain areas important in stress adaptation, fear extinction, and emotional control
(Dalley et al., 2004; Jones et al., 2011; Quirk et al., 2006). This may reflect individual rat
variations in rhythm parameters due to fluctuating gonadal hormone levels as data for female

rats in Experiment 1 were pooled regardless of estrous cycle status. Perrin et al. (2006)
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demonstrated that PER2 protein amplitude changes depending on estrous cycle stage in the
CEA and oval nucleus of the bed nucleus of the stria terminalis. There are sex differences in
mPFC-modulated behaviors that rely on gonadal hormone status (Farrell et al., 2013; Fenton et
al., 2014; Sutcliffe et al., 2007), and diurnal variations in performance of these tasks has also
been shown in male rodents (Chaudhury & Colwell, 2002; Eckel-Mahan et al., 2008; Smarr et
al., 2014; Woodruff et al., 2015). In contrast to the PFC, female rats exhibited more robust
rhythmic Per1 and Bmal1 mRNA in the CA1 and CA3 hippocampal subregions compared to
males, which in this brain region may be related to the greater amplitude of diurnal CORT levels
in females due to the high density of GRs in the hippocampus [Fig 2.1] (Atkinson & Waddell,
1997; Goel et al., 2014; Viau & Meaney, 1991).

There was a distinct trend for the acrophase of female rats to be slightly phase-delayed
compared to males for all clock genes in nearly all brain regions [Fig 2.6], which may be due to
the influence of gonadal hormones. Previous studies have found that administration of estradiol
or progesterone to ovariectomized rats, whether acute or chronic, alters the acrophase of clock
gene expression in some peripheral tissues and the SCN (He et al., 2007; Nakamura et al.,
2001; 2005; 2010; Smith et al., 2010). In addition, ovariectomy has been found to increase Per1
transcriptional synchrony between cells in the SCN and decrease synchrony in some peripheral
tissues (Murphy et al., 2013). We also observed significant sex differences in Bmal1T mRNA
expression within the CEA and MEA. Females had greater peak Bmal?T mRNA expression in the
CEA, and overall greater Bmal1 mRNA levels (mesor) in the MEA compared to males. The MEA
has high concentrations of gonadal hormone receptors (Gray & Bingaman, 1996; Li et al., 1993;
Merchenthaler et al., 2004; Simerly et al., 1990), and gonadal hormones may regulate overall
Bmal1 mRNA expression levels in the amygdala subregions.

There was a trend for blunted aggregate clock gene rhythmic expression in females that
have robust cycling of the estrous cycle compared to non-cyclers. This difference was

predominantly evident for Bmal1 mRNA expression in the PFC where, in addition to a blunted
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amplitude, cycling females also had a slightly phase-advanced acrophase of Bmal1 mRNA
compared to noncycling females [Fig 2.8]. These results suggest that fluctuating gonadal
hormone levels in female rats contributes to varying clock gene expression, resulting in blunted
amplitude at the composite level. Our results are consistent with a study that found robust
diurnal rhythm of PER2 protein in the CEA and the oval nucleus of the bed nucleus of the stria
terminalis of ovariectomized female rats, whereas in non-ovariectomized rats, the amplitude of

PER2 protein rhythm varied with estrous cycle phase (Perrin et al., 2006).

Concluding Summary

We found 24-h rhythmic expression of both positive and negative regulatory clock genes
within a network of brain regions important for emotional regulation in male and female rats.
However, there was diversity in acrophase of these molecular clocks that varied depending on
brain region. In addition, females had a consistent and distinct trend to have acrophases slightly
phase-delayed compared to males. There were also small differences in the robustness of
rhythmic clock gene expression that depended on sex and estrous cycle status, which may be
due to activational effects of gonadal hormones. Further research is necessary to determine the
basis and functional significance of the brain region variations in molecular clock phase-
relationships and how gonadal hormones may influence these molecular clocks. This
knowledge may lead to a better understanding of the neurobiological basis of sex differences in

risk for certain psychological disorders.
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CHAPTER Ill: ADRENAL DEPENDENT AND INDEPENDENT STRESS-INDUCED
PER1 MRNA IN THE HYPOTHALAMIC PARAVENTRICULAR NUCLEUS AND
PREFRONTAL CORTEX OF MALE AND FEMALE RATS

ABSTRACT

A molecular clock is expressed not only in the body’s master circadian clock, the
suprachiasmatic nucleus of the hypothalamus (SCN), but also in many extra-SCN brain regions.
Although oscillatory clock gene expression in these extra-SCN brain regions depends on the
SCN for entrainment to a light:dark cycle, the SCN has a limited extent of direct neural
projections. The SCN may entrain extra-SCN molecular clocks through the circadian release of
glucocorticoid hormones (CORT). CORT can induce the expression of the core clock gene,
Per1, which may be how CORT regulates extra-SCN molecular clocks. Untimely increases in
CORT due to acute stress may compromise extra-SCN molecular clock function. This study
examined whether acute stress administered at ZT4 or ZT16 can rapidly increase clock gene
expression (Per1, Per2, Bmal1 mRNA,; in situ hybridization) in the paraventricular nucleus of the
hypothalamus (PVN) and prefrontal cortex (PFC) of male and female rats within 30 minutes.
The immediate early gene c-Fos was also examined. Restraint stress selectively increased Per1
and c-Fos mRNA, but not Per2 or Bmal1 mRNA in the PVN and PFC, but not SCN, of male and
female rats. This increase was comparable between sexes and time of day. A second
experiment using only male rats examined whether endogenous CORT is necessary for stress-
induced Per1 mRNA. In the PVN, adrenalectomy significantly attenuated stress-induced Per17 in
the PVN at ZT4, but not ZT16. In the PFC, adrenalectomy had no significant effect on stress-
induced Per1 mRNA. c-Fos mRNA was increased by stress regardless of adrenal status in both
brain regions. These data suggest that altered Per1 expression may be the gateway by which
extra-SCN molecular clocks adapt to changing environmental stimuli, such as a stressor.
However, rapid increases of Per1 mRNA levels after acute stress may be largely independent of

the presence of endogenous CORT.
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INTRODUCTION

Properly entrained circadian rhythms optimize an organism’s survival and are essential
for healthy behavior and physiology(Reppert & Weaver, 2002). Underlying these circadian
rhythms are cellular molecular circadian clocks(Hastings et al., 2011; Takahashi et al., 2008).
The molecular clock induces a positive regulatory component that depends on certain clock
genes (Bmal1, Clock/Npas2) whose protein products dimerize and increase the expression of
negative regulatory component clock genes (Period1,2,3, and Cryptochrome1,2). PER and CRY
proteins heterodimers then feedback to repress the actions of the positive regulatory
component. This self-regulating transcription-translation cycle approximates a 24-hour
period(Albrecht, 2002; Reppert & Weaver, 2002). An oscillating molecular clock has been well-
established in the body’s master clock, the suprachiasmatic nucleus of the hypothalamus (SCN)
(Hastings, 2004; Oishi et al., 1998; Welsh et al., 2010), and appears to be operational in many
peripheral tissues (e.g., kidney, liver, heart, adrenal gland)(Yamamoto et al., 2004) and extra-
SCN brain regions (e.g., prefrontal cortex, amygdala, hippocampus, hypothalamus) (Amir et al.,
2004; Angeles-CasteIIanos et al., 2007; Chun et al., 2015; Harbour et al., 2014; Rath et al.,
2012). Previous rodent studies demonstrate that knockdown of Bmal1 or Per1/Per2 expression
can lead to behavioral arrhythmicity (Bae et al., 2001; Bunger et al., 2000). Furthermore,
ClockA 19 mutant mice exhibit manic-like behavior (Dzirasa et al., 2011), and selective
knockdown of Per1/Per2 in the nucleus accumbens of rats leads to anxiety-like behavior in
rats(Spencer et al., 2012). In humans, mutations of a variety of clock genes are associated with
mental health disorders (Bunney et al., 2014; Etain et al., 2011; Johansson et al., 2002; Lamont
et al., 2009; Li et al., 2013; McCarthy & Welsh, 2012; McClung, 2007; Partonen et al., 2007).

The SCN has few direct neural projections (Sylvester et al., 2002), raising the question
as to how the master clock is able to entrain all of the extra-SCN cellular clocks. Glucocorticoid

hormones (CORT; cortisol in humans, corticosterone in rats) are an ideal candidate as a means
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by which the SCN communicates with extra-SCN clocks. CORT has a prominent diurnal rhythm
that is generated by the SCN(Herman et al., 2003), and glucocorticoid receptors are
ubiquitously expressed, with the SCN as a notable exception (Balsalobre et al., 2000).
Furthermore, the Per1 gene has a functional glucocorticoid response element (GRE) associated
with its promoter region(Yamamoto et al., 2005). Thus, Per1 expression may be the gateway by
which CORT can modulate entrainment of molecular clocks in extra-SCN tissues. Such a
process would be analogous to the pivotal role that Per? expression plays in light entrainment of
the SCN molecular clock. We have recently provided support for the importance of an
appropriately timed diurnal peak in CORT to maintain normal clock gene expression profiles in
the PFC (Woodruff et al., 2016). Per2 also has GRE sequences associated within its promoter
region, although the functionality of these GREs is less well established (Cheon et al., 2013;
Reddy et al., 2009; So et al., 2009). If a circadian peak in CORT modulates entrainment of
extra-SCN molecular clocks, then untimely stress-induced surges in CORT may compromise
the integrity of the molecular clock.

Studies using Per2:luc reporter mice found that chronic stress produced alterations in
luciferase rhythm amplitude in the nucleus accumbens (Logan et al., 2015). Restraint stress for
2 hours per day for three consecutive days resulted in phase shifts of Per? and Per2 mRNA, as
well as other clock genes in peripheral tissues, hippocampus, and cortex (Tahara et al., 2015).
These data collectively suggest that stress can compromise the integrity of molecular clocks.
However, few studies have examined whether a single stressor has an acute effect on clock
gene expression, which may be the mechanism by which stress produces subsequent changes
in molecular clock rhythms (e.g., altered amplitude or phase). Takahashi et al. (2001) found that
several different stressors increased Per1 mRNA, but not Per2 mRNA, in the PVN of male mice
when examined 60 min after stressor onset. Al-Safadi et al. (2014) demonstrated that several
different stressors also increased PER1 protein immunoreactivity in the PVN, dorsomedial

hypothalamus, and piriform cortex 60 min after stressor onset in male rats. Stress-induced
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alterations in clock gene expression have yet to be examined in female subjects, or in the
prefrontal cortex (PFC), a brain region important in emotional control and stress modulation
(Arnsten & Rubia, 2012; Goldman-Rakic, 1996; Robbins, 1996; Vertes, 2003). PFC dysfunction
is linked to disorders associated with both stress and disruptions in circadian rhythms (Mayberg
et al., 1999).

Certain mood disorders (e.g., depression, anxiety, post-traumatic stress disorder) that
are associated with stress, as well as disruptions in circadian rhythms have a greater
prevalence rate in women compared to men (Kessler, 2003). Stress may lead to mood
disorders in part by disrupting the coordination of extra- SCN molecular clocks via untimely
CORT surges. Examining the interplay between stress and disrupted circadian rhythms is a
novel approach to understanding possible mechanisms underlying these mood disorders. There
are also sex differences in stress reactivity, with female rats exhibiting greater CORT response
to stress compared to male rats (Babb et al., 2014; Critchlow et al., 1963; Viau & Meaney,
1991). Thus, greater CORT response to stress may cause females to be more susceptible to
disruptions in the molecular clock, contributing to the greater prevalence of stress-related mood
disorders in females.

The objective of this study was to examine whether 30 min of acute restraint stress can
induce clock gene expression in the SCN, PFC and PVN of male and female rats, as the
immediate and rapid (within 30 min) induction of clock gene expression may underlie the
mechanism of stress-mediated changes of the molecular clock. Each of these brain regions of
interest have been shown to have rhythmic clock gene expression in both male and female rats
(Chun et al., 2015). The PVN was chosen as a region of interest due to its importance as the
neural component of the stress-reactive HPA axis, while the PFC was chosen due to its role in
stress modulation and emotional control. The SCN was chosen for comparison purposes as the
body’s master clock. Because the SCN lacks glucocorticoid receptors, we predicted that there

should be no changes in clock gene expression in the SCN due to stress. In order to examine
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whether stress-induced clock gene expression is dependent on the presence of endogenous
CORT, a second experiment examined in male rats whether adrenalectomy would prevent
stress-induced clock gene expression. For all experiments, rats were stressed at two time
points, one at zeitgeber time (ZT; hours after light onset) 4 and ZT16 in order to examine if there
would be diurnal differences in stress-induced clock gene expression. In addition to examination
of Per1, Per2, and Bmal1 mRNA, we also examined c-Fos mRNA, an immediate early gene that
is a marker of neuronal activation and has been shown to be rapidly induced by restraint stress
in the PVN and PFC. We hypothesized that restraint stress would increase Per1 mRNA, and
possibly Per2 and Bmal1 mRNA, in the PFC and PVN of both male and female rats, and that

this stress induction would be dependent on the presence of endogenous CORT.

MATERIALS AND METHODS

Subjects

Sprague Dawley rats (Harlan, Indianapolis, IN) were used, and all rats were ~3 months old at
the time of sacrifice. Upon arrival to the facility, rats were pair-housed and evenly distributed
between two adjacent individual rooms that were humidity and temperature controlled. Half of
the rats were kept on a standard 12:12 hour light:dark cycle (time of lights on ranged from 0500-
0800). The other half were kept on a reverse 12:12 h light:dark cycle (time of lights on ranged
from 1700-2000). Rats were allowed 2 weeks to acclimate to their new environment and
light:dark cycle prior to experimental manipulations. Food and water were available ad libitum.
All procedures were approved by the University of Colorado Boulder’s Institutional Animal Care
and Use Committee, and were in accordance with the guidelines found within the Guide for the
Care and Use of Laboratory Animals (DHHS Publication No. [NIH] 80-23, revised 2010 eighth

edition).
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Experiment 1: Does acute stress rapidly induce clock gene expression in male and
female rats?

25 male and 25 female Sprague Dawley rats were used. Males and females were housed in
separate rooms. Female rats’ estrous cycles were not tracked. After two weeks of acclimation,
rats received 30 minutes of restraint stress, or remained in their home cage until time of

sacrifice. Time of sacrifice centered around ZT4 and ZT16.

Experiment 2: Does stress-altered clock gene expression depend on the presence of
endogenous CORT in male rats?

50 male Sprague Dawley rats (Harlan, Indianapolis, IN) were used. Half of the rats received
bilateral adrenalectomy surgery (ADX). This consisted of bilateral incisions within the
peritoneum, then carefully locating the adrenal glands with intestinal tissue forceps, and
removing them for the surrounding adipose tissue. The other half of the rats received SHAM
surgeries, which followed the same procedure as for adrenalectomy, but the adrenals were left
undisturbed. Surgeries occurred 2 weeks after arrival to the facility. Rats were allowed 1 week
to recover before test day, where animals were acutely exposed to 30 min of restraint stress, or

remained in their home cage until time of sacrifice (ZT4 or ZT16).

Experiment 3: Test of the effect of stress in total darkness on Per7 and c-Fos mRNA in
the SCN and PVN of male and female rats at ZT16.

Experiments 1 and 2 exhibited an increase in Per1 mRNA expression in the SCN of stressed
male rats at ZT16, and an increase in c-Fos mRNA expression in the SCN of both male and
female stressed rats. These results contradict previous findings that stress does not affect Per1
or c-Fos expression in the SCN (Al-Safadi et al., 2014; Takahashi et al., 2001). In order to
determine if the results of experiments 1 and 2 were due to inadvertent light stimulation of SCN

activity with the red light conditions used, 12 male and 12 female Sprague Dawley rats (Harlan,
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Indianapolis, IN) were used for this experiment. Males and females were housed in separate
rooms. Female rats’ estrous cycles were not tracked. Testing only occurred at ZT16, during the
rats’ active phase. Rats were taken from their home cage, or were exposed to 30 minutes of

restraint stress under complete darkness.

Test Day and Tissue Processing

For each experiment, half of the rats were stressed for 30 min in restraint tubes (6.3 cm
in diameter, 16 cm length for males; 5 cm in diameter, 15.5 cm in length for females) and then
immediately killed by guillotine decapitation. Non-stressed control rats remained in their home
cage before time of day matched decapitation. Restraint stress was administered in a separate
room than the rats’ home room. Trunk blood was collected in EDTA tubes and immediately put
on wet ice before being centrifuged at 4000 rpms at 4°C for 10 min. Plasma was then aliquoted,
snap frozen on dry ice, and stored at -70°C until further use. Brains were extracted and then
immediately flash frozen in isopentane cooled to -20°C to -30°C with dry ice. Brains were then
stored at -70°C until further use.

Brains were sliced using a cryostat (Leica CM1850). 12um coronal sections were taken
at the level of the prefrontal cortex (2.2-3.2 mm anterior to bregma), the suprachiasmatic
nucleus of the hypothalamus (1.3-1.4 mm posterior to bregma), and the paraventricular nucleus
of the hypothalamus (1.80-1.88 mm posterior to bregma). Brain slices were thaw-mounted onto

Colorfrost plus microscope slides, then stored at -70°C until use in in situ hybridization.

In Situ Hybridization

In situ hybridization for Per1, Per2, Bmal1, and Cfos followed procedures previously
reported (Chun et al., 2015; Ginsberg et al., 2003; Girotti et al., 2009; 2006), with one
modification concerning the concentration of the RNase incubation (0.02 g/L). Slides were set

on Kodak BioFilm Maximum Resolution Autoradiography Film (Carestream Health, Windsor,
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CO) for 2-4 weeks, then developed in a medical film processor SRX-101A (Konica Minolta,

Tokyo, Japan).

Optical Density

Brain images from the X-ray film were captured using a lightbox Northern Light model
B95 (Imaging Res Inc., St. Catharines, Ontario, Candada) and a Sony CCD video camera
model XC-ST70 fitted with a Navitar 7000 zoom lens (Rochester, NY) and connected to LG3-01
frame grabber (Scion Corp., Frederick, MD) inside a Dell Dimension 500, and captured with
Scion Image beta rel. 4.0.2. Once digitized, images were analyzed using ImagedJ Software
(NIH). Mean gray values were converted to uncalibrated optical density, and densitometry was
performed on images whose gray levels fell within a linear range of the gray level to optical
density ratio.

An experimenter blind to the treatment group of the rats took each measurement.
Regions of interest were selected by using anatomical landmarks from Paxinos & Watson (4"
Edition). Regions of interest at the level of the PFC include: anterior cingulate cortex (AC),
prelimbic medial prefrontal cortex (PL), infralimbic medial prefrontal cortex (IL), ventral orbital
cortex (VO), and insula. A virtual tool was used to draw a circle centered within each ROI to
measure representative portions of each ROI. Six slices/brain were used for analysis of the PFC
and insula subregions. In more caudal sections, SCN and PVN were measured by the
experimenter using free-hand outline of each ROI. 4 slices/brain were used for analysis for the
SCN and PVN. Measurements were taken from both hemispheres for all brain slices analyzed.
The average optical density for each ROI for each brain was used for treatment group averages

and statistical analysis.

Corticosterone (CORT) Assay
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An enzyme-linked immunoabsorbent assay kit (cat No. KO14-H1, Arbor Assays, Ann
Arbor, MI) was used according to manufacturer’s instructions. Plasma samples were run in
duplicate and diluted 1:50 in assay buffer. Samples were then heated for 1 hour at 65°C to
inactivate corticosteroid-binding globulin. Intra- and inter-assay coefficients of variation for 5

pMg/100 mL (low CORT) and 20 ug/100mL (high CORT) were < 10%.

Statistical Analysis

Statistical Package for Social Science (SPSS; IBM Mac version 22, 2012) was used for
statistical analysis. For Experiment 1, multifactorial analysis of variance (ANOVA) was used to
determine whether there were main effects of time, sex, and stress, and if there were any
significant interactions. For Experiment 2, multifactorial ANOVA was used to determine whether
there were main effects of time, stress, and adrenal status, and if there were any significant
interactions. For Experiment 3, multifactorial ANOVA was used to assess whether there were
main effects of stress and sex. Main effects and interactions were considered to be significant if
p < 0.05, and were followed up by Fischer’s Least Significant Difference (FLSD) post-hoc
analysis for pair-wise group comparisons of interest. Outliers were determined using the

Grubbs’ Test criteria with GraphPad Software QuickCalcs (alpha = 0.05).

RESULTS
EXPERIMENT 1: Does acute stress rapidly induce clock gene expression in male and
female rats?

Corticosterone (CORT)

There were significant main effects for stress and sex [Table 3.1].
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Table 3.1. Experiment 1: Statistical analysis of Per1, Per2, Bmal1, and c-Fos mRNA in
the suprachiasmatic nucleus of the hypothalamus (SCN), paraventricular nucleus of the
hypothalamus (PVN), and prefrontal cortex, as well as plasma CORT. Three-way ANOVA
results for effect of stress, sex, and time, and their interaction, *p < 0.05, **p < 0.01,

< 0.001. [AC = anterior cingulate cortex; PL = prelimbic medial prefrontal cortex; IL =

infralimbic medial prefrontal cortex; VO = ventral orbital cortex].

*k*k

p

Stress Sex Time Stgess x Stress x Time | Sex x Time Stress_ x Sex
ex x Time

SCN F(1 38) = = 8.38** F(1 38) = 1.00 F(1 38) = 36.37** F(1 38) = 0.08 F(1 38) = 1.32 F(1 38) = 1.06 F(1 38) = 1.85

PVN F(1 38) = = 16.24** F(1 38) = 0.22 F(1 38) = =5.31* F(1 38) = 0.10 F(1 38) = =152 F(1 38) = 0.44 F(1 38) = 1.06

AC F (1,40) = =57.36"** F (1,40) = =2.04 F(1 40) = =9.26** F(1 40) = 0.00 F(1 40) = =0.31 F(1 40) = 0.85 F(1 40) = 0.00

Per1 PL F (1,40) = =71.06"** F (1,40) =5.69* F(1 40) = =0.04 F(1 40) = 0.34 F(1 40) = =0.31 F(1 40) = 0.15 F(1 40) = 0.50
IL F (1,40) = = 55.09*** F (1,40) = =242 F(1 40) = =0.49 F(1 40) = 0.04 F(1 40) = =0.20 F(1 40) = 0.07 F(1 40) = 0.59

VO | Fiu0 = 7519 | Fui0 =012 | Frag=14.30"" | Fuun=1.22 | Fuun=0.73 | Fran=015 | Fuu=0.34

Insula F(1 4 = 4.38* F (1,40) =4.02 F (1,40) =27.67*** F (1,40) = =0.08 F(1 40) =2.89 F(1,40) =0.49 F(1 40) = 0.01

SCN | Fran=5.08" | Fuan=017 | Fuun=656" | Fuan=1.39 | Fuan=0.06 | Fuu=4.22* | Frag=0.10

PVN Flrao = 317 F(1 40,= 014 | Fria=247.6™ | Fag=1.09 | F40=0.36 | Fuan=047 | Fag=0.10

AC F(1 41 =0.32 F.41=0.21 Fr1.41=43.58"" | F1u1y=1.36 | Fp41=0.11 Fr41=0.75 F(141=0.00

Per2 PL 141) =1.06 F(1 AN = =0.41 F 1 41) =7.51** F(1.41) =0.59 F(1,41) =0.06 F(1,41) =1.03 F(1|41) =0.00
IL 141 =0.85 F(1,41) =1.06 141 =0.24 F(1.41) =1.25 F(1,41) =0.04 F(1,41) =1.13 F(1.41) =0.01

VO F(1 41) = =3.53 F(1 41) = 1.14 F(1 a4 = = 66.20*** F(1 41) = 1.27 F(1 41) = 0.20 F(1 41) = 0.26 F(1 41) = 0.00

Insula F(1 40) = 0.13 F(1 40) = 0.14 F(1 40) = 89.87*** F(1 40) = 0.48 F(1 40) = 0.26 F(1 40) = =0.46 F(1 40) = 0.01

SCN F(1 40) = 0.75 F(1 40) = 1.61 F(1 40) = 113.8*** F(1 40) = 0.14 F(1 40) = =0.95 F(1 40) =5.02* F(1 40) = 0.28

PVN F(141)—002 F(141)—O.1O F141)— 139.6*** F(141)=0.64 F(141 =0 F141)—019 F(141)=3.13

Bmal AC F(1 40) = =0.57 F(1 40) = 0.06 F(1 40) = =9.73* F(1 40) = 0.00 F(1 40) = =0.12 F(1 40) = =0.34 F(1 40) = 0.26
1 PL F(1 40) = =0.52 F(1 40) = 0.07 F(1 40) = =3.00 F(1 40) = 0.53 F(1 40) = =0.15 F(1 40) = 0.08 F(1 40) = 0.02
IL F(1 40) = =0.21 F(1 40) = 0.00 F(1 40) = =0.22 F(1 40) = 0.20 F(1 40) = =0.07 F(1 40) = 0.03 F(1 40) = =0.05

VO F(1 40) = 0.18 F(1,40) =0.02 F(1,40) =11.77*** F (1,40) = =0.60 F(1 40) = =0.29 F(1,40) =1.18 F (1,40) =0.02

Insula F(1 40) = 0.17 F(1,40) =0.03 F(1,40) =19.86*** F (1,40) =0.36 F(1 40) = =0.06 F(1,40) =0.48 F(1 40) = =0

SCN F(1 40) = =61.05*** F(1 40) = 1.31 F(1,40) = 27.29*** F(1 40) = =1.40 F(1 40) = =32.4** F(1,40) =7.99** F(1 40) = =0.17

PVN | F(140=285.7""" | F(140=0.78 Fm 40) = 6.67% F140=0.04 | F140=5.71" F(1.40)=0.01 F1.40) = 4.29"

AC Fr.a9)=201.5"* | Fag=1.89 1 39) = 5.02% F139)=0.59 | Fr139=0.04 Fr1.309=1.86 Fr139) =2.47

C-fos PL Fr.41) = 546.8"* | Fran=7.5" F141 =0.67 Fran=3.27 | Fra=2.69 F1.41=0.52 F.41=0.00
IL F(1 40) = = 624 .3*** F(1 40) = 2.80 F(1 40) = =1.50 F(1 40) = 4.67* F(1 40) = =0.05 F(1 40) = 0.14 F(1 40) = =0.39

Vo F(1 a0 = = 250.5*** F(1 41) = 0.51 F(1 41) = 25.60*** F(1 41) = 0.80 F(1 41) = =6.02* F(1 41) = 3.46 F(1 41 = =0.55

Insula F (1,41) =3.97 F(1 41) = =9.0** F(1'41) =17.29*** F(1,41) =0.07 F(1_41) =1.94 F(1 a1 = =0.06 F(1,41) =047

CORT | CORT | Fii4n=75.95"** [ Fuun=77.7"* [ Fuun=135 | F149=092 [ F142=0.80 | Fuan=0.11 | Fpuuy=3.77

As expected, acute restraint stress significantly increased CORT for both sexes at both times of

day (p < 0.05). In line with what is well-established (Atkinson & Waddell, 1997; Babb et al.,

2014; Viau & Meaney, 1991), females had significantly higher basal and stress-induced CORT

than males for both ZT4 and ZT16 (p < 0.01) [Figure 3.1]. Females also had much greater

variability in basal CORT levels at ZT4 than males, consistent with previous findings that female

but not male Sprague-Dawley rats have pronounced ultradian variations in basal CORT at this

time of day (Spiga, Walker, Terry, & Lightman, 2014).
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Figure 3.1. Experiment 1: effect of stress, sex and time of day on plasma CORT. Plasma
CORT was increased by 30 min of acute restraint stress at both ZT4 and ZT16. Females
had greater CORT compared to males during both basal and stressed conditions. [Star
symbol indicates main effect of stress, and sex symbol indicates main effect of sex, p <
0.05, 3-way ANOVA. * = stress effect; # = time of day effect; * = sex effect; p < 0.05,
FLSD post hoc pair-wise tests, n = 6-7].
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Suprachiasmatic Nucleus of the Hypothalamus (SCN)

Unexpectedly, there was a significant main effect of stress on Per1, Per2, and c-Fos
mMRNA in the SCN and a significant stress x time of day interaction for c-Fos mRNA [Table 3.1].
Post-hoc analysis revealed that stressed males only at ZT16 had significantly higher Per1
MRNA compared to no stress individuals (FLSD, p < 0.05). In addition, both males and females
at ZT16 had increased c-Fos mRNA compared to no stress controls (FLSD, p < 0.05). These
apparent effects of stress on SCN Per1 and c-Fos mRNA are inconsistent with prior studies (Al-
Safadi et al., 2014; Takahashi et al., 2001). Because we observed a significant stress effect only
at ZT16, we questioned whether our red light conditions present during stress may have
confounded the results in the SCN. Thus, Experiment 3 (see below) examined whether stress at
ZT16 would still induce Per1 and c-Fos mRNA under complete dark conditions. Although there
was a significant overall effect of acute stress on Per2 mRNA, post-hoc analysis did not reveal
any significant differences between stress and no stress groups for a particular stress and time

of day condition. There was a significant time of day effect for Per1, Per2, Bmal1, and c-Fos
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[Table 3.1], where Per1, Per2, and c-Fos mRNA were greater at ZT4, and Bmal1 mRNA was
greater at ZT16 (FLSD, p < 0.05). These results confirm previous studies that have determined
the acrophases of the clock genes under basal conditions in the SCN of male and female rats
(Chun et al., 2015; Girotti et al., 2009; Harbour et al., 2014). There was no significant sex effect
for the expression of any genes examined [Figure 3.2], although Per2, Bmal1, and c-Fos all had
significant sex x time of day interactions, suggesting that gonadal hormones may differentially
influence SCN clock gene expression under these conditions.

Figure 3.2. Experiment 1: effect of stress, sex and time of day on gene expression in the
SCN. There was a significant main effect of time of day for Per1, Per2, Bmal1 and c-Fos
mMRNA in the SCN of male and female rats. There was also an apparent effect of stress
on Per1 and c-Fos mRNA when administered at ZT16. This effect was not present in
Experiment 3 when stress was administered in total darkness (see Figure 10). [Clock
symbol indicates main effect of time of day, star symbol indicates main effect of stress,
and sex symbol indicates main effect of sex. Interactions between these factors are also
indicated, p < 0.05, 3-way ANOVA. * = stress effect; # = time of day effect; * = sex effect;
p < 0.05, FLSD post hoc pair-wise tests, n=6-7] B) Representative autoradiographs of
clock gene expression under no stress and stress conditions. All images were taken from
females at ZT4.
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Paraventricular Nucleus of the Hypothalamus (PVN)

Stress produced a significant overall increase in Per1 and c-Fos mRNA in the PVN

[Table 3.1, Figure 3.3].
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Figure 3.3. Experiment 1: effect of stress, sex and time of day on gene expression in the
PVN. A) 30 min of acute restraint stress increased Per71 mRNA in the PVN of male and
female rats, but not Per2 or Bmal1. c-Fos mRNA was also increased in the PVN. There
was also a time of day effect for all genes. [Clock symbol indicates main effect of time of
day, star symbol indicates main effect of stress, and sex symbol indicates main effect of
sexX. Interactions between these factors are also indicated, p < 0.05, 3-way ANOVA. * =
stress effect; # = time of day effect; » = sex effect; p < 0.05, FLSD post hoc pair-wise
tests, n=6-7] B) Representative autoradiographs of females at ZT4 that were home cage
controls or stressed.
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In the case of c-Fos mRNA this effect was significantly moderated by time of day with somewhat
higher stress-induced c-Fos mRNA at Z4 than ZT16 (time of day X stress interaction, p < 0.05).
There was also an overall significant time of day effect for Per1, Per2, Bmal1, and c-Fos mRNA
[Table 3.1]. Post-hoc comparisons show that basal (no stress) Per2 mRNA levels were greater
at ZT16 while Bmal1 mRNA levels were greater at ZT4, which aligns with previous studies
examining the acrophases of these clock genes under basal conditions across the 24 hour day
(Chun et al., 2015; Girotti et al., 2009). There was also an overall time of day difference for Per1
MRNA (higher at ZT16) and c-Fos mRNA (higher at ZT4), but the time of day difference pattern
for the expression of these two genes was somewhat variable across sex and stress status.

There were no significant main effects of sex for the expression of these genes, however, there
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were significant time of day x stress and time of day x stress x sex interactions for c-Fos
MRNA, where c-Fos mRNA was greater at ZT4 versus ZT16 for stressed males only [FLSD, p <

0.05; Table 3.1; Figure 3.3].

Prefrontal Cortex (PFC)

Stress increased Per1 and c-Fos mRNA in all subregions of the prefrontal cortex (AC,

PL, IL, VO) [Table 3.1; Figure 3.4].

Figure 3.4. Experiment 1: effect of stress, sex and time of day on gene expression in the
PFC and insula. A) Acute stress increased Perf and c-Fos mRNA within the AC, PL, IL,
and VO — but not the agranular insula — of male and female rats at both ZT4 and ZT16.
Per2 and Bmal1 mRNA were unaffected by stress. The insula did not have stress-induced
Per1 or c-Fos mRNA. [Clock symbol indicates main effect of time of day, star symbol
indicates main effect of stress, and sex symbol indicates main effect of sex. Interactions
between these factors are also indicated, p < 0.05, 3-way ANOVA. * = stress effect; # =
time of day effect; * = sex effect; p < 0.05, FLSD post hoc pair-wise tests, n=6-7] B)
Representative autoradiographs of females at ZT4 under no stress or stress conditions.
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This stress effect was significant for both males and females at both ZT4 and ZT16 (FLSD, p <
0.05). There was also a significant main effect of time of day for all clock genes and c-Fos
mRNA within the AC and VO, but only a significant effect of time of day in the PL for Per2 [Table
3.1]. Per1, Per2, and c-Fos mRNA levels were higher at ZT16 for both males and females,
whereas Bmal1 mRNA levels were higher at ZT4 for both males and females. These findings
correspond with the diurnal profile of rhythmic clock gene expression in the PFC subregions
under basal conditions seen in previous studies in male and female rats (Chun et al., 2015;
Woodruff et al., 2016). Additionally, the lack of a robust time of day effect seen in the PL and IL
of this study reflects the lower amplitude of rhythmic clock gene expression seen under basal
conditions for these PFC subregions (Chun et al., 2015). There was a significant main effect of
sex for Per1 and c-Fos mRNA in the PL, but FLSD post-hoc analysis revealed only significantly
higher c-Fos mRNA in stressed males compared to females at both times of day. There was
also a significant time of day x stress interaction for c-Fos in the VO, where for both sexes there
was a greater effect of stress at ZT16 compared to ZT4 [Table 3.1; Figure 3.4]. There was also
a significant stress x sex interaction for c-Fos mRNA in the IL, where stressed females had

greater c-Fos mRNA than males at ZT16 [Figure 3.4].

Rostral Agranular Insula

Although there was a significant main effect of stress in the insula for Per1 mRNA [Table
3.1], this effect was small and FLSD post-hoc analysis did not show any significant pair-wise
comparisons for a stress effect within either sex at either time of day. Moreover, there was no
significant effect of stress for c-Fos mMRNA, suggesting that in contrast to the PVN and PFC,
acute stress had limited effect on the expression of these genes in the insula. There was a
significant main effect of time of day for all clock genes and c-Fos [Table 3.1], with greater
MRNA expression for Per1, Per2, and c-Fos mRNA at ZT16, and greater Bmal1 mRNA at ZT4.

These data are consistent with previous studies that observed peak diurnal expression of Per1
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and Per2 mRNA in the insula around ZT16, and peak BmalT mRNA expression in the insula
around ZT4 (Chun et al., 2015). There was also a main effect of sex on ¢c-Fos mRNA in the

insula with overall higher levels in males than females [Table 3.1; Figure 3.4].

EXPERIMENT 2: Does stress-altered clock gene expression depend on the presence of
endogenous CORT in male rats?

Corticosterone (CORT)

CORT levels for ADX rats were below detectable levels, thus only CORT plasma values

for SHAM rats were analyzed and are displayed [Table 3.2; Figure 3.5].

Figure 3.5. Experiment 2: effect of stress and time of day on plasma CORT levels of male
SHAM rats. Stress increased plasma CORT levels to similar levels at both times of day.
There were no detectable CORT levels in ADX rats. [Clock symbol indicates main effect
of time of day, star symbol indicates main effect of stress. Interactions between these
factors are also indicated, p < 0.05, 2-way ANOVA,; * = stress effect;; p < 0.05; FLSD post

hoc pair-wise tests, n=6-7].
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There was a significant main effect of stress and a significant time of day x stress interaction

[Table 3.2].



Table 3.2. Experiment 2: Statistical analysis of Per1, Per2, Bmal1, and c-Fos mRNA in the
suprachiasmatic nucleus of the hypothalamus (SCN), paraventricular nucleus of the hypothalamus (PVN),
and prefrontal cortex, as well as plasma CORT. Three-way ANOVA results for effect of stress, adrenal

status, time, and their interaction, *p < 0.05, **p < 0.01,
prelimbic medial prefrontal cortex; IL =

*k*k

60

p < 0.001. [AC = anterior cingulate cortex; PL =
infralimbic medial prefrontal cortex; VO = ventral orbital cortex].

Stress Adrenal Status Time Stress x Stress x Time Adrenal Stress x
Adrenal Status x Time | Adrenal Status
Status x Time

Per1 SCN F(1 40) =0.88 F(1 40) =0.70 F(1 40) = =19.75*** F(1 40) = =0.02 F(1 40) = =1.36 F(1 40) =0.04 F(1 40) = =0.00
PVN | Fi136 =30.50"" | F136 =7.28" F1.36) = 8.36™ Fm 36 = 0.95 F136 = 0.22 F1.36 = 0.02 Fr.36 = 2.96
AC F1.40) = 6.32* F(140=0.08 | F(140=19.30"* 140) =0.22 Fran=0.14 F40=0.14 F(1,40 = 0.07
PL | Frag = 20.22° F“ 39 =0.32 | Fiz9) = 13.26" 1 30 =0.05 |  Frag=0.24 Friae = 1.70 F(1 39) = 0.80
IL F (1,40) = =7.79** 140 =0.66 Fﬁ 40) = 10.58** 140) =0.01 F(1 40) = 0.09 F (1,40) = =1.12 140) =0.57
VO | Frag=1317" | Fuus=1.00 | Fras = 3548 | Frae = 1.09 | Frag = 0.31 Fiiae = 0.20 Fiias = 0.55
Insula F(1 38) = =0.54 F(1 38) = 1.89 F (1,38) =40.67*** F(1 38) = =0.16 F(1 38) = 0.01 F (1,38) = =0.84 F (1,38) =0.02
Per2 SCN Fm 42) = =0.14 F(1 42) = =5.62* F(1 42) = =0.13 F(1 42) = =0.16 F(1 42) = =0.22 F (1,42) =0.01 F (1,42) =0.03
PVN 1 40) = =0.03 F(1 40) =2.09 1 40) = 82.82*** F(1,40) =147 F(1 40) =0.37 F(1 40) =7.44* 1 40) =0.51
AC F(1 41)—002 F(141)= 1.60 F141 =17.24*** F(141)=0.19 F(141)=0.31 F141 0.48 F141 0.09
PL F41=0.27 Faan=1.14 Fr.41)=4.63" Fa41 =010 Fa41=0.34 Fa41=0.07 Fr.41)=0.04
IC Frian = 0.24 Frian = 1.54 Fran=2.128 | Fi41=0.06 | Fuay=0.37 Fiian = 0.02 Fii41, = 0.01
VO Frian = 0.72 Faan=1.75 | Faan=23.70"* | Fuan=0.57 | Fian = 0.32 Fi141, = 0.65 Fi1.41, = 0.06
Insula F(W 41) = 0.00 F(1 41) = 1.58 F(1 41) = 40.37** F(1 41) = 0.94 F(1 41) = 0.13 F(1 41) = 1.67 F(1 41) = 0.02
Bmal1 SCN F(1 41) = 0.18 F(1 41) = 1.61 F (1,41) = 66.09*** F(1 41) = 0.49 F(1 41) = 1.09 F(1 41) = 0.05 F(1 41) = 0.29
PVN F(1 39) = 0.35 F(1 39) = 9.58** F (1,39) = 36.53*** F(1 39) = 0.44 F(1 39) =0.18 F(1 39) = 6.17* F(1 39) = 0.71
AC F(1 41) = 0.10 F(1 41)=4.14* F(1 41) = 2.72 F(1 41) = 0.09 F(1,41)=4-00 F141 =1.36 F(1 41) = 1.33
PL F(1 42) = 0.54 F(1 42) = =6.43* F(1 42) = =1.16 F(1 42) = 0.00 F(1 42) = 1.64 1 42) =0.39 F(1 42) = 0.23
IL F(1 41 = 1.66 F141 3.49 F141 5.16* F(1 41) = 0.11 F(1 41) = 3.53 F141 0.46 F(1 41)=0.68
VO F1.40 = 2.30 F1.40 = 10.85* F1.40 = 2.50 F(140=0.15 F1.40 = 9.59* F140 = 0.41 Fr.40=1.00
Insula | Frag = 2.14 Fras =249 | Frae = 12.13" | Faag=0.22 | Fase = 1543 | Faase = 1.61 Friag = 1.12
C-fos | SCN | Fiise) = 29.84" | Frae=1.34 | Fae = 43417 139) =020 | Fus=107" | F139=037 | Faae=1.83
PVN F (1,39) = =124.7" F (1,39) =0.13 F (1,39) = =1.77 1 39) = =0.40 F(1 39) = 0.20 F(1 39) = 0.00 F(1 39) = 0.53
AC | Fuan=7312" | Fran=5.37" | Fuaum=37.08"" | Fuan =060 | Fran=0.07 Fran=0.00 | Fuan=1.28
PL F (141 = 120.3*** F(1 41) = 4.24* F(1 41) = 11.63** F(1 41) = 1.01 F(1 41) = =0.70 F(1 41) = 1.23 F(1 41) = 2.40
IL F141)— 105.5*** F(1 41)=5.91* F141 8.67** F(1 41) = 1.61 F(1 41) = =0.46 F(1 41)=0.27 F(1 41) = 1.04
VO F (1,39) =60.41*** 1 39) & =1.56 F (1,39) =46.34*** F(1 39) = 0.28 F(1 39) = =0.80 F(1 39) & 0.31 F(1 39) & 0.35
Insula F(T,M) =1.59 F (1,41) =237 F (141) = =105.7*** F(1,41) =1.12 F(1 41) = =2.06 F(1y41) =0.90 F(1y41) =0.06

CORT | CORT | Fi1a0 = 45.24** | N/A | Fuz0=024 | N/A Fi20 = 4.61* N/A N/A

As expected (Spencer & Deak, 2016), despite higher basal CORT levels at night (ZT16) than

day (ZT4), acute stress increased CORT to similar levels at both times of day (time of day X

stress interaction, p < 0.05).

Suprachiasmatic Nucleus of the Hypothalamus (SCN)

There was a significant effect of stress on c-Fos mMRNA in the SCN at ZT16 [Table 3.2;

Fig. 3.6].
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Figure 3.6. Experiment 2: effect of stress, adrenalectomy and time of day on gene
expression in the SCN. A) Overall, acute stress had no effect on clock gene expression.
Stress increased c-Fos mMRNA in the SCN of male rats only at ZT16. This effect was not
present in experiment 3 when stress was administered in total darkness (see Figure 10).
There was a significant adrenal effect for Per2 mRNA, but post-hoc tests did not reveal a
significant difference. [Clock symbol indicates main effect of time of day, star symbol
indicates main effect of stress, and “not” symbol indicates main effect of adrenal status.
Interactions between these factors are also indicated, p < 0.05, 3-way ANOVA. * = stress
effect; # = time of day effect p < 0.05; FLSD post hoc pair-wise tests, n=6-7] B)
Representative autoradiographs of SHAM rats at ZT4 under no stress or stress
conditions.
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As in the first experiment, this effect was likely due to the inadequate red light condition present

during stress exposure (see Experiment 3), rather than stress per se. There was a significant

effect of adrenal status on Per2 mRNA in the SCN, reflected by higher average levels at both

times of day in ADX rats compared to sham rats. There was a significant time of day effect for

the expression of all genes except for Per2 [Table 3.2, Figure 3.6]. As in the first experiment,

Per1 mRNA levels were greater at ZT4 compared to ZT16, and Bmal1 mRNA levels were

greater at ZT16 compared to ZT4 (FLSD, p < 0.05). The lack of a time of day effect in Per2

mMRNA may be explained by the fact that its acrophase occurs around ZT10 (Chun et al., 2015),

and thus, its diurnal variation may not be well-represented by the two time points chosen for this

study.
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Paraventricular Nucleus of the Hypothalamus (PVN)

Consistent with Experiment 1, stress significantly increased Per? and c-Fos mRNA
levels at both times of day in the PVN [Table 3.2; Figure 3.7].

Figure 3.7. Experiment 2: effect of stress, adrenalectomy and time of day on gene
expression in the PVN. A) Acute stress increased Per1 mRNA, but not Per2 or Bmal1
mRNA in the PVN of male rats. This effect was attenuated by ADX at ZT4, but not ZT16. c-
Fos mRNA was induced by stress, and unaffected by ADX. B) Replot of the no stress only
conditions from Panel A. Under no stress conditions, Per2 and Bmal1 mRNA had a
significant ZT x adrenal status interaction, where the time of day effect was more
pronounced in the SHAM animals. [Clock symbol indicates main effect of time of day, star
symbol indicates main effect of stress, and “not” symbol indicates main effect of adrenal
status. Interactions between these factors are also indicated, p < 0.05, 3-way ANOVA. * =
stress effect; # = time of day effect; & = adrenal status effect; p < 0.05; FLSD post hoc pair-
wise tests, n=6-7] C) Representative autoradiographs of SHAM rats at ZT4 under no stress
or stress conditions.
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Interestingly, at ZT4 there was an absence of a significant stress effect on Per1 mRNA in ADX

&7 A

rats (FLSD, p < 0.05), suggesting that at ZT4, stress-induced Per? mRNA is dependent on
endogenous CORT. This CORT-dependency did not extend to c-Fos mMRNA, as stress

increased c-Fos mRNA for both SHAM and ADX rats at both times of day [Figure 3.7A; FLSD, p
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< 0.05]. There was also a significant main effect of adrenal status on Per? mRNA, largely due to
the absence of a stress effect at ZT4 in ADX rats, as well as a lack of time of day increase in
basal Per1 mRNA at ZT16 (FLSD, p < 0.05).

There was a significant effect of time of day on the expression of each of the 3 clock
genes, and the pattern was similar to Experiment 1, with higher Per? and Per2 mRNA at ZT16,
and higher Bmal1 mRNA at ZT4 [Figure 3.7, Table 3.2]. Interestingly, this time of day difference
was attenuated for all 3 clock genes in ADX rats (significant time of day by adrenal status
interaction for Per2 and Bmal1 mRNA, and for Per1 mRNA if stress condition was excluded
from the analysis) [Figure 3.7B]. This suggests that diurnal CORT was necessary for normal
diurnal fluctuations of clock gene expression within the PVN, which has been demonstrated

previously in some other brain regions (Segall et al., 2010; Woodruff et al., 2016).

Prefrontal Cortex (PFC)

Similar to the PVN, in all subregions examined (AC, PL, IL, VO), stress increased Per1

and c-Fos mRNA, but not Per2 or Bmal1 mRNA [Table 3.2; Fig 3.8].
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Figure 3.8. Experiment 2: effect of stress, adrenalectomy and time of day on gene expression
in the PFC and insula. A) Overall, acute stress increased Perf and c-Fos mRNA, but not Per2
or Bmal1 mRNA, in the AC, PL, IL, and VO of SHAM and ADX male rats. [Clock symbol
indicates main effect of time of day, star symbol indicates main effect of stress, and “not”
symbol indicates main effect of adrenal status. Interactions between these factors are also
indicated, p < 0.05, 3-way ANOVA. * = stress effect; # = time of day effect; & = adrenal effect; p
< 0.05; FLSD post hoc pair-wise tests, n=6-7] B) Representative autoradiographs of SHAM rats
at ZT4 under no stress or stress conditions.
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Importantly, this stress-induced increase in Per1 and c-Fos mRNA was evident in both sham
and ADX rats. There was also a significant main effect of time of day for all subregions for Per1
and c-Fos mRNA [Table 3.2], and for all subregions except for IL for Per2 mRNA [Table 3.2].
There was a significant main effect of time of day for Bmal1 mRNA only in the IL [Figure 3.8].
There were significantly greater Per1 and Per2 mRNA levels at ZT16 (FLSD, p < 0.05), which
matches with Experiment 1 and previous determination of a dark phase acrophase for the

expression of both genes in the PFC (Chun et al., 2015). The lack of a significant time of day
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effect in Bmal1 mRNA may be reflective of its acrophase occurring closer to ZTO (Chun et al.,
2015). There was also significantly higher c-Fos mRNA present at ZT16 compared to ZT4 in all
PFC subregions, and the same pattern was seen in Experiment 1. There was a significant time
of day x stress interaction for Bmal1 mRNA in the VO, where unstressed rats had greater Bmal1
MRNA than stressed rats at ZT4, suggesting suppression of Bmal1 mRNA expression with
stress at ZT4. There was also a significant main effect of adrenal status for BmalT mRNA
expression in the AC, PL, and VO and for c-Fos mRNA in the AC, PL, and IL. There was a
general pattern for lower Bmal1 mRNA in ADX rats supporting the importance of endogenous

CORT in basal clock gene expression.

Rostral Agranular Insula

There were no significant main effects for stress or adrenal status for all clock genes and
c-Fos mRNA in the rostral agranular insula [Table 3.2; Figure 3.8] which is consistent with
Experiment 1, and suggests that Per7 and c-Fos mRNA levels in the insula are not affected by
acute stress. Although there was no significant effect of stress, there was a significant time of
day x stress interaction for Bmal1 mRNA [Table 3.2], where stress decreased Bmal1T mRNA
expression for both SHAM and ADX rats at ZT4, but not ZT16. This same time of day X stress

interaction pattern was also seen in the VO.

EXPERIMENT 3: Test of the effect of stress in total darkness on Per?1 and c-Fos mRNA in

the SCN and PVN of male and female rats at ZT16.

Corticosterone (CORT)

There were significant main effects of stress and sex on plasma CORT levels [Table 3.3].
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Table 3.3. Experiment 3: Statistical analysis of Per? and c-Fos mRNA in the
suprachiasmatic nucleus of the hypothalamus (SCN) and paraventricular nucleus of the
hypothalamus (PVN), as well as plasma CORT. Two-way ANOVA results for effect of
stress, sex, and their interaction, *p < 0.05, **p < 0.01, ***p < 0.001.

Stress Sex Stress x Sex
Per1 SCN F(1 19) = =4.31 F(1,19) =0.12 F(1 19) = 0.08
PVN F(1’20) = 16.58** F(1’20) =1.07 F(1 20) = =0.03
C-fos SCN F(1 20) = =0.25 F(1 20) = =7.41* F(1 20) = =0.04
PVN F.19) = 37.38*** F(1.19) = 0.94 F(1.19) = 0.31

CORT | CORT | Fuin=68.47"* | Fu17=6.32* | Fuap=14.63** |

There was also a significant stress x sex interaction. Stress significantly increased plasma

CORT in both males and females, and females had greater plasma CORT than males under no

stress conditions (FLSD, p < 0.05) [Figure 3.9].

Figure 3.9. Experiment 3: effect of stress at ZT16 in total darkness on plasma CORT in
male and female rats. 30 minutes of acute restraint stress increased plasma CORT levels
in both male and female rats [Star symbol indicates main effect of stress, and sex symbol
indicates main effect of sex. Interactions between these factors are also indicated, p <
0.05, 2-way ANOVA. * = stress effect; » = sex effect; p < 0.05; FLSD post hoc pair-wise

tests, n=6].
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This sex difference in plasma CORT levels is typically seen under both non-stressed and

stressed conditions (Babb et al.,

in Experiment 1 at ZT16.

2014; Viau, 2002), and replicates the basal CORT results seen
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There was no overall main effect of stress on Per1 or c-Fos mRNA in the SCN of both male and

female rats [Table 3.3; Figure 3.10].

Figure 3.10. Experiment 3: effect of stress at ZT16 in total darkness on SCN and PVN
Per1 and c-Fos mRNA in male and female rats. When rats were exposed to 30 min of
acute restraint stress under complete darkness, there was no increase of Per1 and c-Fos
mRNA in the SCN of both male and female rats. However, in the PVN, both males and
females showed a significant increase in both Per? and c-Fos mRNA. [Star symbol
indicates main effect of stress, and sex symbol indicates main effect of sex, p < 0.05, 2-
way ANOVA * = stress effect p < 0.05; FLSD post hoc pair-wise tests, n=6].
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These results differ from the stress-induced Per? mRNA in the SCN seen in Experiment 1 at

ZT16, and the stress-induced c-Fos mRNA at ZT16 in the SCN seen in both Experiments 1 and

2. This indicates that the red light condition used in the first two experiments was likely

responsible for the increased Per? and c-Fos mRNA seen at ZT16 in those experiments. There

were significantly greater c-Fos mRNA levels in males than females. This pattern was also

observed at this time of day in Experiment 1.
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Paraventricular Nucleus of the Hypothalamus (PVN)

As expected there was a significant main effect of stress, where restraint stress significantly
increased Per1 and c-Fos mRNA in the PVN for both males and females [Table 3.3; Figure
3.10; FLSD, p < 0.05], which is consistent with the results seen in Experiment 1 and 2. There

was no main effect of sex.

DISCUSSION

This study has demonstrated that 30 min of acute restraint stress can selectively and
rapidly increase Per1 mRNA, but not Per2 or Bmal1 mRNA, in male and female rat medial
prefrontal cortex (AC, PL, IL, and VO subregions) and PVN. These data extend the range of
tissues that exhibit stress-induced Per1 mRNA or PER1 protein expression as previously
reported in several other brain regions (hippocampus, dorsal medial hypothalamus, and piriform
cortex) (Al-Safadi et al., 2014; Al-Safadi et al., 2015; Bohacek et al., 2015; Mifsud et al., 2016)
and peripheral tissues (liver, heart, lung and stomach) (Yamamoto et al., 2005). Per1
expression in the SCN was unaffected by acute stress, in keeping with the general observation
that SCN clock function is largely resistant to environmental conditions other than light:dark
cycle (Al-Safadi et al., 2014; Takahashi et al., 2001). There was also no effect of acute stress on
Per1 mRNA in the rostral agranular insula, indicating that there are differences between extra-
SCN brain regions in the ability of acute stress to rapidly increase Per1 mRNA. Surprisingly,
stress-induced Per1 mRNA in both the PVN and PFC did not necessarily depend on the
presence of endogenous CORT. These data indicate that there are non-CORT mediated
mechanisms by which acute stress can rapidly increase Per1f mRNA in extra-SCN brain

regions.

Selectivity of clock gene response to acute stress
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The selectivity of Per1 mRNA to be increased by acute restraint stress suggests that
direct modulation of Per1 expression may be the gateway by which stress, or other
environmental cues, can alter the molecular clock in extra-SCN brain tissue. Per1, but not Per2
MRNA has also been shown to be increased by acute stress in the mouse PVN (Takahashi et
al., 2001). In mouse peripheral tissues the Per1 gene was the only clock gene of several
examined that responded to acute stress (Yamamoto et al., 2005). Although Per2 and Bmal1
are not rapidly induced by acute stress, they have been shown, in addition to Per1, to have
altered rhythmic expression in response to repeated or chronic stress. These repeated stress
effects have been observed in both brain and peripheral tissues (Christiansen et al., 2016;
Logan et al., 2015; Razzoli et al., 2014; Tahara et al., 2015; K. Takahashi et al., 2013). For
example, restraint applied at the same time for three consecutive days was sufficient to induce a
phase-shift in diurnal Per2 and Bmal1 mRNA expression, as well as Per1, Dbp, and Rev-erba
mRNA in mouse adrenal, liver, kidneys, and submandibular glands (Tahara et al., 2015). This
phase shift also occurred for Per1 and Per2 mRNA in the hippocampus and cortex. A separate
study found that chronic variable stress altered Per1 and Bmal1 diurnal expression in the
nucleus accumbens of male mice (Logan et al., 2015). Thus, it appears that although Per2 and
Bmal1 are not rapidly induced by an acute stressor, their subsequent rhythms are altered,
particularly after repeated or chronic stress.

The altered phase and amplitude of rhythmic Per2 and Bmal1 expression after repeated
stress may be due to the rapid induction of Per1 mRNA after each stressor exposure.
Modulation of the molecular clock by rapid Per7 induction in extra-SCN brain tissue may be
related to the process by which light entrains the phase of the molecular clock in the SCN. A
light pulse during the dark phase rapidly induces SCN Per? mRNA, which results in a
subsequent phase shift in SCN clock gene expression and the animal’s circadian rhythm
(usually measured by circadian locomotor activity) (Oster et al., 2003; Shigeyoshi et al., 1997).

Light also increases Per2 expression in the SCN, however with some delay (~180 min)
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compared to Per1 (Shearman et al., 1997). It is possible that there may also be a delay in
stress-induced Per2 gene expression outside the SCN. Glucocorticoid treatment of various cell
lines had produced a delayed increase in Per2 mRNA relative to the rapid increase in Per1
MRNA (Cheon et al., 2013; Nagy et al., 2016; So et al., 2009). Thus, our examination of gene
expression 30 min after stressor onset may have been too short of a period of time to see
induction of clock genes other than Per1 that may require more than 30 min to reflect a

significant increase in mRNA levels.

Intercellular signals mediating stress-induced Per1 expression

Stress-increased Per1 expression in peripheral and brain tissue has been believed to be
due primarily to an increase in CORT (Balsalobre et al., 2000; Takahashi et al., 2001;
Yamamoto et al., 2005). There is a functional glucocorticoid response element (GRE) within the
promoter region of Per1, and glucocorticoids rapidly induce Per1 expression in some cell lines,
liver and hippocampus (Balsalobre et al., 2000; Conway-Campbell et al., 2010; Reddy et al.,
2012; Yamamoto et al., 2005). In addition, acute stress increases in Per1 RNA expression in the
hippocampus are accompanied by increased glucocorticoid receptor binding to a GRE
associated with the Per1 gene (Mifsud & Reul, 2016).

GRE consensus sequences are also associated with promoter regions of Per2 and
Bmal1, although the functionality of those GREs in vivo has been less well established (Cheon
et al., 2013; Reddy et al., 2006; Reddy et al., 2012; So et al., 2009). It has been proposed that
while Per2 does have a GRE within its promoter region, the GRE is constituitively active (So et
al., 2009), thereby limiting its ability to respond to acute CORT elevations.

Despite the compelling evidence for a functional GRE associated with the mammalian
Per1 gene, we found in the second experiment that removal of endogenous CORT via
adrenalectomy had no significant effect on stress-induced Per1 mRNA in all subregions of the

PFC (AC, PL, IL, and VO). In the PVN, ADX attenuated stress-induced Per1 mRNA, but only at
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ZT4. This may reflect a time of day gating mechanism for acute CORT-dependent modulation of
PVN Per1 expression, which could possibly occur through CRY protein interference of GR-
mediated function (Lamia et al., 2011). Two other studies recently reported that adrenalectomy
or GR antagonist treatment failed to prevent acute stress increased Per1 mRNA or PER1
protein immunoreactivity in select rodent brain regions (Al-Safadi et al., 2015; Bohacek et al.,
2015). In addition to a GRE, the Per1 gene also contains a functional cAMP response element
(CRE) within its promoter region. In the SCN, Per1 expression is rapidly induced by retinal light
exposure during the subjective night. This induction depends on cAMP response element
binding protein (CREB) activation and its binding to the Per? associated CRE (Tischkau et al.,
2002). It is possible that outside of the SCN, this same CRE-dependent process is responsible
for increased Per1 expression in response to stress-induced alteration of neuronal activation.
Consistent with this possibility is the largely parallel changes in Per1 and c-Fos
expression that we observed in this study. c-Fos is a well-characterized immediate early gene
(IEG) that is rapidly induced throughout most neuronal populations under conditions associated
with increased neuronal excitation (Hughes et al., 1995; Kovacs et al., 1998). This activity-
dependent c-Fos expression is largely a result of changes in the activity of intracellular signal
transduction pathways that lead to increased CREB activation (Nestler et al., 2015). In our study
acute stress increased both Per1 mRNA and c-Fos mRNA in all of the PFC subregions and the
PVN, but not in the agranular insula. We also observed parallel increases in Per1 and c-Fos
mMRNA in the SCN when in the first two experiments rats were inadvertently exposed to pseudo
red-light conditions during restraint applied during the dark phase. In the third experiment when
rats were exposed to restraint in total darkness, neither Per? or c-Fos mRNA were altered in the
SCN, which aligns with previous studies (Al-Safadi et al., 2014; Takahashi et al., 2001) and
indicates that SCN neuroactivity is not increased by acute stress. In contrast stress-induced

Per1 mRNA in the PVN was present in all 3 experiments, indicating that the effect depended
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solely on the stress associated with restraint. In a previous study we found that night-time light
exposure alone does not induce FOS protein in PVN (Highland et al., 2014).

Thus the Per1 gene seems to operate much like an IEG. In the SCN it is rapidly induced
by photic related signals transmitted to the SCN during the subjective night. But outside the
SCN, Per1 expression may be rapidly increased by a wide range of experiences, including
acute stress, that effectively induce other IEGs. The PFC and PVN are well-established stress-
reactive brain regions, in terms of IEG induction (Pace et al., 2005; Weinberg et al., 2009). This
study suggests that neural activity in the rostral agranular insula is not acutely stress-reactive.

One dissociation that we observed between Per1 and c-Fos expression changes with
treatment conditions was the attenuation of stress-induced Per1 mRNA levels in the PVN of
ADX rats at ZT4. The lack of a parallel effect of ADX on c-Fos mRNA is consistent with the fact
that the c-Fos gene is not associated with a GRE and is not directly regulated by acute
increases in CORT (Ginsberg et al., 2003).

Although in most cases stress-induced Per? mRNA increases did not depend on CORT,
we did see some evidence of CORT sensitivity of clock gene expression in this study. In the
PVN of unstressed adrenal-intact rats, the relative expression of all three clock genes exhibited
the expected time of day variation with higher levels of BmalT mRNA at ZT4 compared to ZT16
and the opposite time of day relationship for Per1 and Per2 mRNA (Chun et al., 2015; Girotti et
al., 2009). However, in ADX rats the time of day variation in PVN Per1, Per2 and Bmal1 mRNA
expression was significantly blunted. This result may reflect an impairment in the proper
entrainment of PVN rhythmic clock gene expression of ADX rats, similar to what we previously
reported in the PFC (Woodruff et al., 2016). In this study the two times of day sampled may not
have been optimal to see a phase shift in Per1 and Per2 diurnal expression in the PFC that we
previously observed in ADX rats, but we did see an effect of ADX on Bmal1 mRNA in the PFC,
consistent with our previous results (Woodruff et al., 2016). In our previous study we found that

normal PFC clock gene diurnal expression patterns was restored in ADX rats that were treated
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with an appropriately timed daily pulse of CORT. The results of this study suggest that CORT’s
regulation of daily clock gene expression entrainment in extra-SCN brain regions may operate

over a longer time-scale than 30 min.

Sex comparison

Despite the fact that female rats had substantially higher basal and stress-induced
plasma CORT levels than male rats, female rats did not have higher basal or stress-induced
Per1 mRNA levels compared to male rats. This result further supports the case that stress-
induced Per1 mRNA levels were not primarily dependent on acute elevations in CORT. It should
be noted, however, that Droste et al. (2009) found that restraint stress increased free CORT
within the hippocampus equally between male and female rats. Thus, while there may be a sex
difference in plasma CORT, this may not be the case in restraint-induced free CORT within
certain brain regions. In contrast, another study observed greater increases in hippocampal
Per1 mRNA in female mice compared to male mice after swim stress, whereas restraint
produced no change in Per1 mRNA for either sex (Bohacek et al., 2015). In that study
pretreatment with a GR antagonist did not block increases in Per1 mRNA after swim stress,
again pointing to a CORT independent mechanism.

We did observe in this study a few instances of sex differences in gene expression. In
the PL, male rats had overall higher Per1 and c-Fos mRNA levels compared to female rats, and
this difference was primarily a result of higher levels after acute stress. Another study also
observed higher stress-induced c-Fos mRNA levels in the PL of male rats compared to female
rats, and that sex difference was most pronounced when female rats were stressed during
proestrus (Bland et al., 2005). Thus this is an example of a sex difference in stress-induced
gene expression that appears dissociated from relative CORT levels, but may be related to
gonadal steroid levels. In this study there was also overall significantly higher c-Fos mRNA

levels in the rostral agranular insula of male rats compared to female rats. This sex difference
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was mirrored in relative Per1 mRNA levels, although it did not quite reach statistical significance
(p = 0.052). Thus, overall there were minimal sex differences in basal or acute stress-induced
gene expression in the PVN and cortical regions examined despite the greater prevalence of
mood disorders associated with both stress and circadian disruption in females (Bailey & Silver,
2014; Kessler, 2003).

It is possible, though unexplored, that sex differences in stress-induced Per1 expression
may appear with a more chronic stressor, as repeated insults may cause greater disruption to
the molecular clock within various brain regions (Christiansen et al., 2016; Logan et al., 2015).
Additionally, it is currently unknown whether there are sex differences in subsequent phase-
shifting of the molecular clock after an acute stressor. Further research examining sex
differences in stress-induced alterations of the molecular clock in extra-SCN brain regions are

necessary.

Concluding Comments

In closing, 30 minutes of acute restraint stress rapidly and selectively induced Per1
mMRNA expression in the PVN and PFC of male and female rats. These results suggest that
altered Per1 expression may be the gateway by which stress can subsequently alter the phase
and amplitude of extra-SCN molecular clocks. However, in addition to GRE/CORT-mediated
mechanisms of altered clock gene expression, stress-induced Per7 mRNA expression was
largely CORT independent and may depend on CRE-mediated mechanisms. The potential for
daily acute induction of Per1 expression and the subsequent alterations to the molecular clock
in extra-SCN tissue may be important for phase adjustment of extra-SCN molecular clocks to
periodic non photic environmental changes. This is further supported by previous studies that
show that temporal shifts in daily food access, or repeated stress at the same time each day
can alter the phase of clock gene expression in extra-SCN brain regions (Girotti et al., 2009;

Tahara et al., 2015). On the other hand, temporally unpredictable recurring alterations of Per1



expression by environmental factors such as chronic variable stress may result in disrupted
profiles of extra-SCN molecular clocks. This disruption may contribute to some of the adverse

neurobiological effects of chronic stress.
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CHAPTER IV: THE ROLE OF GLUCOCORTICOIDS AND ESTRADIOL IN STRESS-INDUCED
PER1 MRNA IN THE PREFRONTAL CORTEX, HYPOTHALAMIC PARAVENTRICULAR
NUCLEUS, AND HIPPOCAMPUS IN FEMALE RATS

ABSTRACT

Properly entrained circadian rhythms are critical to the normal health and behavior of an
organism. Underlying these circadian rhythms is the presence of oscillating molecular clocks.
The proper entrainment of extra-SCN clocks is dependent on the diurnal presence of
glucocorticoids (CORT), as adrenalectomy has been shown to disrupt the molecular clock in the
prefrontal cortex (PFC). If diurnal peaks in CORT are important for normal clock gene
expression, then untimely stress-induced CORT may also interfere with clock gene expression.
Furthermore, female rats have greater stress reactivity, especially in stress-induced CORT. This
effect is believed to be due to the activational effects of estradiol. Furthermore, women have
greater prevalence rates of mood disorders associated with stress an disruptions in circadian
rhythms. Thus, the objective of this study was to determine whether 30 min of acute restraint
stress could rapidly alter clock gene expression in the PFC and hippocampus, limbic brain
regions important in stress reactivity, and in the hypothalamic paraventricular nucleus (PVN),
which controls the release of CORT. It was also examined if stress-induced changes in clock
gene expression are dependent on CORT and if estradiol can modulate this effect either acutely
or permissively. Female rats were ovariectomized and had estradiol replaced or not. Half of the
rats also received adrenalectomy to assess if endogenous CORT is necessary for stress-
induced clock gene expression. It was found that stress increases Per?1 mRNA (in situ
hybridization), and that this effect was largely independent of CORT, as stress-induced Per1
MRNA was only partially attenuated in only the PFC. Furthermore, estradiol had no effect on

stress-induced Per1 mRNA.
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INTRODUCTION

There are circadian rhythms in many behaviors and physiology, such as the sleep/wake
cycle, fluctuations in hormone levels, cognition, body temperature, and alertness. These
rhythms allow for the organism to be synchronized with their environment in order to optimize
their survival. Properly entrained rhythms contribute to the overall health of the organism, as
disruptions in circadian rhythms are associated with diseased states, such as depression,
anxiety, and post-traumatic stress disorder (PTSD), which often have disrupted sleep/wake
patterns and disrupted rhythms in glucocorticoid release (Drevets et al., 1997; Johansson et al.,
2002; Lamont et al., 2009; Mayberg et al., 1999). Additionally, shift work is associated with an
increased rate of depression (Caruso, 2014). Thus, properly entrained circadian rhythms are
essential for healthy behaviors and physiology.

Circadian rhythms are maintained by the existence of molecular clocks that exist in
virtually all cells of the organism. The molecular clock is comprised of the oscillating expression
of core clock genes from both the positive and negative component of the molecular clock. The
positive component of the molecular clock consists of the core clock genes Bmal1 and
Clock/Npas2, whose protein products dimerize to initiate the expression of the negative
component of the molecular clock, Period 1, 2, 3 (Per1, Per2, Per3) and Cryptochrome 1,2
(Cry1, Cry2). Per and Cry then feedback to inhibit their own transcription. This self-regulating
transcriptional/translational loop takes approximately 24 hours (Reppert & Weaver, 2002). The
molecular clock has been well-characterized in the body’s master clock, the suprachiasmatic
nucleus of the hypothalamus (SCN). More recently, this molecular clock has also been found in
extra-SCN brain regions (e.g., cortex, amygdala, hippocampus, prefrontal cortex, other
hypothalamic nuclei) (Amir et al., 2004; Angeles-CasteIIanos et al., 2007; Chun et al., 2015;
Feillet et al., 2008a; Harbour et al., 2014; Rath et al., 2012) and peripheral tissue (e.g., liver,
kidney, heart, lungs, spleen, bone) (Yamamoto et al., 2004). The ubiquitous nature of these

clock genes suggests their importance in the normal functioning of the organism. Knockdown or
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knockout of clock genes lead to behavioral arrhythmicity, as well as depressive-like or manic-
like behaviors (Bae et al., 2001; Bunger et al., 2000; Spencer et al., 2012). Thus, normal
expression of clock genes is critical to healthy physiology and behavior.

The body’s master clock, the SCN, communicates with extra-SCN molecular clocks in
order to synchronize the organism to its environment. Light input from the environment enters
the retina and travels via the retinohypothalamic tract (RHT) to the SCN (Sollars & Pickard,
2015), thereby entraining the molecular clock within the SCN to the organism’s environment.
However, the SCN has very limited efferent projections (Balsalobre et al., 2000; Sollars &
Pickard, 2015), which raises the issue of how the SCN communicates with extra-SCN clocks.

Glucocorticoids (CORT) are an ideal candidate for how the SCN communicates with
extra-SCN clocks. CORT has a diurnal rhythm, with peak plasma levels occurring immediately
upon the animals’ active phase [Herman et al., 2003] and is controlled by the SCN (Moore &
Eichler, 1972). Glucocorticoid receptors (GR) are ubiquitously expressed throughout the brain
and body, with the SCN as a notable exception (Balsalobre et al., 2000; Rosenfeld et al., 1988;
1993). Thus, nearly all cells can be affected by the actions of CORT, while the master clock
remains unaffected. CORT can induce rhythmic expression of clock genes (Per1, Per2, Bmal1)
in mesenchymal stem cells (So et al., 2009). Furthermore, Woodruff et al. (2016) has
demonstrated in adrenalectomized rats that the timing of a daily CORT injection is critical to
restore the proper circadian rhythm of clock gene expression in male prefrontal cortex.

Acutely, CORT can rapidly induce the expression of Per1 in hippocampal cells (Conway-
Campbell et al., 2010), liver, rat fibroblast cells (Balsalobre et al., 2000), and human peripheral
blood mononuclear cells (Burioka et al., 2005). The rapid induction of Per? gene expression is
due to a functional glucocorticoid response element (GRE) within the promoter region of Per1
(Yamamoto et al., 2005), and may be how CORT can entrain the rhythm of extra-SCN

molecular clocks.
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If an appropriately timed peak in diurnal CORT is responsible for the entrainment of
extra-SCN molecular clocks, then untimely stress-induced peaks in CORT may adversely alter
rhythmic clock gene expression. Thus, untimely stress-induced CORT could lead to disruptions
in the circadian rhythm of these clock genes by initially altering Per1 expression. Many mood
disorders that are characterized by disruptions in circadian rhythms are often precipitated by
stress (Johnson & Sarason, 1978; Pittenger & Duman, 2008). Thus, if stress can alter clock
gene expression, then that may lead to disruptions in extra-SCN molecular clocks, resulting in
disruptions in circadian rhythms and mental illness.

There is growing evidence for the ability of chronic stress to alter both positive and
negative components of the molecular clock (Jiang et al., 2013; Logan et al., 2015; Takahashi et
al., 2013). Additionally, it has been demonstrated that acute stress (cold swim stress, restraint
stress) can rapidly induce Per1 gene expression in peripheral tissue and different brain regions,
which depends on the stressor (Chapter 2; Al-Safadi et al., 2015; Bohacek et al., 2015; Gray et
al., 2014; Takahashi et al., 2001; Yamamoto et al., 2005). Thus, Per1 may be the gateway by
which an acute stressor can subsequently (especially after repeated stress) alter the molecular
clock.

While it is largely hypothesized that stress induces Per1 expression via GRE-mediated
mechanisms, limited studies have begun to test this hypothesis. It was found that ADX had
minimal or variable effects on stress-induced Per1 expression depending on the brain region
(Chapter 2; (Al-Safadi et al., 2015). Other studies have administered a GR antagonist prior to an
acute stressor and found no effect on stress-induced Per1 expression (Bohacek et al., 2015;
Gray et al., 2012; Roszkowski et al., 2016). These studies challenge the existing dogma of
CORT-mediated Per1, and thus more studies need to replicate these findings. Additionally,
many of these studies have only examined male subjects. In many mental health disorders that
are associated with both disruptions in circadian rhythms and with stress (e.g., depression,

anxiety, PTSD) there is a greater prevalence rate in women compared to men (Kessler, 2003).
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There are sex differences in both circadian rhythms (Bailey & Silver, 2014) and in stress
reactivity (Viau & Meaney, 1991). These sex differences are believed to be due to the
activational effects of estradiol in the female rat brain. Thus, examining stress-induced changes
in clock gene expression and how this may be modulated by estradiol in female subjects is
critical. Additionally, there is evidence to suggest that there are sex differences in stress-
induced HPA axis activation and in stress-induced neuronal activation. Chapter 2 and Al-Safadi
et al. (2015) studies suggest CORT-independent mediation of stress-induced Per1 expression.
It is possible that there may be sex differences in the mechanism of stress-induced clock gene
expression (e.g., stress-induced Per1 by hormonal versus neuronal mechanisms). Thus, there
may be sex differences in the dependency of CORT on stress-induced Per1 expression.

The objective of this study was to determine whether stress-induced clock gene
expression is dependent on CORT in female rats, and if any of these effects are modulated by
the acute or permissive actions of estradiol. Furthermore, previous studies suggest that there
may be brain region specificity in stress-induced Per1 expression. Thus, this study also
examined stress-induced Per1 mRNA in the PFC and PVN, as well as the hippocampus (HPC).
The HPC is a brain region that is part of the limbic system, and integral to stress reactivity,
emotional regulation, and learning and memory (Herman et al., 2003), all functions that are
decreased in mental health disorders (Videbech & Ravnkilde, 2004). This brain region is also
important to study in order to obtain a more complete picture in understanding stress and

disruptions in clock gene expression.

MATERIALS AND METHODS

Subjects

Three cohorts of 32-34 female Sprague Dawley rats (Harlan, Indianapolis, IN), for a total of 98
rats, were used. Rats were approximately 3 months of age at the time of sacrifice. Upon arrival

to the facility, rats were pair-housed and evenly distributed between two rooms. Each room was



81

temperature and humidity controlled and had its separately controlled light:dark cycle. Rats
were maintained on a standard 12:12 hour light:dark cycle, with lights on at 07:00 or 08:00.
Food and water were available ad libitum. Rats were allowed to acclimate for two weeks to their
new housing conditions before surgery was performed. All procedures used were approved by
University of Colorado Boulder’s Institutional Animal Care and Use Committee, and were in
accordance with the guidelines found within the Guide for the Care and Use of Laboratory

Animals (DHHS Publication No. [NIH] 80-23, revised 2010 eighth edition).

Surge

Surgery occurred during the animals’ light phase. All rats received bilateral ovariectomy.
Additionally, half of the rats received bilateral adrenalectomy (ADX), while the other half
received SHAM adrenalectomy surgery (SHAM). Rats were anesthetized with halothane gas.
Bilateral incisions in the dorsal portion of the peritoneal cavity immediately posterior to the rib
cage were made in order to expose the ovaries. Ovaries were carefully isolated from
surrounding organs and adipose tissue. A suture directly under the base of the ovaries and
around the uterus and was made before ovaries were removed with a sharp scalpel in order to
avoid blood loss. For the rats that received ADX, adrenals were located after ovaries had been
removed. They were carefully separated from surrounding tissue, and removed with intestinal
forceps. For the SHAM surgeries, the adrenal glands were located, but remained intact. Rats’

peritoneal cavity was sutured, and skin stapled shut.

Hormone Replacement Regimen Post-Surgery

Corticosterone
Immediately after surgery, ADX rats received CORT in their drinking water in order to restore
the rats’ diurnal rhythm of CORT. Rats drink almost exclusively in the dark phase (their active

phase), with the majority at the onset of the dark cycle. Thus, CORT in the drinking water is an
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ideal, non-invasive way to restore the rats’ normal diurnal plasma CORT rhythm (Jacobson et
al., 1988). Replacement of diurnal CORT prevents any changes in clock gene expression and
other circadian physiological measures that may be affected with ADX (Woodruff et al., 2016).
ADX rats were given 25 pg/mL of CORT in 0.2% ethanol and 0.9% saline with tap water, which
has been shown to restore plasma levels of diurnal CORT (Jacobson et al., 1988). SHAM rats

received 0.2% ethanol in their drinking water as a control.

Estradiol

Rats received either estradiol benzoate (Sigma, St. Louis, MO) or vehicle injections
subcutaneously once every four days in order to mimic plasma estradiol levels across the rats’
estrous cycle (Asarian & Geary, 2002). Injections began 4 days after surgery, allowing enough
time for any remaining endogenous estrogens in the rat to dissipate (Becker et al., 2004). A total
of 3 injections were given, each at zeitgeber time 2 (ZT2, 2 hours after lights are turned on).
This time was chosen so that testing could occur at ZT4. Estradiol-treated rats received 2 ug of
estradiol benzoate (EB) crystal dissolved in 0.1 mL sesame oil (Foreway, New Taipei City,
Taiwan), for a dose of 10 ug/kg per rat. Rats who received vehicle received 0.1 mL sesame oil.
Testing occurred either 2 hours after the last EB injection (high plasma estradiol levels) in order
to test for the acute effects of estradiol on stress-induced clock gene expression, or 48 hours
after the last EB injection (low plasma estradiol levels) in order to test the permissive effects of

estradiol on stress-induced clock gene expression.

Test Day and Tissue Processing

Test Day occurred either 2 h or 48 h after the last EB or vehicle injection. Procedures were the
same between each test day. Half of the rats received 30 minutes of acute restraint stress at
ZT3.5 in Plexiglas restraint tubes (5 cm in diameter, 15.5 cm in length). Upon termination of the

stressor, rats were immediately decapitated at ZT4. No stress controls remained in their home
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cage until rapid decapitation, which centered around ZT4. ZT4 was chosen as the time of
sacrifice because previous studies have determined that there are no time of day effects in
stress-induced clock gene expression [Chapter 2], and ZT4 is when Per1 mRNA levels are at its
trough in extra-SCN brain regions (Chun et al., 2015).

Upon decapitation, brains were carefully extracted and flash frozen in ~ -25°C
isopentane chilled with dry ice. Brains were stored at -70°C until further use. Brains were cut at -
20°C on a cryostat (Leica CM1850). 12um coronal sections were taken at the level of the
prefrontal cortex (2.2-3.2 mm anterior to bregma), the suprachiasmatic nucleus of the
hypothalamus (1.3-1.4 mm posterior to bregma), the paraventricular nucleus of the
hypothalamus (1.80-1.88 mm posterior to bregma), and the hippocampus (2.56 to 3.60 mm
posterior to bregma) [Paxinos & Watson, Rat Brain Atlas, 4™ edition]. Brain slices were thaw-
mounted onto Colorfrost plus microscope slides, then stored at -70°C until use in in situ
hybridization. Trunk blood was collected in EDTA-coated tubes and centrifuged at 4000 rpms for
10 minutes at 4°C. Plasma was then aliquoted out on dry ice and stored at -70°C until further
use in a CORT assay.

Uteri were extracted and connecting adipose tissue was carefully cut away with a razor
blade. Uteri were briefly stored in 0.9% saline in microfuge tubes before being blotted with a
Kimwipe and weighed. This was done in order to assess the validity of the ovariectomies and
subsequent EB replacement or vehicle injections. Thymi were also carefully removed and its
wet weight determined in order to assess the validity of the adrenalectomies and subsequent

CORT replacement in the drinking water.

Corticosterone (CORT) Assay

Plasma CORT levels were measured using a commercially available enzyme-linked
immunoabsorbent assay kit (cat No. KO14-H1, Arbor Assays, Ann Arbor, MI) according to

manufacturer’s instructions. Plasma samples were run in duplicate and diluted 1:50 in assay
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buffer. Samples were then heated for 1 hour at 65°C to inactive corticosteroid-binding globulin.
Sensitivity for CORT was 27 pg/mL, according to the manufacturer. The intra-assay coefficient

of variation was 8.0%.

In situ hybridization

In situ hybridization for Per1, Per2, Bmal1, and Cfos followed procedures previously reported
(Chun et al., 2015; Ginsberg et al., 2003; Girotti et al., 2009). Briefly, riboprobes for each gene
of interest were made using radioactively labeled **S-UTP. The riboprobe was mixed into
hybridization buffer. 97.5 uL (for PFC slide) or 65uL (for SCN, PVN, and HPC slides) of this
mixture were applied to each slide and allowed to incubate at 54°C for 16-20 hours. Coverslips
were gently floated off in 2X saline citrate solution (SSC), slides were then subjected to an
incubation of 0.02 g/L of RNase (Fischer, Waltham, MA) at 37°C for an hour, put in decreasing
concentrations of SSC, then subjected to a stringency wash of 0.1X SSC at 65°C for an hour,
then dehydrated in increasing concentrations of ethanol. Slides were then air dried before
putting down X-ray film. Slides were set on film for 2-4 weeks, then developed in a medical film

processor SRX-101A (Konica Minolta, Tokyo, Japan).

Densitometry

Brain images from the X-ray film were captured using a Northern Light lightbox model B95
(Imaging Res Inc., St. Catharines, Ontario, Candada) and a Sony CCD video camera model
XC-ST70 fitted with a Navitar 7000 zoom lens (Rochester, NY) and connected to LG3-01 frame
grabber (Scion Corp., Frederick, MD) inside a Dell Dimension 500, and captured with Scion
Image beta rel. 4.0.2. Digitized images were analyzed with ImageJ Software (NIH). Mean gray
values were converted to uncalibrated optical density, and densitometry was performed on

images whose gray levels fell within a linear range of the gray level:optical density ratio.
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Measurements were taken within each region of interest by an experimenter blind to the
rats’ treatment groups. A circle or line was manually drawn and selected using anatomical
landmarks from Paxinos & Watson (4™ Edition). Regions of interest at the level of the PFC
include: anterior cingulate cortex (AC), prelimbic medial prefrontal cortex (PL), infralimbic medial
prefrontal cortex (IL), ventral orbital cortex (VO), and insula. 6 slices were used for analysis for
the PFC. In more caudal sections, SCN and PVN were measured by the experimenter using
free-hand selection of each ROI. Hippocampus (HPC) sections were also measured free hand,
but with a line function. Subregions of the HPC that were measured include the CA1, CA3, the
superior dentate gyrus (supraDG), and inferior dentate gyrus (infraDG). 4 slices were used for
analysis for the SCN, PVN, and HPC. Measurements were taken from both hemispheres for all
brain slices analyzed. The average optical density for each animal was used for treatment group

averages and statistical analysis.

Statistical Analysis

Statistical Package for Social Science (SPSS; IBM version 24, 2016) was used to perform
multivariate analysis of variance (ANOVA). Four-way ANOVA was used to determine whether
there were main effects of stress, adrenal status, estradiol status, and time after last injection,
and if there were any significant interactions. Main effects and interactions were considered to
be significant if p < 0.05, and were followed up by Fischer’s Least Significant Difference (FLSD)

post-hoc analysis.

RESULTS

Corticosterone (CORT)

There were significant main effects of stress and of adrenal status, a significant stress x adrenal

status interaction, and a significant adrenal status x time interaction [Table 4.1].



Table 4.1. Statistical analysis of a four-way ANOVA (stress x adrenal status x estradiol treatment x time of last injection) of CORT and
Per1 mRNA in the HPC, Per1 and c-Fos mRNA in the SCN, PVN, and of Per1, c-Fos, Bmal1 and Per2 mRNA in the PFC of female rats.
Significant main effects (S = stress; A = adrenal status; E = estradiol status; T = time after last injection) and significant interactions are
denoted: * = p <0.05; ** p < 0.01; *** = p < 0.001

Stress Adrenal Estradiol Time S*A S*E S*T A*E AT E*T S*A*E S*A*T S*E*T A*E*T S*A*E*T
SCN Fa78=0 F78 = F,78 = F7e = Fe,7e) = F7e) = F,7e) = F,76)= Fa,76)=0 F,78= F7e) = F,7e = F,78 = F,78= F,78 =
1.7 0.7 3.1 1.4 0.1 0.4 1.2 0.3 0.5 0.1 1.7 0.4 0.1
PVN Fae) = Fae = Fa =0 Fi,78) = Fii,78) = Fi1,78) = Fi,78) = Fii,78) = Fi,78) = Fi,78) = Fi,78) = Fe,78) = Fi78) = F,78) = Fe.78) =
80.3*** 1.6 1.7 0.2 0.1 24 1.9 3.5 0.1 0.8 1.1 0.1 25 4.5
AC Faen= Faen = Faen = Fren = Fren = Faen=0 Fren = Fuen = Fren = Faen = Faen=0 Faen = Faen=0 Faen = Fasn=0
52.6*** 0.2 1.2 0.8 11.04* 0.1 3.1 2.2 1.4 0.3 0.1
PL Fiey = Fie1 = Fiey = Fs1) = Fs1) = Fas)=0 Fs1 = Fs1 = Fs1) = Fsn = Fsn = Fs=0 Fsn = F1s1)=0 Fen =
60.5*** 0.1 0.3 0.6 7.42* 1.1 2.9 0.8 0.9 0.1 0.6 0.1
IL Fiey = Fieny = Fie = Fas1) = Fs1) = Fas)=0 Fs1) = Fsn = Fs1) = Fen = Fe=0 Fe=0 Fsn = Fe=0 Fien =
53.2** 0.1 0.3 1.1 6.53* 0.7 2.0 1.3 0.4 0.4 0.4
E VO Fagn = Fagn = Fagn = Fen = Fien = Fen = Fien = Fien = Fien = Faen = Faen = Fuen=0 Fuen=0 Fuaen = Faen =
Q 92.4** 0.3 0.9 1.0 9.5** 0.1 0.8 1.5 1.0 0.7 0.1 0.1 0.1
insula Fusn = Fuasn = Fuasn = Faen = Faen = F181=0.3 | Fae1)=0.6 | F181=2.3 | F181)=2.4 | Fras1 = Fagn=0 F181)=0.2 | F181=0.3 | F(181=0.1 Fasn =
0.7 0.5 1.8 0.1 9.4** 1.8 0.5
CA1 Faen = Faen = Faen = Fagn = Fagn = Fagn=0 Fagn = Fagn = Fagn=0 Fasn = Fasn = Fasn = Fasn = Fasn = Faen =
0.8 0.1 0.2 0.7 0.1 0.1 1.0 0.2 0.1 0.2 0.2 1.0 0.5
CA3 Faen = Faen = Faen= Faen = Fagn=0 Fagn=0 Fagn = Fasn = Fagn = Fasn = Fasn =0 Fasn = Fasn =0 Fasn = Faen =
0.3 0.1 0.2 1.3 0.1 1.4 0.1 0.8 0.1 0.4 0.3
supDG F180=0 F1,80 = F1,80 = F80) = F80) = F.80 =0 F80) = F80) = F,80=0 F80) = F1,80=0 F1,80=0 F80) = F80) = F1,80 =
1.0 0.1 2.2 0.2 0.2 0.6 1.0 0.3 0.5 0.1
infDG F(1.s1) = F(1‘s1) = F(1‘s1) = F(1‘s1) = F(1‘s1) =0 F(1‘s1) = F(1‘a1) =0 F(1‘a1) = F(xan = F(w,e«) = F(w,e«) = F(w,ew) =0 F(w,ew) = F(w,ew) = F(1,s1) =
0.3 0.1 0.3 2.8 0.2 0.4 0.1 0.5 0.1 0.1 1.1 0.4
SCN F(1,78) = F(1,78) = F(1,78) = F(wa) = F(wa) =0 F.78) = F.78) = F.78) = F.78) = F.78y=0 F.78) = Fi.78) = Fu76 =0 Fi.7e) = Fu,?&) =
8.5** 1.0 0.5 4.9* 0.2 0.1 7 0.2 0.1 1.1 0.7 0.6
PVN F(|,s|) = F(1,s|) = F(1,s|) = F(«sn = Fm‘an = F(«an = F(«an = F(«an = F(«Bn = F(1,a1) = F(1,a1) =0 F(1,a1) = F(1,a1) =0 F(1,a1) = F(|,81) =
915*** 5.3* 1.7 0.2 4.0* 1.2 1.0 1.0 0.6 0.1 0.2 0.8 1.0
AC Fiey = Fiey = Fie1) = Fas1) = Fs1) = Fas)=0 Fs1) = Fasn=0 Fag)=0 Fsn = Fsn = Fsn = Fsn = Fsn = Fie1)=0
” 36.9*** 2.8 3.9* 1.6 2.6 0.9 0.6 2.0 0.3 0.3 1.0
LE PL Faen = Faen = Faen = Fagn = Fagn = Faen=0 Fagn = Fagn = Faen =0 Fagn = Fagn = Fagn = Fagn = Fagn = Faen =
& 64.8°** 4.0* 3.6 2.6 0.4 2.2 0.1 1.5 0.6 0.4 1.3 1.8 0.1
L Faen = Faen = Faen = Fren = Faen=0 Fren = Fren = Faen=0 Fuen = Feen = Faen = Feen = Faen = Faen = Faen =
69.0*** 5.5% 5.8* 2.5 0.3 2.4 0.1 0.9 1.4 0.3 1.2 0.4 0.1
VO Faen = Faen = Faen = Fren = Feen = Faen=0 Fren = Feen = Fren = Feen = Faen = Feen = Faen = Faen = Faen =
61.9"** 6.2* 4.6* 2.6 0.3 1.8 0.1 0.6 0.8 0.9 0.3 1.1 0.1 0.1
insula Faen = Faen = Faen = Fagn = F81) =38 Fagn=0 Fagn=0 Fagn = Fagn=0 Fasn =0 Fasn = Fasn = Fasn = Fasn = Faen =
1.0 30.5%** 12.9* 0.2 0.5 0.5 0.1 0.5 1.0 0.6
AC Faen=0 Faen = Faen = Fagn = Fagn = Fagn = Fagn=0 Fagn = Fagn = Fagn = Fagn = Fagn = Fagn =0 Fagn = Faen =
1.5 3.0 0.1 2.0 1.0 3 0.2 0.6 0.2 0.4 0.2 0.1
PL Faen = Faen = Faen = Fren = Fren = Fren = Faen=0 Fren = Fren = Feen = Faen= 0 Faen = Feen = Feen = Faen=0
0.1 0.1 2.2 0.3 0.6 0.5 1.3 0.1 0.5 0.1 0.3 0.3
g L Faen = Faen=0 Faen = Fren = Feen = Fren = Fren = Fren = Faen=0 Faen = Faen=0 Fae1)=0 Feaen = Faen=0 Faen=0
a 0.5 2.0 0.2 0.9 0.6 0.1 0.5 0.4 0.5
VO Faen= Faen = Faen = Faen=0 Fren = Feen = Faen=0 Fren = Faen=0 Faen = Faen = Faen = Faen = Faen = Fasn=0
0.8 2.6 3.7 1.9 1.6 0.5 0.1 0.1 0.5 0.1 0.1
insula F(1,81) = F(1,81) = F(|,a|) = F(um =0 F(um = F(um = F(um = F(w‘sn = F(w‘sn =0 F(w,an = F(w,an =0 F(w,an = F(w,an = F(w,an = F(1,s1) =
0.9 5.7* 3.7 1.2 1.7 0.1 1.8 0.5 0.1 0.1 0.1 0.2
AC Faen = Faen = Faen = Fagn = Faen = Fagn = Fagn = Fagn = Fagn =0 Fagn = Fagn = Fagn = Fagn = Fagn = Faen =
4.6* 0.9 0.5 2.2 0.7 0.1 1.4 2 0.6 1.1 0.1 0.7 0.1 0.6
PL Faen = Faen = Faen = Fagn = Fagn = Fagn = Fagn = Fagn=0 Fagn = Fagn =0 Fagn =0 Fagn = Fagn = Fagn = Faen=0
- 9.7** 3.6 0.3 2.1 1.2 0.3 0.3 0.1 0.1 0.9 0.1
® L Faen = Faen = Faen = Fren = Fren = Faen=0 Fren = Fren = Feen = Faen=0 Faen = Faen = Faen = Faen=0 Faen =
% 6.0* 4.5* 0.4 2.5 2.7 0.9 0.2 0.3 0.2 0.1 0.3 0.2
VO Faen = Faen = Faen=0 Fagn = Fagn = Fagn = Fagn = Fagn = Fagn=0 Fasn = Fasn =0 Fagn = Fasn = Fasn =0 Faen =
7.8 2.15 0.1 0.1 0.2 22 0.5 0.3 0.8 0.3 0.06 [
insula Fagn = Fagn = Fasn=0 Fen = Fien = Fien=0 Fie1 = Fien = Fen = Fuen=0 Fuen = Fuen = Fuen=0 Fuen = Fagn =
.8** 1.9 1.2 0.1 2.6 1.5 0.9 0.6 0.1 0.5 0.1
CORT Faen = Faen = Faen = Faen = Faen = Faen=0 Fagn = Fagn = Fagy = Fagn = Fagn = Fagn = Fagn = Fagn = Faen =
137*** 348** 2.7 0.1 229*** 0.2 1.3 6.32* 0.1 0.3 1.4 0.3 0.1 1.1
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Post-hoc analysis revealed significant pair-wise comparisons for the following: stress
significantly increased CORT plasma levels for all SHAM groups, but not for any ADX groups

(FLSD, p < 0.05) [Figure 4.1].

Figure 4.1. Effect of stress, adrenal status, estradiol status, and time after last injection

on plasma corticosterone (CORT) levels at ZT4. Acute stress increased CORT levels in
SHAM animals only, as expected. ADX rats still had basal CORT levels similar to that of
SHAM rats, as CORT replacement had been put in their drinking water. Estradiol had no

significant effects [* = p < 0.05 for stress; & = p < 0.05 for adrenal status; FLSD post-hoc
pair-wise test].

No Stress
B Stress

ug/dL

Veh 2h EB 2h Veh 48h EB 48h

This was to be expected since ADX rats cannot mount a CORT response. SHAM rats also had
greater basal CORT compared to ADX rats when treated with EB 48 hours prior to sacrifice
(FLSD, p < 0.05). This is the only treatment group under no stress conditions to have a
significant adrenal effect. All rats were sacrificed at ZT4, during the rats’ trough of diurnal
plasma CORT levels, thus little to no difference are expected. For ADX rats that received EB 2

hours prior to challenge, stress decreased plasma CORT (FLSD, p < 0.05). ADX rats should
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have equal amounts of plasma CORT regardless if exposed to stress or not. This surprising
result may be due to the fact that the preceding EB injection at ZT2 was stimulating enough to
wake the rats and increase their drinking, thus increasing plasma CORT. Stress rats did not
have access to their CORT water during restraint, while the no stress rats in their home cage

did.

Prefrontal Cortex (PFC)

Per1, Per2, Bmal1, and c-Fos mRNA were examined in the anterior cingulate (AC), prelimbic
(PL), infralimbic (IL), and ventral orbital cortex (VO) subregions of the prefrontal cortex. There
was a significant main effect of stress, as well as a significant stress x adrenal interaction for
Per1 mRNA expression in all subregions of the PFC [Table 4.1]. Stress significantly increased
Per1 mRNA in all SHAM animals regardless of estradiol treatment and time after last injection.
However, in ADX rats, there were few instances for stress to increase Per1 mRNA in the PL and
IL for ADX rats treated with vehicle 48 hours prior to sacrifice, and in the VO of ADX vehicle rats

(FLSD, p < 0.05) [Figure 4.2].
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Figure 4.2: Effect of stress, adrenal status, estradiol treatment, and time of last injection on
Per1 mRNA throughout the PFC. A) There was a significant main effect of stress and a
significant stress x adrenal status interaction throughout all subregions (AC = anterior
cingulate; PL = prelimbic; IL = infralimbic; VO = ventral orbital). Acute stress increases Per1
mRNA, and ADX partially attenuates this effect. There were no effects for estradiol treatment
[* = p < 0.05 for stress; & = p < 0.05 for adrenal status, for FLSD post-hoc pair-wise test]. B)
Representative autoradiograms of stress-induced Per?1 mRNA in SHAM and ADX rats.
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These results suggest that throughout the PFC, stress-induced Per? mRNA expression is
largely independent from the presence of endogenous CORT, as ADX attenuated stress-
induced Per1 mRNA in only a few treatment groups.
There was a significant main effect of stress for Bmal? mRNA in all subregions of the
PFC [Table 4.1]. Post-hoc analysis failed to find any significant pair-wise comparisons, though
there was an overall trend for stress to decrease Bmal1 mRNA expression [Fig 4.3]. Per2 mRNA
in all subregions of the PFC is not induced by stress and had no other significant main effects or

interactions [Table 4.1; Fig 4.4].
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Figure 4.3. Effect of stress, adrenal status, estradiol treatment, and time of last injection
on Bmal1 mRNA throughout the PFC. A) There was a significant main effect of stress in
decreasing Bmal1 mRNA throughout all subregions of the PFC, however there was no
significant pair-wise comparisons. B) Because there was no difference in regards to
estradiol treatment and time of last injection, data was condensed in order to better
visually compare the main effects of stress and adrenal status. C) Representative

autoradiograms of stress-induced Bmal? mRNA in SHAM and ADX rats.
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Figure 4.4. Effect of stress, adrenal status, estradiol treatment, and time of last injection
on Per2 mRNA throughout the PFC. A) Because there were no significant main effects or
interactions, estradiol and time of last injection were condensed in order to better display
no stress versus stress effects. B) Representative autoradiograms of stress-induced Per?2
mMmRNA in SHAM and ADX rats.
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There was a significant main effect of stress for c-Fos mMRNA expression for all
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subregions of the PFC [Table 4.1]. Post-hoc analysis (FLSD, p < 0.05) revealed that stress
increased c-Fos mRNA for nearly all treatment groups in all subregions, with a few exceptions
(in VO: ADX vehicle 2h; in AC: ADX EB 2h, SHAM vehicle 2h, ADX EB 48h, and SHAM EB 48h)

[Fig 4.5].



92

Figure 4.5. Effect of stress, adrenal status, estradiol treatment, and time of last injection
on c-Fos mRNA throughout the PFC. A) There was a main effect of stress, where acute
restraint stress rapidly (within 30 min) increases c-Fos mMRNA expression throughout all
subregions of the PFC (AC, PL, IL, VO). ADX had no effect on this stress-induction [* = p
< 0.05 for stress, & = p < 0.05 for adrenal status; * = p < 0.05 for estradiol status; # = p <
0.05 for time after last injection; FLSD post-hoc pair-wise test). B) Representative
autoradiograms of stress-induced c-Fos mRNA in SHAM and ADX rats.

0.2

0.1

Relative optical density

AC

No Stress
M Stress

p=0.050

0.2

0.1

Relative optical density

A 4
Sham' ADX 'Sham' ADX 'Sham' ADX

Veh2h  EB2h Veh48h EB48h

g
7
?
Z
/
/
/
/
é

1
1
17

2

Sham ' ADX

Veh2h EB2h  Veh48h EB48h

0.25

Veh 2h

EB 2h

EB 2h

B.
No Stress  Stress
S Ang"
<
T
w) o
o L
5 5B
Veh 48h EB 48h < . ¢

VO

EB 48h

Veh 48h

There was also a significant main effect of adrenal status in the PL, IL, and VO subregions

[Table 4.1], though post-hoc tests failed to indicate any significant pair-wise comparisons.

Additionally, the AC, IL, and VO subregions had a significant main effect of estradiol status

[Table 4.1], where EB treated rats had less stress-induced c-Fos mRNA expression in the AC,

PL, and IL subregions compared to vehicle treated rats in the SHAM 48 hour treatment group

(FLSD, p < 0.05). This suggests that estradiol decreases stress-induced c-Fos mRNA

expression, and that permissive actions of estradiol are enough to cause this effect.
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Rostral Agranular Insula

Per1, Per2, Bmal1, and c-Fos mRNA were examined in the insula. There were no significant
main effects for Per1 mRNA, but there was a significant adrenal status x stress interaction
[Table 4.1]. Stress increased Per1 mRNA levels only for SHAM vehicle treated rats at 48 hours
after their last injection (FLSD, p < 0.05). Additionally, ADX rats had greater Per1 mRNA
expression compared to SHAM rats under no stress vehicle 2 h conditions (FLSD, p < 0.05) [Fig

4.6]. Thus, compared to the PFC, there were minimal effects of stress on Per1f mRNA in the

insula.

Figure 4.6. Effect of stress, adrenal status, estradiol treatment, and time of last injection
on Per1, Per2, Bmal1, and c-Fos mRNA in the rostral agranular insula. Overall, effects in
the insula were limited. Per1 had a significant adrenal status x stress interaction, Per2
had a significant effect of adrenal status, and c-Fos had a main effect of adrenal status
and estradiol treatment. [* = p < 0.05 for stress; & = p < 0.05 for adrenal status; * = p <
0.05 for estradiol treatment; FLSD post-hoc pair-wise test].
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Per2 mRNA in the insula had a significant main effect of adrenal status [Table 4.1], but
FLSD post-hoc analysis did not find any significant pair-wise comparisons. Bmal?T mRNA had a
significant main effect of stress, but FLSD post-hoc analysis also failed to find any significant
pair-wise comparisons. Similar to the PFC, stress had a tendency to decrease Bmal1 mRNA
expression in the insula.

C-Fos mRNA in the insula had significant main effects of adrenal status and estradiol
status [Table 4.1]. While EB decreased stress-induced c-Fos mRNA in the PFC, EB treatment
decreased c-Fos mRNA in the insula under no stress conditions in ADX 2 hour rats (FLSD, p <
0.05) [Fig 4.6]. ADX increased c-Fos mRNA in the insula under no stress conditions in rats
treated with vehicle at 2 h and in rats treated with EB or vehicle at 48 h. This suggests that
under basal conditions, EB decreases and ADX increases c-Fos mRNA expression in the
insula. Overall, the insula was generally not reactive to stress, which differs from that seen in

the prefrontal cortex.

Suprachiasmatic Nucleus of the Hypothalamus (SCN)

Per1 and c-Fos mRNA expression were examined in the SCN. There were no main effects or
interactions for Per1 mRNA [Table 4.1], which supports the idea that the SCN is impervious to
non-light environmental stimuli that could disrupt the molecular clock within the body’s master
clock. C-Fos mRNA had a significant main effect of stress and time after last injection [Table
4.1], but no significant pair-wise comparisons between no stress and stress groups. Under
conditions of stress, SHAM rats treated with EB 48 h prior to stress had greater c-Fos mRNA

expression compared to EB treatment 2 h prior to sacrifice (FLSD, p < 0.05) [Figure 4.71].
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Figure 4.7. Effect of stress, adrenal status, estradiol treatment, and time of last injection
on Per1 and c-Fos mRNA in the SCN. Overall, there was a lack of effect on Per?1 and c-
Fos mRNA expression in the SCN. Representative autoradiograms (in situ hybridication)
are below the corresponding gene of interest. (# = p < 0.05 for time after last injection;
FLSD post-hoc pair-wise test).
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This suggests that EB may acutely decrease c-Fos mRNA expression in the SCN under
conditions of stress. This matches results in the PFC where EB treatment decreases stress-
induced c-Fos mRNA. However, in the PFC permissive actions of EB were enough to decrease

stress-induced c-Fos mRNA.

Paraventricular Nucleus of the Hypothalamus (PVN)

Per1 and c-Fos mRNA were examined in the PVN. For Per1 mRNA, there was a significant
main effect of stress and a significant stress x adrenal status x hormone status x time interaction
[Table 4.1]. Stress significantly increased Per1 mRNA for all treatment groups except ADX EB 2

h and SHAM vehicle 2 h (FLSD, p < 0.05) [Figure 4.8].
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Figure 4.8. Effect of stress, adrenal status, estradiol treatment, and time of last injection
on Per1 and c-Fos mRNA in the PVN. There was a significant main effect of stress for
both Per? and c-Fos mRNA in the PVN. There was no effect of adrenal status nor
estradiol status on stress-induced gene expression. [* = p < 0.05 for stress; & = p < 0.05
for adrenal status; * = p < 0.05 for estradiol treatment; # = p < 0.05 for time after last
injection; FLSD post-hoc pair-wise test]. Representative autoradiograms (in situ
hybridization) are below the graphs.
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Thus, stress did not induce Per? mRNA as robustly (e.g., within all treatment groups) compared
to the PFC. There was no significant main effect of adrenal status on this stress induction,
indicating that endogenous CORT is not necessary for stress-induced Per1f mRNA in the PVN.
This differs from the PFC, which demonstrated partial attenuation of stress-induced Per7 mRNA
with ADX. Post-hoc tests revealed that ADX rats treated with EB 2 h prior to stress had lower
Per1 expression compared to vehicle treated rats (FLSD, p < 0.05). Thus, EB decreases stress-
induced Per1 mRNA acutely for this treatment group. However, for stress SHAM 2h rats, EB
actually increased Per1 expression compared to vehicle treated rats. These contradictory
results suggest no strong conclusions can be made in regards to the effect of EB on stress-

induced Per1 mRNA in the PVN.
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C-Fos mRNA expression had significant main effects of stress and adrenal status, and a
stress x adrenal status interaction with a p-value of 0.050 [Table 4.1]. Stress increased c-Fos
mRNA for all treatment groups (FLSD, p < 0.05) [Figure 4.8]. ADX had significantly greater c-
Fos expression compared to SHAM rats that were stressed and treated with EB 48 h prior to
sacrifice (FLSD, p < 0.05). Stressed SHAM rats that were treated with EB 48 h prior to stress
had decreased c-Fos mRNA compared to rats treated with vehicle (FLSD, p = 0.050), which
coincides with the effect of EB overall decreasing stress-induced c-Fos mRNA expression in the

PFC [Figure 4.2] and insula [Figure 4.6].

Hippocampus (HPC)

Per1 mRNA expression was examined in the CA1, CA3, superior dentate gyrus (supraDG), and
inferior dentate gyrus (infraDG) subregions of the hippocampus (HPC). There were no
significant main effects or interactions for Per1 mRNA expression in any of the subregions
examined [Table 4.1; Figure 4.9].

Figure 4.9. Effect of stress and adrenal status on Per7 mRNA throughout the HPC. A)
There were no significant main effects, thus estradiol treatment and time after last
injection were condensed in order to better visually compare the no stress an stress
groups. B) Representative autoradiograms (in situ hybridization) of no stress versus
stress Per1 mRNA in SHAM and ADX rats.
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Thus, unlike the PFC and PVN, restraint stress has no effect on Per1 mRNA expression,
suggesting regional specificity in stress-induced Per? mRNA expression. Additionally, any
adrenal effect on Per1 mRNA was undetectable at ZT4. Estradiol manipulation under basal

conditions also had no effect on Per1 mRNA expression in the HPC.

DISCUSSION

The present study examined whether stress-induced clock gene expression, particularly
Per1 mRNA, in the prefrontal cortex (PFC), paraventricular nucleus of the hypothalamus (PVN),
suprachiasmatic nucleus (SCN), rostral agraunular insula, and hippocampus (HPC), is
dependent on the presence of endogenous CORT in female rats. Additionally, it was examined
whether estradiol could modulate stress-induced clock gene expression acutely and/or
permissively. Female rats had their ovaries removed and received estradiol replacement or
vehicle. Additionally, half of the rats were adrenalectomized (ADX) while the other half had their
adrenals intact (SHAM). Rats received 30 minutes of acute restraint stress or were left
undisturbed in their home cage before sacrifice. Stress selectively increased Per1 mRNA
expression, but not Per2 or Bmal1, in the PFC, as measured by in situ hybridization. In the PVN,
only Per1 and c-Fos mRNA were examined, and both were induced by stress. Restraint stress
had no effect on Per1 mRNA induction in the insula, SCN, and throughout the HPC. In the PFC,
ADX partially attenuated stress-induced Per? mRNA, while there was no significant effect of
ADX on stress-induced Per? mRNA in the PVN. C-Fos mRNA in these brain areas was also
induced by stress, but unaffected by ADX. While estradiol had no effect on stress-induced Per1
MRNA, estradiol attenuated stress-induced c-Fos mRNA in the PFC. The results from this study
suggest that in female rat PFC and PVN, stress-induced Per1 mRNA is largely independent on
the presence of endogenous CORT, and unaffected by estradiol. These data also suggest
regional specificity in stress-induced Per?T mRNA, as stress does not induce Per1f mRNA in the

insula, SCN, and HPC.
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Stress-induced Per1 mRNA is only partially dependent on the presence of endogenous CORT

Similar to the results seen in Chapter 2 with male rats, stress-induction of Perf mRNA in
the PFC and PVN is largely independent of the presence of endogenous CORT in female rats
as well. This study also found a significant main effect of stress for Bmal/T mRNA in the PFC,
where stress decreased Bmal1 mRNA expression. This is the first study to show rapid changes
in Bmal1 mRNA expression in response to an acute stressor. However, there were no
significant pair-wise comparisons, suggesting that this stress effect is not robust. In contrast,
Per1 mRNA is robustly induced by stress, which suggests that Per1 may be the gateway by
which stress or other environmental stimuli can entrain extra-SCN molecular clocks. There was
a partial attenuation of stress-induced Per1 mRNA in all subregions of the PFC with ADX, where
all SHAM treatment groups exhibited a stress effect, but only a handful of ADX treatment groups
did [Figure 4.2]. However, in the PVN, acute stress induced Perf mRNA regardless of ADX
status [Figure 4.8]. These results suggest that there is regional specificity in how much the
presence of endogenous CORT can influence stress-induced clock gene expression. These
limited effects of ADX on stress-induced Per? mRNA seen in this study are somewhat similar to
that seen in Chapter 2 with male rats. However, in Chapter 2, the PFC was completely
unaffected by ADX, while the PVN had attenuation of stress-induced Per1 mRNA expression at
ZT4, but not ZT16. These differences in brain region may be due to differences between the
sexes, but may also be due to the fact that in the current study, female rats received
replacement CORT in their drinking water, while male rats in Chapter 2 did not. Woodruff et al.
(2016) has demonstrated that appropriately timed diurnal CORT is necessary for normal clock
gene expression in the PFC of male rats. Thus, CORT replacement in the drinking water may
alter how stress induces Per?T mRNA in extra-SCN brain regions. Al-Safadi et al. (2015)
demonstrated that acute stress increases PER1 protein expression in the PVN, but decreases

PER1 protein in the BNSTov and CEA, and that ADX had opposing effects in these different
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brain regions. This study used CORT replacement in the rats’ drinking water, and still
demonstrated variable ADX effects on stress-induced PER1. Thus, the effect of ADX on stress-
induced clock gene expression may vary based on brain region. However, all these results
collectively suggest that there is partial dependence of stress-induced Per1 mRNA on CORT.

These results are somewhat surprising, as it is generally believed that the body’s master
clock, the SCN, is able to entrain extra-SCN molecular clocks via glucocorticoids (Balsalobre et
al., 2000; Dickmeis, 2009). CORT has a diurnal rhythm with peak levels immediately upon the
animal’s active phase, which is controlled by the SCN (Herman et al., 2003; Moore & Eichler,
1972) Additionally, CORT has been shown to rapidly induce Per1 gene expression in many
peripheral tissues (e.g., liver, blood mononuclear cells, kidney, mesenchymal stem cells,
fibroblast cells) (Balsalobre et al., 2000; Burioka et al., 2005; Cuesta et al., 2015; So et al.,
2009; Sujino et al., 2012; Yamamoto et al., 2004) as well as hippocampus (Bohacek et al.,
2015; Conway-Campbell et al., 2010; Gray et al., 2014) presumably via the glucocorticoid
response element (GRE) located within the promoter region of the Per1 gene (Yamamoto et al.,
2005). Thus, it has been suggested that untimely peaks in CORT may alter the expression of
Per1 mRNA (Balsalobre et al., 2000). There has been evidence in the literature to suggest that
even under no stress conditions, normal clock gene expression is dependent on the presence of
endogenous CORT, as ADX disrupts rhythmic Per1, Per2, and Bmal1 mRNA, in male rat PFC.
Furthermore, the timing of CORT peak (via CORT injection) is critical in restoring normal clock
gene expression (Woodruff et al., 2016). Thus, while CORT is necessary for basal clock gene
expression and CORT alone is sufficient to induce Per1 gene expression in peripheral tissues
and hippocampus, few studies have actually begun to examine if CORT is necessary for stress-
induced clock gene expression.

Previous studies that have examined stress-induced clock gene expression at an acute
level has also shown that Per? gene expression is induced in the PVN (Takahashi et al., 2001),

DMH, piriform cortex, and hippocampus (Bohacek et al., 2015; Roszkowski et al., 2016).
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However, other than the current study and those from Chapter 2, there has only been one other
study examining the affect of ADX on stress-induced clock gene expression. Al-Safadi et al.
(2015) have found that ADX of male rats exposed to 30 minutes of restraint stress attenuated
the stress-induced decrease of PER1 protein in the BNST and CeA, but had no effect on the
stress-induced increase in PER1 protein in the PVN. Thus, similar to the results of this study,
stress-induced Per1 expression in the PVN is not dependent on the presence of endogenous
CORT. This study found a robust ADX effect on stress-induced PER1 in the BNST and CEA,
which differend in robustness from the only partial attenuation int eh PFC of this current study.
Other studies have used GR antagonists in lieu of ADX in order to examine whether stress-
induced Per1 is mediated by GR. Bohacek et al. (2015) has demonstrated that while swim
stress induces both c-Fos and Per1 expression in both male and female rat HPC, CORT
injection fails to replicate this effect. Additionally, a GR antagonist given prior to stress does not
alter swim stress-induced Per1. This study suggests that stress-induced Per1 is via a non-GRE
mediated mechanism. Roszkowski et al. (2016) also confirms that GR antagonsists have no
effect on blocking swim stress-induced Per1 mRNA in the HPC.

Collectively, these studies suggest CORT independence in stress-induced Perf gene
expression. There is a well-established cAMP response element (CRE) located within the
promoter region of the Per1 gene. In the SCN, light increases the phosphorylation of CREB,
which then binds to the CRE within the promoter region of Per1, rapidly (within 30 minutes)
inducing Per1 expression (Tischkau et al., 2002). It is possible that stress, which rapidly
increases CREB in the PFC (Shansky & Morrison, 2009) rapidly increases the expression of
Per1 in extra-SCN brain regions via the CRE within Per1’s promoter region. In this study,
throughout all brain regions examined, stress-induced Per? mRNA was largely mirrored by c-
Fos mRNA, where stress rapidly induces c-Fos mRNA in the PFC and PVN. Stress-induced c-
Fos mRNA was completely independent of CORT, as expected. Additionally, both c-Fos and

Per1 mRNA are rapidly induced (within 30 minutes). CREB is known to increase c-Fos mRNA
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via the CRE located within the promoter region of c-Fos (Sheng & Greenberg, 1990). Thus, c-
Fos mRNA induction is a good indicator of CREB activity. Further studies are needed in order to
assess with certainty stress-induced Per1 gene expression via CRE-mediated mechanisms
(e.g., measuring phosphorylated/activated CREB) and to determine the neural mediators that

increase CREB activity and induce Per1 mRNA expression in the PFC and PVN.

Lack of a stress effect in the insula and hippocampus suggests regional differences in stress-

induced Per1 mRNA

There was a robust induction of Per1 mRNA by stress throughout the subregions of the
PFC, as well as the PVN. However, restraint stress did not induce PerT mRNA in the rostral
agranular insula [Fig 6] and all subregions of the HPC (CA1, CAS3, superior DG, inferior DG) [Fig
9]. Even though glucocorticoid receptors (GRs) are ubiquitously expressed throughout the brain,
with the SCN as a notable exception (Balsalobre et al., 2000; Rosenfeld et al., 1988; 1993),
there are differences in stress-induced Per? mRNA depending on the brain region. The PVN is
head of the HPA-axis, and thus it is unsurprising that a brain region with such an integral role in
the stress response would have stress-induced Per1f mRNA. The PFC is a brain region
extremely important in stress reactivity, emotional control, and assessment of stressful/aversive
stimuli, and also plays an important role in modulating HPA axis/stress reactivity. The HPC is
also a brain region important in the limbic system, fear learning, and stress reactivity.
Furthermore, previous studies have found stress-induced Per? mRNA in the HPC using acute
swim stress (Bohacek et al., 2015; Roszkowski et al., 2016). Thus, it was surprising that stress
had no effect on the induction of Per1 mRNA in any subregion of the hippocampus in the
present study.

While only Per1 mRNA was examined in the HPC in this study, it is known from previous
studies that restraint stress does not induce c-Fos mRNA in the hippocampus (Bohacek et al.,

2015; Pace et al., 2005; Roszkowski et al., 2016). Thus, if stress-induced Per1 mRNA is
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independent of CORT, then the lack of c-Fos mRNA induction in the HPC after an acute
stressor may suggest that CREB phosphorylation is not increased, and Per?1 mRNA is not
induced. The lack of c-Fos and Per1 mRNA induction may be stressor-specific. Pace et al.
(2005) have found that stress-mediated c-Fos mRNA induction in the hippocampus is
particularly sensitive to type of stressor used. Stressors that utilize the hippocampus (e.g.,
engaging spatial memory, but not restraint) can induce c-Fos mRNA, and therefore these
stressor may induce Per?1 mRNA. This is further supported by Bohacek et al. (2015), where it
was found that cold swim stress acutely induced both Per? and c-Fos mRNA in the HPC, but
restraint stress does not. Roszkowski et al. (2016) also found cold swim stress to induce Per1 in
the HPC. Both studies found stress-induced Per? mRNA to be CORT-independent, suggesting
that restraint stress may not induce Per1 mRNA in the HPC if c-Fos mRNA is also not being
induced.

The lack of a stress effect in both the insula and HPC also provide further evidence that
stress-induced Per1 gene expression is largely independent of CORT. This is because both the
insula and the HPC are dense with glucocorticoid receptors (McEwen et al., 1986; Meaney &
Aitken, 1985), and thus have the ability for stress-induced CORT to bind the GRs, which could
then potentiate Per1 gene expression via the GRE within the promoter region of Per1. Another
possibility for brain region specificity in stress-induced Per1 mRNA is that there may be
differences in Per1 gene promoter region dynamics depending on the brain region. A possibility
would be that in the insula and HPC, stress-induced CORT can only induce Perf gene
expression if other response elements, coactivators, or enhancers are simultaneously activated.
Another possibility is that it may take longer (e.g., more than 30 minutes) for Per1 mRNA to be

induced by stress in the insula or HPC.

Effect of estradiol on stress-induced Per1 and c-Fos mRNA expression
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Estradiol had no effect on stress-induced Per1 mRNA expression in all brain regions
examined. This is somewhat surprising, as female rats have been shown to have greater stress
reactivity compared to male rats, and this effect is largely due to the activational effects of
estradiol. Female rats with high estradiol levels have greater CORT release under basal and
stress conditions, compared to females with low estradiol levels and males (Atkinson & Waddell,
1997; Babb et al., 2014, Critchlow et al., 1963; Viau & Meaney, 1991). However, if stress-
induced Per1 mRNA is largely independent of CORT, then this may explain the lack of an effect
of EB on Per1 mRNA expression.

While EB treatment had no effect on stress-induced Per1, it was found that EB
significantly decreased stress-induced c-Fos mRNA in the PFC, but not the PVN. Most of the
existing literature on the effect of gonadal hormones on stress-induced neuronal activation (e.g.,
as measured by CREB or c-Fos expression) have conflicting results that often depend on the
brain region examined and type of stressor used. In the oval nucleus of the BNST, females have
greater stress-induced c-Fos (Sterrenburg et al., 2011), while other studies show that females
have lower stress-induced c-Fos compared to males in the HPC and cortex (Figueiredo et al.,
2002; Horst et al., 2009). There are conflicting results as to whether there are sex differences in
stress-induced c-Fos expression in the PVN (Figueiredo et al., 2002; Horst et al., 2009;
Sterrenburg et al., 2011). Additionally, Bland et al. (2005) demonstrated that sex differences in
c-Fos expression depends on the duration after stressor onset in which brains are examined,
where peak c-Fos mRNA occurs 30 minutes after stressor onset in males, and 60 minutes after
stressor onset in females. In our hands with female rats that have been ovariectomized, EB
replacement treatment attenuated the stress-induced increase in c-Fos mMRNA expression in the
PFC. This effect was both for acute and permissive treatment conditions, suggesting that
cycling, but low levels of estradiol is enough to limit the stress-induced c-Fos mRNA expression.

Activation of the mPFC in response to stress is thought to contribute to glucocorticoid

negative feedback by sending inhibitory signals to the HPA axis (Herman et al., 2003). The
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decrease in c-Fos mMRNA expression by estradiol may be related to the subsequent increase
and prolonged release of CORT in female rats (e.g., females have less negative feedback).
Estradiol is thought to decrease c-Fos expression in the PFC in order to decrease the inhibitory
input the PFC has to the HPA axis, resulting in decreased glucocorticoid negative feedback and
overall sustained HPA axis activation (Figueiredo et al., 2002). However, the mechanism by
which estradiol is able to alter stress-induced c-Fos (and possibly CREB) is still unknown.
Despite largely parallel inductions of c-Fos and Per1 mRNA by stress, the estradiol effect seen
in this study only occurred with c-Fos. These results also point to the possibility that Per1 mRNA
in the PFC is in fact dependent on both GRE- and CRE-mediated effects. If EB decreases
CREB but increases CORT, then that may explain the overall lack of an effect of EB on stress-
induced Per1 mRNA expression. It would be important for future studies to examine if estradiol
may be impacting other aspects of stress-induced clock gene expression (e.g., how estradiol
may impact stress-induced clock gene expression in durations longer than 30 minutes, or how
estradiol may impact any subsequent phase changes that may be seen following an acute or

chronic stressor).

Closing Statement

30 minutes of an acute restraint stress rapidly induces Per7 mRNA in female rat PFC
and PVN, but not HPC, SCN, or insula. In the PFC, stress-induced Per1 mRNA was partially
dependent on the presence of endogenous CORT. In the PVN, stress-induced Per7 mRNA was
completely independent of the presence of endogenous CORT, as ADX had no effect on stress-
induced Per1 mRNA. These results suggest that there is non-GRE mediated induction of Per1
MRNA by stress in extra-SCN brain regions in female rats. CORT independent mechanisms
that may contribute to stress-induced Per? expression include neuronal activation via the CRE
within the promoter region of the Per1 gene. Estradiol had no effect on stress-induced Per1

MRNA expression in the PFC and PVN of female rats. However, EB treatment significantly
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decreased stress-induced c-Fos mRNA expression in the PFC. Thus, while stress-induced Per1
MRNA expression is thought to be mediated via CORT- and/or CREB-mediated mechanisms,
both of which are modulated by the activational effects of estradiol, this study has found a lack
of an activational effect, both acute and permissive, on stress-induced Per?T mRNA expression.
Future studies will tease apart the different mechanisms involved in the induction of stress-

induced Per1 mRNA (e.g., CORT-mediated versus CREB-mediated).
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CHAPTER V: DISCUSSION

Summary of Findings

These studies have demonstrated for the first time that there is rhythmic expression of
clock genes from both the positive (Bmal1 mRNA) and negative (Per1, Per2 mRNA)
components of the molecular clock throughout the prefrontal cortex (PFC), the amygdala
(AMYG), the hippocampus (HPC), and the paraventricular nucleus of the hypothalamus (PVN)
in both male and female rats. This provides further evidence for the ubiquitous nature of extra-
SCN molecular clocks, suggesting their importance in maintaining normal health and behaviors.
There was diversity in phase and amplitude of these extra-SCN molecular clocks depending on
brain region, with limited sex differences. A subsequent study found that non-cycling females
had greater amplitude in Bmal1 mRNA in the PFC compared to cycling females, suggesting a
modulatory role of gonadal hormones on basal clock gene expression. In Chapter 3, acute
restraint stress rapidly and selectively induced Per1, but not Per2 or Bmal1 mRNA expression in
both male and female rat PFC and PVN, despite the greater release of stress-induced CORT in
females. Male rats that received adrenalectomy (ADX) had decreased stress-induced Per1
mRNA in the PVN at ZT4, but not ZT16, and no effect in the PFC, suggesting that stress-
induced Per1 mRNA is largely independent from CORT. In Chapter 4, stress-induced Per1
MRNA in female rats was also largely independent on CORT, as ADX only partially attenuated
stress-induced Per1 mRNA in the PFC, and had no effect in the PVN. Estradiol treatment had
no effect on stress-induced Per? mRNA, but did decrease stress-induced c-Fos mRNA. Chapter
4 also found further evidence for brain regional specificity, where stress did not alter Per1
mRNA in the HPC or insula. Collectively, the data suggest that there is regional specificity in
both basal and stress-induced clock gene expression, selectivity of Per1 mRNA to be rapidly

induced by stress, large independence of stress-induced Per7 mRNA from CORT, and no sex
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differences or effect of estradiol in stress-induced Per? mRNA despite sex differences in other

measures of stress reactivity.

The ubiquitous existence of extra-SCN molecular clocks

The studies within Chapter 2 discovered that there is rhythmic clock gene expression of
both the positive (Bmal1 mRNA) and negative (Per1, Per2 mRNA) components of the molecular
clock throughout the PFC (AC, PL, IL, and VO subregions), insula, PVN, SCN, HPC (CA1, CAS3,
superior DG, and inferior DG subregions), and AMYG (CEA, BLA, and MEA subregions) of both
male and female rats. This was the first study to examine rhythmic clock gene expression
throughout the PFC. This was critical due to the role the PFC plays in emotional control,
executive function, stress reactivity, and working memory (Arnsten & Rubia, 2012; Goldman-
Rakic, 1996; Herman et al., 2003; Robbins, 1996), all functions that are disrupted in mood
disorders associated with both stress and disruptions in circadian rhythms (Baxter et al., 1989;
Drevets et al., 1997; Elliott et al., 1997; Mayberg et al., 1999; Radkovsky et al., 2014).
Furthermore, these results significantly contribute to the existing literature because it has
determined that a molecular clock exists in many extra-SCN brain regions importantly involved
in emotional control and stress reactivity. These brain regions (PFC, AMYG, HPC) are
dysfunctional in human patients with mood disorders that are associated with both stress and
circadian rhythms (Lebow & Chen, 2016; Videbech & Ravnkilde, 2004). These data corroborate
previous findings that have also found rhythmic clock gene expression in a variety of extra-SCN
brain regions, including the bed nucleus of the stria terminalis, nucleus accumbens, lateral
septum, hippocampus, amygdala, hypothalamic nuclei, thalamic nuclei, striatum, caudate
putamen, and cortex (Angeles-CasteIIanos et al., 2007; Feillet et al., 2008a; Harbour et al.,
2013; 2014; Jilg et al., 2009; Lamont et al., 2005; Masubuchi et al., 2000; Rath et al., 2012).

The expanse of brain regions that have an oscillating molecular clock suggests its

importance in normal health and behavior (Takahashi et al., 2008). In rodent studies, complete
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knockdown of the Bmal1 gene (Bunger et al., 2000), or complete knockdown of both Per? and
Per2 genes (Bae et al., 2001), lead to behavioral arrhythmicity. These data suggest that
rhythmic expression of both the positive and the negative components of the molecular clock
are necessary for normal circadian behavior. In addition to disruptions in circadian behavior,
disruptions in clock gene expression results in abnormal affective behaviors as well. ClockA19
mutations in mice cause “manic-like” behaviors and has been proposed to as a rodent model for
bipolar disorder (McClung et al., 2005; Mukherjee et al., 2010; Roybal et al., 2007). Additionally,
disruptions in Per1 and Per2 expression in the nucleus accumbens, a brain region involved in
reward and motivation, is associated with anxiety-like behaviors. Spencer et al. (2013) have
found that mice deficient in both Per? and Per2 exhibit increased anxiety-like behaviors.
Furthermore, wild type mice exposed to chronic social stress exhibit greater anxiety-like
behavior and decreased Per? and Per2 gene expression in the nucleus accumbens. More
recently, Woodruff et al. (in preparation) found that selective knockdown of Per?f mRNA in the
medial PFC (mPFC) leads to disruptions in the learning of extinction of conditioned fear, a
memory task that is dependent on the mPFC. Taken together, these rodent studies suggest the
importance of normal clock gene expression for maintenance mental health and proper function.
These results are corroborated by human studies that have found an association between
mutations in clock genes and a variety of mental health disorders, including major depressive
disorder, Alzheimer’s disease, seasonal affective disorder, bipolar disorder, and schizophrenia
(Bunney et al., 2014; Bunney & Bunney, 2000; Etain et al., 2011; Johansson et al., 2002;
Lamont et al., 2009; Landgraf et al., 2014; Li et al., 2013; McCarthy & Welsh, 2012; McClung,

2007; Partonen et al., 2007).

There is diversity in phase and amplitude of the molecular clocks

Although rhythmic clock gene expression is expansive in regards to expression in brain

areas and peripheral tissue, studies from Chapter 2 have determined that there is diversity
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amongst these molecular clocks that vary in acrophase and amplitude. This diversity depends
on the brain region. There are three main patterns that were found: acrophase of BmalT mRNA
expression in the light phase, in the dark phase, or in the transition between the light to dark
phase. Per1 and Per2 mRNA expression peaked either in the light or dark phase. The brain
region specificity in the phase of the molecular clock suggests tight regulation of rhythmic clock
gene expression. The precision of the phase suggests that the circadian nature of the molecular
clocks is critical to their function. This is exemplified by the characterization of basal clock gene
expression in extra-SCN brain areas of diurnal rodents. Their active phase is anti-phasic to
nocturnal lab rats, and this is reflected in anti-phasic clock gene expression in extra-SCN brain
regions (Li et al., 2013; Otalora et al., 2013; Ramanathan et al., 2006; Ramanathan et al., 2008;
Vosko et al., 2009).

Furthermore, it is estimated that at least ten percent of the transcriptome has a circadian
rhythm in its expression (Marcheva et al., 2013; Miller et al., 2007; Oishi et al., 1998; Panda et
al., 2002; Rey et al., 2011; Storch et al., 2002). The circadian expression of the overall
transcriptome is believed to be due to the clock genes acting as transcription factors for clock
controlled genes (CCG). Thes first-order CCGs have E-boxes in their promoter region where
protein products of the core clock genes can act directly as transcription factors to modulate the
rhythmic expression of CCGs. These first-order CCGs can ultimately lead to the tightly
controlled circadian expression of ~10% of the transcriptome. Many of these genes that are
expressed in a circadian manner are involved in metabolism and other critical cell function. This
suggests two important things: 1) clock genes can act as transcription factors, implying their
potential for non-circadian function; and 2) the specificity in brain region in regards to acrophase
suggests that appropriate circadian timing is critically important to the health and survival of the
organism.

In addition to diversity in acrophase of clock gene expression, there were also

differences in the amplitude of rhythmic clock gene expression. Rhythmic Per1, Per2, and
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Bmal1 mRNA in the SCN and PVN had much greater amplitude compared to Per1, Per2, and
Bmal1 mRNA in all other brain regions examined. Amplitude often indicates how robust the
rhythm is. The greater amplitude of clock gene expression in the SCN may confer greater
robustness in oscillations of the molecular clock, which may help protect the SCN from
perturbations in the environment that may be irrelevant to circadian function. The PVN may
have robust rhythm as well because as head of the HPA axis, it controls the circadian rhythm of
CORT, and if CORT is a critical entrainment factor, then it is important that the PVN remain
robust in its rhythmic expression of the molecular clock. Additionally, amplitude may be directly
related to how autonomous (e.g., how able the molecular clock can maintain rhythmicity in cell
culture without input from the environment) the molecular clocks are. The master clock is
autonomous because it can sustain rhythmic expression of the molecular clock for ~32 days ex
vivo, without any input (Yamazaki et al., 2000). Extra-SCN molecular clocks are considered
semi-autonomous or slave oscillators, because their rhythms are dependent on input from the
SCN. Rhythmic clock gene expression ex vivo becomes arrhythmic rapidly (e.g., within 2-7
cycles) (Yamazaki et al., 2000). Thus, the amplitudes of these slave oscillators are smaller.
Mechanistically, the increased amplitude of clock gene expression in the SCN may be
due to the presence of the accessory circadian loop that modulates the expression of Rev-erbaq,
which adds to the robustness of the rhythmic expression of Bmal1 mRNA (Preitner et al., 2002;
Sato et al., 2004). While Rev-erba is expressed in the PFC, AMYG, and HPC, the majority of its
expression is in the SCN (Onishi et al., 2002), which could explain the amplitude differences.
Additionally, it is still unknown which cellular phenotype has rhythmic clock gene expression that
dictates the circadian rhythm of that particular brain region. This information cannot be
determined in the radioactive in situ hybridization and has yet to be examined in other studies. If
the SCN, whose neurons almost all contain GABA, is more homogenous, then this may exhibit
more synchronized and robust rhythm. Furthermore, it is possible that the SCN has greater

amplitude in clock gene rhythm due to better intercellular synchronization. It has been shown
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that VIP is an essential neuropeptide that promotes synchronization between cells within the
SCN (Colwell et al., 2003; Cutler et al., 2003; Harmar et al., 2002). These amplitude differences
between brain regions may suggest that ability of some extra-SCN clocks to be more easily
affected by environmental stimuli compared to the more robust clocks in the SCN and PVN.

Further studies are needed to assess what mechanisms contribute to amplitude differences.

Gonadal hormones have a limited effect on basal clock gene rhythm

Overall, Per1, Per2, and Bmal1 mRNA had rhythmic expression that was similar
between male and female rats. However, there were few instances where rhythmic clock gene
expression was more robust for one sex but not the other. This was demonstrated by the fact
that even if there was a significant ZT effect for both sexes, as assessed by ANOVA,
subsequent cosinor analysis was only significant for one sex. This may be due to differences in
amplitude size. Male rats, but not female rats, had rhythmic Per1 mRNA in the PL and IL, and
Per2 mRNA in the IL. Females had rhythmic expression of Bmal1 and Per1 mRNA in CA1 and
CAZ3, and of Per2 mRNA in the supraDG and CEA, compared to males. Only females also had
overall greater Bmal1 mRNA expression in the CEA and MEA. These results indicate that male
rats have more robust rhythmic clock gene expression in the mPFC, while female rats have
more robust rhythmic clock gene expression in the HPC and AMYG.

In a subsequent study using only female rats, non-cycling females had much greater
amplitude and robustness of Bmal? mRNA expression in the mPFC compared to normally
cycling females; the SCN remained unaffected. This provides more evidence that gonadal
hormones may play a modulatory role in rhythmic clock gene expression in extra-SCN tissue.
Perrin et al. (2006) has previously shown that rhythmic PER2 protein levels in the BNST and
CEA are blunted during metestrus and diestrus, compared to protestrus and estrus. The
blunting in amplitude during metestrus and diestrus is inhibited by ovariectomy, suggesting that

ovarian steroids are necessary for this estrous cycle stage difference in the robustness of PER2
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protein expression in these brain regions. Other studies in peripheral tissue have found that
both estradiol and progesterone alter the acrophase and amplitude of clock gene expression
(He et al., 2007; Nakamura et al., 2001; 2005; 2010; Smith et al., 2010). Thus, the normal
fluctuation in gonadal hormones may contribute to the blunted Bmal?1 mRNA rhythmic
expression in the mPFC in non-cycling females, as well as the sex differences seen in rhythmic
clock gene expression in the PFC and HPC. Further studies are needed in order to determine

the exact mechanism by which ovarian steroids modulate basal clock gene expression.

Acute restraint stress robustly and rapidly induces Per1 mRNA in the PFC and PVN

Glucocorticoids (CORT) are believed to be the signal by which the SCN is able to entrain
extra-SCN molecular clocks, as the SCN has limited efferent neural projections (Sollars &
Pickard, 2015). Additionally, CORT has a diurnal rhythm and glucocorticoid receptors (GRs) are
ubiquitously expressed, with the SCN as an exception. The diurnal rhythm of CORT is
necessary for normal clock gene expression (Woodruff et al., 2016). Studies have also
determined that CORT can induce Per1 expression rapidly due to the glucocorticoid response
element (GRE) within its promoter region (Yamamoto et al., 2005). In order to assess if
untimely, stress-induced CORT could induce the expression of clock genes, the following
studies examined the effect of acute stress on clock gene expression. 30 minutes of acute
restraint stress selectively induced Per1, but not Per2 or Bmal1 mRNA, throughout the PFC
(AC, PL, IL, and VO subregions) and PVN in both male and female rats. This rapid induction of
Per1 mRNA was largely mirrored by the induction of c-Fos mRNA. The rapid Per1 mRNA
induction by acute stress was replicated in Chapters 3 and 4. Additionally, other studies have
found selective induction of the Per1 gene expression in response to an acute stressor (Al-
Safadi et al., 2015; Bohacek et al., 2015; Roszkowski et al., 2016; Takahashi et al., 2001;
Yamamoto et al., 2005). Thus, the robust and rapid induction of Per1 mRNA is a reproducible

effect. In the female only study, there was also a significant main effect of stress in Bmal1
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mRNA in the PFC, but no significant pair-wise comparisons were found. There was a trend for
stress to decrease Bmal1 mRNA throughout the PFC and this effect seemed independent of
CORT. This is the first reported case that demonstrates a stress-induced decrease in Bmal1
mRNA expression. This result could be a sex-specific effect, where stress decreases Bmal1
mRNA in females only. However, female rats in Chapter 3 Experiment 1 did not exhibit stress
induced decreases in Bmal1 mRNA. Further studies are needed to reproduce this effect.
Additionally, in the female study, ADX rats received replacement CORT in the drinking water,
restoring their diurnal CORT rhythm. In the male study, ADX rats had no replacement CORT,
and thus they lacked a diurnal rhythm in CORT. Woodruff et al. (2016) found that ADX without
replacement CORT disrupted the basal rhythm of clock genes (Per1, Per2, Bmal1 mRNA),
which could be restored with an appropriately timed injection of CORT. Further work by
Woodruff et al. (unpublished) found that in fear extinction learning, both diurnal and stress-
induced CORT are necessary for time of day dependent learning. Thus, presence of diurnal
CORT may impact the outcome of stress-induced clock gene expression.

Stress-induced Per1 mRNA expression is believed to be due to the functional GRE
located within the promoter region of the Per1 gene (Yamamoto et al., 2005). However, there is
evidence for a GRE within the promoter region of the Per2 and Bmal1 gene as well (Cheon et
al., 2013; Reddy et al., 2007; So et al., 2009), although evidence for the functionality of the GRE
is less well-established. So et al. (2009) has proposed that the GRE within the Per2 promoter
region is constitutively active, which may explain why increased CORT by stress would not
affect Per2 gene induction. It is also important to consider that throughout these experiments,
clock gene expression was only examined 30 minutes after stressor onset. In the SCN, light
induces Per1 mRNA within 30 minutes, but it takes ~120 minutes for Per2 mRNA levels to peak
(Tischkau et al., 2002). It is possible that Per2 or Bmal1 mRNA may be altered by stress, but
may take longer than 30 minutes for this effect to be seen. Though Chapter 4 did see a slight

decrease in Bmal1 mRNA in the PFC 30 minutes after stressor onset. Further studies looking at



115

different time points after stressor onset are needed in order to conclusively assess stress-
induced alterations in clock gene expression.

It is striking that Per1 mRNA is rapidly (within 30 minutes) and robustly induced by an
acute stressor, which is characteristic of an immediate early gene. Consequently, the immediate
early gene, c-Fos, largely mirrors Per1 mRNA induction by stress throughout all studies. This
observation emphasizes an important, but non-circadian role of Per1 in cellular function, where
its rapid induction makes it an ideal candidate for altering transcription, which would allow an

organism to respond to changes in their environment.

Stress-induced Per1 mRNA was largely independent of CORT in both male and female rat PFC

and PVN

In order to determine if CORT is necessary for stress-induced Per7 mRNA in male and
female rats, endogenous CORT was removed by adrenalectomy (ADX), and rats were
challenged with 30 minutes of acute restraint stress. In Chapter 3, stress-induced Per1 mRNA in
the PFC was completely independent from CORT, whereas stress-induced Per1 in the PVN at
ZT4, but not ZT16, was ablated by ADX in male rats. In Chapter 4, ADX had no effect on stress-
induced Per1 mRNA in the PVN, but had partial inhibition of stress-induced Per? mRNA in the
PFC of female rats. Overall, these two studies indicate that stress-induced Per7 mRNA in the
PFC (AC, PL, IL, and VO subregions) and PVN are largely independent from the presence of
endogenous CORT, as ADX had limited effects. The slight difference in brain region specificity
in ADX effect on stress-induced Per?T mRNA between these two experiments may be due to sex
differences. However, a direct comparison would be needed. It is also important to consider that
the male rats did not receive replacement CORT in their drinking water, thus lacking diurnal
CORT rhythm. This differs from the females who did receive CORT replacement in their drinking
water, thus restoring the circadian rhythm of CORT. Thus, the presence or absence of the

diurnal rhythm of CORT may contribute to these regional differences. Future studies need to be
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done in order to access the importance of basal diurnal CORT in the impact of stress on
circadian outcomes (e.g., clock genes, behavior).

Due to the lack of an ADX effect, a non-CORT-mediated mechanism, such as neuronal
activation, must then underlie stress-induced Per71 mRNA in the PFC and PVN of male and
female rats. In addition to a GRE, there is also a well-established and functional cAMP response
element (CRE) within the promoter region of the Per1 gene. In the SCN, a light pulse can
rapidly (within 30 minutes) induce Per? mRNA expression. Light ultimately causes an increase
in CREB in the SCN, which can then bind to the CRE within the Per1 promoter region to
promote its transcription. Thus, it is reasonable to assume that other stimuli that can increase
CREB, such as an acute stressor, can also increase Per1 mRNA expression via binding to the
CRE in extra-SCN tissue. Notably, the induction of Per1 mRNA was largely mirrored by the
induction of c-Fos MRNA, suggesting that CREB may act as a transcription factor for both

genes.

There are no sex differences and no effect of estradiol in stress-induced Per1 mRNA in the PFC

or PVN

When directly comparing male and female rats, there were no sex differences in stress-
induced clock gene expression in the PFC and PVN. This is despite the fact that females had
significantly greater stress-induced plasma CORT levels. Greater HPA axis activation in females
in response to stress is well-established in rodents (Babb et al., 2014; Viau & Meaney, 1991),
and is believed to be due to the activational effects of estradiol (Burgess & Handa, 1992; Carey
et al., 1995; Ogle & Kitay, 1977). In addition to the lack of a sex difference, in Chapter 4, there
was no effect of estradiol treatment on stress-induced Per? mRNA in OVX female rats,
suggesting that gonadal hormones have seemingly limited influence on stress-induced Per1

MRNA.
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It is important to consider that even if there are no sex differences at the level of Per1
MRNA expression, there may be sex differences in the induction of Per1 by stress. In Chapter
4, estradiol treatment significantly decreased stress-induced c-Fos mRNA levels in the PFC of
female rats. This corroborates previous studies that have shown males have increased stress-
induced c-Fos and/or CREB gene expression compared to females in certain brain regions
(Figueiredo et al., 2002; Ter Horst et al., 2009; Sterrenburg et al., 2011). Thus, stress may
predominantly increase Per1 mRNA via the CRE in male rats, whereas females, who have
greater CORT in response to stress, may have stress-induced Per? mRNA that is mediated by
the GRE. Even though there was only a partial attenuation of stress-induced Per? mRNA with
ADX, that small dependence on CORT may be enough to negate any sex differences seen at
the Per1 mRNA level. Further studies that examine exactly how stress (e.g., CRE-mediated
versus GRE-mediated) can induce Per1 expression, and how estradiol modulates both CRE-

and GRE-mediated processes, are necessary.

Stress-induced Per1 mRNA is brain region specific

Across all stress studies performed here, acute restraint stress selectively affected clock
gene expression in all subregions of the PFC (AC, PL, IL, VO) and the PVN. Clock gene
expression in the SCN, insula, and HPC remained unaltered by stress. Thus, despite the
ubiquitous nature of rhythmic clock gene expression under basal conditions as seen in Chapter
2, and the nearly ubiquitous nature of GRs, the induction of Per1 mRNA by stress is tightly
regulated in a brain region specific manner.

It is vital that the master clock, the SCN, is not easily susceptible to phase changes in
response to potentially unimportant and non-circadian stimuli in the environment. Light is the
main entrainment factor of the SCN. A stressor in the environment that may or may not be a
salient cue that indicates changes in the circadian environment, should not be able to alter the

master clock. Additionally, the studies in Chapters 3 and 4 have found a lack of an effect of
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stress on clock gene expression in the SCN. This was believed to be due to the lack of GRs in
the SCN.

However, while the SCN lacks GRs, they are densely expressed in the HPC and insula.
The rostral agranular insula has a role in pain (Burkey et al., 1996) and nictone addiction
(Pushparaj et al., 2015), but has a limited role in stress (Imbe et al., 2014), and thus may seem
unsurprising that stress does not affect clock gene expression. However, the HPC plays a vital
role in stress regulation, emotional control, and memory. Due to its dense concentration of GRs,
it is a brain structure that is stress reactive. The HPC provides major inhibitory input to the HPA
axis and plays a critical role in glucocorticoid negative feedback. Thus, it is surprising that the
HPC lacks stress-induced Per1 mRNA as seen in the current studies. However, other studies
have shown that acute restraint stress has no effect on Per’ mRNA in the HPC, while cold swim
stress rapidly increases Per1 mRNA in the HPC (Bohacek et al., 2015; Roszkowski et al.,
2016). Thus, the HPC may exhibit stress-induced Per? gene expression in a stressor-specific
manner.

Notably, throughout Chapters 2, 3, and 4, in all brain regions where there was no stress-
induced Per1 mRNA, there was also a lack of stress-induced c-Fos mRNA. Acute restraint
stress is unable to induce c-Fos gene expression in the HPC of rats (Bohacek et al., 2015; Pace
et al., 2005). The HPC is an important structure in spatial memory. Pace et al. (2005) has
proposed that a stressor, such as restraint, which does not engage the HPC, would not lead to
c-Fos mRNA induction. The parallel induction of c-Fos and Per1 mRNA further supports
Chapter 2 and 3’s findings that stress-induced Per? mRNA is largely independent of CORT and
may be mediated via the CRE within the promoter region of Per1. Thus, consideration of more
neuronal activation and CREB-mediated mechanisms of Per? mRNA induction by acute stress

needs to be explored.

Closing Statement
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Incident Detectors

The ubiquitous nature of rhythmic clock gene expression underscores the importance of
these genes in circadian function, and how this circadian function is critical to normal health and
behavior. Unlike the ubiquity of basal clock gene expression, stress-induced clock gene
expression has specificity in two ways: 1) Overall, Per1 is selectively increased by acute stress;
and 2) there is specificity in which brain regions exhibit stress-induced Per7 mRNA expression.
The selective induction of Per1 suggests that Per1 acts as an incident detector at the cellular
level for the molecular clock. It is sensitive to salient cues (e.g., aversive stressors, appetitive
rewards) in the environment in order to signal to the molecular clock if it should adapt via a
phase shift to changes in the environment. This adaptability allows for an organism to optimize
its survival to its environment by avoiding aversive stimuli or to optimize time spent with an
appetitive reward (e.g., food). Further studies need to examine how other components of the
molecular clock also change after an acute stressor and how long these changes remain. A time
course study, where clock gene expression is examined every 4 hours up to 48 hours after
stressor onset, would be critical in testing the hypothesis of Per? as an incident detector for the
molecular clock.

Furthermore, the fact that Per1 acts like an immediate early gene suggests its
importance in acting as the gateway between stimuli from the environment (e.g., light in the
SCN; stressors in certain extra-SCN brain regions), and that it also has important non-circadian
roles. Non-circadian roles of Per1 may include initiation of synaptic plasticity, including
increases in spine density and formation of new synapses, which would allow Per7 to be a
mechanism by which the organism adapts to its environment. If Per1 is truly an incident
detector, assisting the brain to increases in synaptic plasticity would increase learned behaviors
to reflect adaptation to changes in one’s environment. There is some evidence for a link
between clock gene expression and synaptic plasticity, where Per2 mutant mice have

decreased p-CREB expression in the HPC after a HPC-dependent task (Wang et al., 2009) and
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melatonin injections increase Per1 and Bmal1 mRNA in the HPC along with increased dendritic
spines in the CA1 subregion (Ikeno & Nelson, 2015). Furthermore, there is circadian expression
of brain-derived neurotrophic factor (BDNF), a protein essential in learning and memory, and its
receptor TrkB, in the HPC (Martin-Fairey & Nunez, 2014), rhythmic changes in spine and
synapse density in rodent cortex across the 24 hour day (Jasinska et al., 2015; Perez-Cruz et
al., 2009), and diurnal CORT is necessary for the stabilization of new spines (Liston et al.,
2013). These circadian fluctuations point to the potential role of clock genes in synaptic
plasticity.

The brain region specificity of stress-induced Per1 suggests that extra-SCN molecular
clocks may be the incident detectors for the body’s master clock, the SCN. It is critical that the
SCN remain impervious to environmental stimuli so that its entrainment can remain stable.
However, if the organism needs to adapt to new factors in the environment that will optimize its
survival (e.g., avoidance of stressors, acquisition of food or reward), it is able to do so by input
from these extra-SCN incident detectors. Once an incident repeats and becomes a predictable
environmental stimuli, these extra-SCN molecular clocks phase shift in order to synchronize an
organism to its new environment. Anticipation of either aversive or appetitive stimuli has a

strong influence on the molecular clock.

Role of acute stress, circadian rhythms, and mood disorders

Disruptions in circadian rhythms are often associated with mood disorders, such as
major depressive disorder (MDD), anxiety disorders, bipolar disorder, and post-traumatic stress
disorder (PTSD). These disorders are not only associated with mutations in a variety of clock
genes, such as Per1, Per2, Npas2, Clock, but also a disruption in the diurnal rhythm of CORT.
Thus, understanding how these mood disorders manifest at a circadian level is critical.
Furthermore, many of these mood disorders are often precipitated by an acute traumatic

stressor, or by chronic stress. The studies herein examined the role of an acute stressor on



121

clock gene expression in brain regions (PFC, PVN) that are often disrupted in these mood
disorders, as a starting point in understanding how stress-induced clock gene expression may
contribute to disruptions in circadian rhythms and subsequent diseased states.

Acute restraint stress can impact Per1, and possibly Bmal1, mRNA expression in the
PFC and PVN of male and female rats. The robust and specific induction of Per1 mRNA by an
acute stressor indicates a role for Per1 as an incident detector between salient environmental
stimuli (e.g., stress) and the rest of the molecular clock. If stress becomes chronic, resulting in
the constant untimely peaks in Per1 mRNA expression, the entire molecular clock (e.g., not just
Per1) may become disrupted. This may begin in extra-SCN molecular tissue, but as the stressor
persists, then the molecular clocks in the SCN may also become disrupted. Chronic stress
studies are inconsistent in whether clock gene expression is disrupted in the SCN (Jiang et al.,
2011; Kinoshita et al., 2012; Logan et al., 2015; Takahashi et al., 2013). Regardless of whether
or not the SCN is affected, disrupted rhythms in these molecular clocks can result in the
desynchronization of the organism from its environment, leading to diseased states, such as
depression and anxiety disorders.

This research stresses the importance of maintaining proper circadian rhythms as a
means to help an organism be resilient to disruptive entrainment factors in their environment.
Chronotherapy, which is the tight regulation of one’s social environment (e.g., maintaining a
consistent sleep/wake cycle, bright light in the morning, avoidance of blue light at night,
exercising at the appropriate time of day, meals at the same time each day), may be a critical
component in the treatment of mood disorders. Having a robustly oscillating molecular clock will
help the organism become more resilient to stimuli in the organism’s environment that may

disrupt circadian rhythms.
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