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Abstract
Transcriptional Regulation of Homerla during Pavlovian Fear Conditioning
By Amy L. Mahan

The consolidation of fear conditioning involves upregulation of genes necessary for long-
term memory formation. We examined whether homerla, which is required for memory
formation, is downstream of BDNF - TrkB activation. In chapter 3 we demonstrate that homerla
mRNA 1) increases after fear conditioning in vivo within both amygdala and hippocampus, 2)
increases after BDNF application to primary hippocampal and amygdala cultures in vitro, 3) these
increases are dependent on transcription and MAPK signaling, and 4) we demonstrate that a trkB
agonist, 7,8-DHF enhances long-term memory for Pavlovian fear conditioning in vivo as well as
increasing expression level of homerla in vitro, and that inhibiting trkB signaling impairs
homer1a expression during Pavlovian conditioning in the amygdala and hippocampus. In chapter 4
we demonstrate that 1) Pavlovian fear conditioning induces distinct modifications of histones
bound to the Homer1 promoter; 2) BDNF induced plasticity produced similar modifications of
histones bound to the Homerla promoter in primary amygdala and hippocampal cell culture; and
3) Sodium Butyrate, a histone deacetylase inhibitor, enhanced contextual fear memories,
hippocampal mRNA expression and hippocampal H3 acetylation around the Homer1 promoter. In
Chapter 5 we demonstrate that homerla gene transcription and changes in histone modifications
during fear conditioning are mediated through CREB binding around the Homer1 promoter by: 1)
demonstrating that CREB and CBP are increasingly bound to the Homer1 promoter after fear
conditioning and 2) that inhibiting CREB inhibits homerla expression, CBP binding and histone
modifications after fear conditioning. Together these data suggest that CREB and CBP are critical
for regulation of homerla expression, in part via modulation of histone acetylation regulating
chromatin containing the homerlI gene. This body of work provides evidence for dynamic
regulation of homerla following BDNF-induced plasticity or during a BDNF-dependent learning
process.
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Chapter 1: Introduction
Fear Conditioning, Synaptic Plasticity, and the Amygdala:

Implications for Posttraumatic Stress Disorder



1.1 Abstract

Posttraumatic stress disorder (PTSD) is an anxiety disorder that can develop after
a traumatic experience such as domestic violence, natural disasters or combat-related
trauma. The cost of such disorders on society and the individual can be tremendous. In
this chapter we will review how the neural circuitry implicated in PTSD in humans is
related to the neural circuitry of fear. We then discuss how fear conditioning is a suitable
model for studying the molecular mechanisms of the fear components which underlie
PTSD, and the biology of fear conditioning with a particular focus on the brain derived
neurotropic factor (BDNF)-TrkB, GABAergic and glutamatergic ligand-receptor
systems. We then summarize how such approaches may help to inform our
understanding of PTSD and other stress-related disorders and provide insight to new
pharmacological avenues of treatment of PTSD.
1.2 Introduction

Irrational fear is a major impediment to success and productivity. When Franklin
D. Roosevelt acknowledged, in 1933 “the only thing we have to fear is fear itself’, he
was commenting on the economic future of the United States, but unreasonable, over-
generalized fear can have dramatic effects on all aspects of one’s life. Over-generalized
fear is one of the biggest symptoms of anxiety disorders, in particular disorders of fear
regulation, including phobia, panic disorder, and posttraumatic stress disorder (PTSD).
PTSD is an example of how excessive fear can impair quality of life. While fear learning
is an evolutionarily advantageous response mechanism, when fear becomes too
generalized, this mechanism may not only be unproductive, but harmful. PTSD is a

disorder where learned fear due to a traumatic event becomes generalized to situations



that would normally be considered safe and results in autonomic hyperarousal in
inappropriate situations.

Three types of symptoms are prevalent in PTSD: reexperiencing, avoidance and
hyperarousal. Reexperiencing symptoms involve flashbacks, nightmares and frightening
thoughts about the trauma, which can result in physical symptoms, including headaches,
pains, and other symptoms of somatization. Avoidance symptoms include avoiding
reminders of the experience, feeling emotionally numb, losing interest in previously
enjoyable activities, and deficits in learning and memory. These symptoms may cause a
person to change his or her personal routine. Finally, hyperarousal symptoms include
being easily startled, feeling tense, having difficulty sleeping, and/or having angry
outbursts. Reminders of the traumatic event usually trigger reexperiencing and avoidance
symptoms whereas hyperarousal symptoms may be present more continuously (1994;
Davidson et al., 2004; Hoge et al., 2007; Milliken et al., 2007; Gillespie et al., 2009;

Wilcox et al., 2009).

There is a variability in the prevalence and severity of PTSD (Milliken et al.,
2007). Trauma is necessary but not sufficient for the precipitation of PTSD. In fact one of
the most critical current questions is why some trauma victims develop PTSD (between
5-30%)(Davidson et al., 2004; Milliken et al., 2007; Gillespie et al., 2009) while others
experiencing the same trauma appear to be resilient. In addition, those who meet the
criteria for PTSD vary widely in their symptom severity and in the type of symptoms
they experience (Davidson et al., 2004; Lanius et al., 2006; Hoge et al., 2007; Milliken et
al., 2007; Dickie et al., 2008; Gillespie et al., 2009; Wilcox et al., 2009). A variety of

factors contribute to the magnitude of PTSD symptoms, including an individual’s genetic



makeup, predisposition, social support network, and early-life experiences (Binder et al.,
2008; Bradley et al., 2008; Green et al., 2010; Jovanovic and Ressler, 2010) (Box 1). In
other words, these factors may determine an individual’s resilience to trauma. Studying
what accounts for this resilience in certain individuals could help target treatments and
the prevention of PTSD in trauma victims predisposed to develop PTSD. Understanding
the neurobiological mechanisms of PTSD as well as developing more rapid and cost
effective treatments is of vital importance. The current review addresses recent molecular
approaches to understanding PTSD using animal models of fear, limitations of these
models, and speculation about how these models may lead to better treatment and

understanding of PTSD and other fear-related disorders.

1.3 Pavlovian fear conditioning as a model for understanding the underlying
mechanisms of pathological fear responses

The neural structures important to PTSD belong to the limbic system, a region
important for emotional processing in both humans and animals (Heimer and Van
Hoesen, 2006). The three regions within the limbic system most clearly altered in PTSD
include the amygdala, the hippocampus, and the prefrontal cortex (PFC). The amygdala
regulates learned fear in animal and human studies of Pavlovian fear conditioning (see
Glossary) and receives projections from the hippocampus and PFC (Etkin and Wager,
2007; Francati et al., 2007; Quirk and Mueller, 2008; van Marle et al., 2009; de Carvalho
et al., 2010). Subjects with PTSD show reduced activation of the PFC and hippocampus,
which may coincide with reduced top-down control of the amygdala, possibly resulting in

a hyper-responsive amygdala signal to fearful stimuli (Etkin and Wager, 2007). This may



result in the disordered fear regulation in PTSD and other fear-related disorders. Other
regions involved with PTSD include the parahippocampal gyrus, orbitofrontal cortex, the
sensorimotor cortex, the thalamus (Lanius et al., 2006), and the anterior cingulate cortex
(Figure 1.1) (Abe et al., 2006; Rogers et al., 2009; Thomaes et al., 2010).

Patients with PTSD show markedly different responses to fear conditioning
paradigms relative to trauma victims without PTSD (Blechert et al., 2007; Wessa and
Flor, 2007; Griffin, 2008; Milad et al., 2008; Jovanovic et al., 2009; Pole et al., 2009;
Shin, 2009; Ehlers et al., 2010; McLaughlin et al., 2010; Suendermann et al., 2010). They
demonstrate behavioral sensitization to stress (Griffin, 2008; Ehlers et al., 2010;
McLaughlin et al., 2010) and over-generalization of the conditioned stimulus (CS)-
unconditioned stimulus (US) response (Pole et al., 2009; Suendermann et al., 2010).
Such patients show impaired extinction of CS-US pairings (Blechert et al., 2007; Wessa
and Flor, 2007; Milad et al., 2008) and show impaired fear inhibitory learning (Jovanovic
et al., 2009). It is thought that this altered fear response may result in the intrusive
memories and flashbacks, enhanced avoidance of reminder cues, and autonomic
hyperarousal seen in PTSD (Yehuda and LeDoux, 2007; Jovanovic et al., 2009). The
neural circuitry of fear conditioning is conserved across most vertebrate species, and its
behavioral readout is both quick and robust (Lang et al., 2000; Belzung and Philippot,
2007). Therefore, fear conditioning is a tractable method of studying the fear response
underlying PTSD. Many of the molecular tools that have been developed to study
behavior in rodents can be applied to study mechanisms of fear dysregulation, and hence,

to develop new therapeutics that may prove valuable for the treatment of PTSD.



Evidence from animal models and human neuroimaging studies suggest that one
of the underlying mechanisms of PTSD may be aberrant synaptic plasticity (Quirk et al.,
1995; McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Blair et al., 2001;
Tsvetkov et al., 2002; Maren, 2005; Shumyatsky et al., 2005; Lanius et al., 2006; Francati
et al., 2007; Sigurdsson et al., 2007; Sah et al., 2008; Pape and Pare, 2010). Synaptic
plasticity describes the changes that occur at the synapse with prolonged synaptic
activity. Such changes are physiological, morphological and molecular in nature.
Synaptic plasticity is hypothesized to be the underlying basis of learning and memory
(Quirk et al., 1995; McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Blair et
al., 2001; Tsvetkov et al., 2002; Maren, 2005; Shumyatsky et al., 2005; Sigurdsson et al.,
2007; Howland and Wang, 2008; Sah et al., 2008; Pape and Pare, 2010). Behaviorally,
subjects with PTSD show increased sensitization to stress, overgeneralization of fear
associations and failure to extinguish learned fear (Figure 1.2) (Blechert et al., 2007,
Wessa and Flor, 2007; Griffin, 2008; Milad et al., 2008; Jovanovic et al., 2009; Pole et
al., 2009; Shin, 2009; Ehlers et al., 2010; McLaughlin et al., 2010; Suendermann et al.,
2010). Animal models that mimic these behavioral abnormalities, such as animals trained
in the fear conditioning or extinction learning paradigms, require synaptic plasticity
(Quirk et al., 1995; McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Blair et
al., 2001; Tsvetkov et al., 2002; Maren, 2005; Shumyatsky et al., 2005; Sigurdsson et al.,
2007; Sah et al., 2008; Pape and Pare, 2010). Therefore, impairment of fear or extinction
processes in PTSD may be indicative of impaired synaptic plasticity. Much is known

about the molecular mechanisms of synaptic plasticity, and understanding how PTSD



might be a disorder of synaptic plasticity within emotional circuits will provide new
avenues for translational research.

There are two practical clinical benefits to understanding the biological
mechanisms of PTSD: prevention and treatment. A better understanding the genetics and
underlying molecular mechanisms of PTSD will hopefully lead to better predictions
about which individuals might be more susceptible to developing PTSD after trauma
through genetic, biomarker, and psychological screening. In addition, knowledge of the
molecular underpinnings of PTSD will point towards novel molecular targets for drug
development. By generating drugs that activate these molecular mediators of plasticity,
one may be able to enhance extinction of inappropriate fear associations, or even prevent
development of fear associations in at-risk individuals. This area of research shows great

promise for potential new approaches to treat PTSD symptoms.

1.4 Neurotrophic mechanisms of synaptic plasticity in fear conditioning

The brain derived neurotropic factor (BDNF)-TrkB pathway provides one
example of a ligand-receptor system which underlies synaptic plasticity and which has
also been implicated in both PTSD in humans and in animal models of fear conditioning,
extinction and inhibitory learning. Peripheral plasma and serum studies (Dell'osso et al.,
2009; Berger et al., 2010; Hauck et al., 2010) as well as genetic studies have directly
linked BDNF to PTSD (Zhang et al., 2006). In addition, transgenic, molecular and
behavioral studies in rodents have provided insights into the underlying mechanisms of

BDNF signaling in PTSD.



There is burgeoning evidence for an association between a single nucleotide
polymorphism (SNP) in the BDNF gene (Val66Met) and various psychiatric disorders,
including depression and schizophrenia (Zhang et al., 2006; Gonul et al., 2011). This
mutation is thought to alter BDNF stability and activity-dependent secretion, hence
leading to dysfunctional BDNF signaling (Egan et al., 2003). While there is limited
evidence for a role of the Val66Met polymorphism in PTSD, the Val66Met
polymorphism may also result in altered memory function (Egan et al., 2003; Hajcak et
al., 2009; Dennis et al., 2010; Lonsdorf et al., 2010; van Wingen et al., 2010; Gonul et al.,
2011). BDNF (met/met) carriers showed increased medial temporal lobe activation
during episodic and encoding retrieval tasks (Dennis et al., 2010). Another study
described greater recruitment of amygdala and PFC activity in Met/Met carriers during
memory formation and retrieval of biologically relevant stimuli (van Wingen et al.,
2010). Finally, BDNF(met/met) carriers exhibited impaired extinction learning, which
was correlated with altered activation of the amygdala, PFC and the hippocampus
(Hajcak et al., 2009; Lonsdorf et al., 2010; Soliman et al., 2010). Together these data
suggest that this polymorphism may play a role in activation of the limbic system during
memory formation and emotionally relevant learning.

Humanized BDNF (Val66Met) knock-in mice with the Met/Met phenotype show
increased anxiety-related behaviors compared to Val carrier mice when placed in
stressful settings (Chen et al., 2006; Li et al., 2010). BDNF (met/met) mice and humans
carrying the Met allele show impaired extinction learning after fear conditioning (Yu et
al., 2009; Soliman et al., 2010). Together these studies suggest that the transgenic mice

share a similar phenotype to individuals at risk for PTSD, in that they appear to be more



sensitive to stress/anxiety and have impaired extinction of conditioned fear. In addition,
BDNF (met/met) mice showed impaired NMDA receptor-dependent synaptic plasticity in
the hippocampus (Ninan et al., 2010). It has not been reported whether these mice show
impaired plasticity in the amygdala and PFC, though the extant data support the idea that
PTSD is a disorder of aberrant plasticity mechanisms, and that these mechanisms are
regulated by BDNF signaling.

BDNF-TrkB signaling has been shown to be necessary for various aspects of fear
conditioning and extinction in all three of the regions implicated in PTSD: the amygdala,
the hippocampus, and the PFC (Liu et al., 2004; Rattiner et al., 2004b; Rattiner et al.,
2004a; Chhatwal et al., 2006; Heldt et al., 2007; Yee et al., 2007; Musumeci et al., 2009;
Choi et al., 2010; Jang et al., 2010; Ou et al., 2010; Peters et al., 2010; Andero et al.,
2011; Takei et al., 2011). In the amygdala, BDNF transcription is increased during the
consolidation period 2 hours after fear conditioning (Takei et al., 2011)[60-62]. Inhibiting
BDNF signaling in the amygdala impairs both the acquisition and consolidation of fear
conditioning (Rattiner et al., 2004b) and the consolidation of extinction (Chhatwal et al.,
2006). In addition, an increase in BDNF was observed after the normal window of
consolidation at around 12 hours after fear conditioning and this peak in BDNF
expression was shown to be crucial for persistence of the fear memory (Ou et al., 2010).
Thus, BDNF signaling in the amygdala appears to play a significant role in synaptic
plasticity events underlying the consolidation and the persistence of fear memories.

Mice heterozygous for the BDNF deletion (BDNF+/-) showed impaired
contextual fear conditioning, which could be partially rescued with expression of BDNF

in the hippocampus (Liu et al., 2004). Mice in which BDNF was selectively deleted from
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the hippocampus did not show impaired acquisition of fear conditioning; however there
was a marked decrease in extinction of conditioned fear (Heldt et al., 2007). This result
suggests that normal hippocampal plasticity is required for normal context-dependent
extinction of conditioned fear. Taken together with the findings of smaller hippocampal
volumes in subjects with PTSD (Liu et al., 2004; Heldt et al., 2007), these convergent
data suggest that impaired hippocampal function in PTSD may be causally related to
these subjects’ impairment in extinction of fear memories.

BDNF has also been implicated in differential roles in distinct subregions of the
PFC in the retention and in the extinction of learned fear. Genetic deletion of BDNF
selectively in the prelimbic area (PL) of the PFC causes impairment in consolidation of
learned fear, but not extinction (Choi et al., 2010). In contrast, infusing BDNF into the
infralimbic area (IL) of the PFC resulted in reduced fear expression for up to 48 hours
after fear conditioning even in the absence of extinction training, but did not erase the
original fear memory (Peters et al., 2010). Rats with impaired extinction showed less
BDNF expression in the IL PFC compared to control rats, and infusing BDNF into the IL
prevented extinction failure (Choi et al., 2010). These data suggest that BDNF may be a
crucial mediator of neural plasticity in both regions. Due to the differential connectivity
and functioning of IL and PL, BDNF in these areas also results in opposite effects.
BDNF in the PL is necessary for fear memory formation and expression, whereas BDNF
in the IL is apparently necessary for the inhibition, or extinction, of that fear. Thus,
BDNF signaling in the PFC plays a critical role in the regulation of fear and emotion, and

may serve as a target for enhancing extinction in subjects with PTSD.
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The tyrosine kinase B (TrkB) receptor is composed of an extracellular domain
that binds BDNF and an intracellular domain that activates signaling pathways through
phosphorylation of two tyrosine residues, Y515 or Y816, which activate divergent
signaling pathways (Figure 1.3). Phosphorylation of the Y515 residue allows recruitment
of Src homology 2 domain containing)/fibroblast growth factor receptor substrate 2
(Shc/FRS-2) activating the RAS/mitogen activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase PI3K pathways. In contrast, phosphorylation of the Y816
residue allows recruitment of phospholipase C (PLC) which activates the
Ca’*/calmodulin-dependent protein kinase (CAMK)/ cAMP responsive element binding
protein (CREB) signaling pathway (Ou and Gean, 2006). Genetic mouse models carrying
single point mutations at each of these two sites (Y515F or Y816F) have been developed
(Musumeci et al., 2009). TrkB(Y515F) knock-in heterozygous mice exhibited deficits in
consolidation but not acquisition of fear conditioning, while TrkB(Y816F) mice, on the
other hand, exhibited deficits in acquisition (Musumeci et al., 2009). How acquisition and
consolidation lead to differential activation of the TrkB receptor at the Y515 site versus
the Y816 site is currently unclear. Furthermore, it will be of interest to study the
differentiation role of these phosphorylation sites in the extinction of learned fear.

Despite significant evident suggesting a role for the BDNF-TrkB system in fear-
related and other affective disorders, a lack of high affinity ligands for the TrkB receptor
has limited progress towards BDNF-related treatments for psychiatric and neurological
disorders. However, 7,8-dihydroxyflavone (7,8-DHF) has recently been identified as a
relatively specific TrkB agonist, which crosses the blood-brain barrier after oral or i.p.

systemic administration in mice (Jang et al., 2010). It was subsequently demonstrated
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that amygdala TrkB receptors are activated by systemic 7,8-DHF (S5mg/kg, i.p.) (Andero
etal.,2011). Additionally, systemic 7,8-DHF rescued the fear consolidation deficit
observed in prelimbic BDNF knockout mice (Choi et al., 2010), and enhanced both the
acquisition of fear and its extinction in wild-type mice (Andero et al., 2011).
Furthermore, this agonist appears to rescue an extinction deficit in mice with a history of
immobilization stress, which may serve as a face-valid animal model of PTSD. These
data suggest that 7,8-DHF and other potential TrkB activating ligands may not only be
valuable as pharmacological tools for achieving a better understanding of the role of
BDNF-TrkB signaling pathways in learning and memory, but also as potential
therapeutics for reversing learning and extinction deficits associated with
psychopathology.

An additional molecule that has been implicated in synaptic plasticity and BDNF
regulation is pituitary adenylate cyclase-activating polypeptide (PACAP). PACAP is
known to broadly regulate the cellular stress response, however, it was only recently
demonstrated to also have a role in human psychological stress responses, such as PTSD.
Specifically, a sex-specific (female) association of PACAP blood levels with fear
physiology, PTSD diagnosis and symptoms was observed in a population of heavily
traumatized subjects (Ressler et al., 2011). Additionally, a single SNP in a putative
estrogen response element within the PACAP receptor (PAC1) was associated with
PTSD symptoms in females only. This SNP also associated with enhanced levels of fear
discrimination and with levels of PAC1 mRNA expression in human cortex. Methylation
of the PACI gene in peripheral blood was also found to be significantly associated with

PTSD (Ressler et al., 2011). Complementing these human findings, PAC1 mRNA
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expression was induced with either fear conditioning or estrogen replacement in rodent
models (Ressler et al., 2011). These data suggest that perturbations in the PACAP-PAC1
pathway are involved in abnormal stress responses underlying PTSD, and that some of
the sex-specific differences in PTSD risk/resilience (Tolin and Foa, 2006) may be in part

due to estrogen modulation of this pathway.

1.5 GABAergic Inhibitory Regulation of Neuronal Circuits in Fear Conditioning
GABAergic inhibitory control is crucial for the precise regulation of
consolidation, expression and extinction of fear conditioning (Zhang and Cranney, 2008;
Bolshakov, 2009; Makkar et al., 2010). Fear conditioning results in a reduction in
GABAergic signaling in the basolateral nucleus of the amygdala (BLA) relative to non-
fear conditioned controls (Rea et al., 2009) and genetic deletion of the a1 subunit of the
GABA, receptor enhances auditory fear learning (Wiltgen et al., 2009). Many of the
early papers used GABA agonists as a method of inactivating specific brain regions to
determine their role in behavior. GABAergic inactivation of the amygdala, hippocampus,
PFC and regions of the striatum resulted in impairments in various aspects of conditioned
fear (Corbit and Janak, 2010; Raybuck and Lattal, 2011; Sierra-Mercado et al., 2011). In
addition, GABAergic inactivation of the infralimbic cortex, BLA or ventral hippocampus
also impaired fear extinction (Hart et al., 2010; Laurent and Westbrook, 2010; Sierra-
Mercado et al., 2011). However, GABAergic signaling is more than a methodological
tool for inactivating regions of the brain but appears to maintain tight regulatory control

over microcircuits in a region- and cell-type specific manner.
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Two recent papers have outlined how GABAergic inhibitory microcircuits may
regulate acquisition and expression of fear memories in the central nucleus of the
amgydala (CEA). It was originally thought that associative learning primarily occurs in
the BLA, whereas the CEA mainly controlled the expression of fear (Ciocchi et al.,
2010). Such regulation of fear expression occurs via projections from central amygdala
output neurons, which are mainly located in the medial subdivision (CEm), to the
brainstem and hypothalamus (Ciocchi et al., 2010). However, a role for the CeA in fear
acquisition has now been demonstrated (Ciocchi et al., 2010). Activation of the CEm in
mice by pharmacological and physiological techniques was found to result in strong and
reversible freezing responses (Ciocchi et al., 2010). Inactivating the lateral division of the
CEA (CEl), but not the CEm, was found to induce unconditioned freezing as well as to
impair fear conditioning. From these results it was concluded that neuronal activity in the
CEm is necessary and sufficient for driving the freezing response, but that the CEl is
required for the acquisition of fear and produces tonic inhibitory control of the CEm,
which is reduced during presentation of the conditioned stimulus (CS+) (Ciocchi et al.,

2010).

Moreover, the above study also identified two distinct subpopulations of
inhibitory GABAergic neurons in the CEl (Ciocchi et al., 2010). These neuronal
subpopulations were termed CEl “on” and “off” neurons based on their response to fear
conditioning. CEl “on” neurons acquired an excitatory response to the CS+ during and
after fear acquisition, whereas CEI “off” neurons showed decreased responses to the CS+
during and after fear acquisition. CS evoked excitation of CEI “on” neurons began before

the CEI “off” neurons, and both “on” and “off” neurons sent inhibitory projections to the



15

CEm (Ciocchi et al., 2010). CS evoked inhibition of “off” neurons started immediately
prior to excitation of CEM neurons, indicating that increases in CEm firing may be due to
a reduction of inhibition from CEI “off” neurons. It is also likely based on the short onset
latency of the CS-evoked excitation of CEI “on” neurons that they receive direct input
from the sensory thalamus. The CEm also receives thalamic input (Ciocchi et al., 2010),
which may be inhibited by feed forward inhibition through the CE “on” pathway. Based
on this physiological data, it is hypothesized that fear conditioning leads to a shift in the
balance of activity between distinct classes of CEl neurons, which ultimately regulate the

activity of CEm firing (Ciocchi et al., 2010).

A second recent study has added to the understanding of CEA inhibitory
microcircuits by molecularly defining two subtypes of inhibitory neurons in the CEIl by
the presence or absence of the & isoform of protein kinase C (PKC- §) (Haubensak et al.,
2010). Using molecular and genetic approaches, this study was able to map the functional
connectivity of PKC- 6+ and PKC- 6- neurons. Specifically, optogenetic targeting was
employed to examine the effect of reversibly silencing PKC- 6+ neurons on the activity
of CEl-“on”, CEIl “off” and CEm neurons. PKC- 0+ neurons were found to be
predominantly late firing neurons, which reciprocally inhibit PKC- - neurons.
Inactivation of PKC- 0+ neurons evoked action potentials in the CEm output neurons. In
addition, tonic activity of CEl "off” units was strongly suppressed by the inactivation of
PKC- 6+ neurons. Taken together, these findings suggest that the PKC- d+ neurons are

likely to be the CEIl “off” neurons (Haubensak et al., 2010) (Figure 1.4).

Together, these recent papers provide new insight into the role of GABAergic

inhibitory microcircuits in the acquisition and expression of fear conditioning. One
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outstanding question from this research is:if both CEIl “off” and CEI “on” units send
inhibitory projections to the CEm, why is CEm activity increased rather than decreased
after fear conditioning? This may be due simply to a balance between on and off neuron
firing, i.e. the effect of decreased CEI “off” firing is greater than the effect of increased
CEI “on” firing. Another reason could be that the CEl “on” neurons project to a different
subpopulation of CEm neurons. Such recent findings add another level of control to the
acquisition of fear. Not only is the BLA complex crucial for fear conditioning, but the
CEl appears to be crucial as well. The CEl is downstream of the BLA, but may also work
in parallel to form fear memories, as it also receives connections from auditory thalamic
nuclei and cortical areas. Because the CEA is downstream of these structures, the CEA
might be able to override stimulus discrimination established in upstream structures such

as sensory and association cortex and thalamic regions.

Furthermore, feed forward inhibition from intercalated (ITC) neurons may
implicate the CEIl as the primary target for fear extinction. ITC cells are a very small
subpopulation of neurons located just medial to the BLA complex, and appear to be
necessary for extinction. Selectively lesioning I'TC neurons results in a marked
impairment in extinction learning (Likhtik et al., 2008). ITC neurons receive glutamateric
input from the PFC (Berretta et al., 2005; Amano et al., 2010) and directly project to both
the CEl and CEm (Haubensak et al., 2010). Activating the infralimbic region of the PFC
resulted in activation of the immediate early gene, c-fos, in ITC neurons (Berretta et al.,
2005), and extinction produced an excitation in ITC neurons, which resulted in inhibition
of the CEA output neurons (Berretta et al., 2005). The BLA also synapses onto ITC

neurons (Izumi et al., 2011), providing another level of regulation of fear learning and
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extinction (Figure 1.4). Clearly, fear conditioning and extinction are under tight
regulatory control by GABAergic signaling, and as will be discussed in the next section,

glutamatergic signaling also plays a key regulatory role.

1.6 Glutamatergic Signaling in Fear conditioning

Glutamate is the main excitatory neurotransmitter in the brain. Thus, it is not
surprising that glutamatergic signaling is essential for the consolidation and extinction of
fear. Glutamatergic cells in the BLA are activated after fear conditioning in rodents (Lin
et al., 2010). The BLA receives glutamatergic input from the sensory thalamic and
cortical structures as well as the hippocampus and PFC (Pape and Pare, 2010). In
addition, the BLA sends glutamatergic signals to the CEA, which regulates the inhibitory
microcircuits reviewed in the previous section. Glutamate acts on a variety of ionotropic
(NMDA, AMPA) and metabotropic receptors (mGluR 1-8), which have been widely
demonstrated to play a role in fear conditioning. Ionotropic glutamate receptors are the
key mediators of synaptic plasticity required for long term fear memories, whereas

mGluRs modulate synaptic plasticity through G-protein coupled signal transduction.

Fear conditioning appears to result in an activation of NMDA receptors
(Nedelescu et al., 2010) and downstream signaling mechanisms result in a subsequent
insertion of additional AMPA receptors at synaptic sites (Rumpel et al., 2005; Mokin et
al., 2007; Brigman et al., 2010; Liu et al., 2010; Nedelescu et al., 2010). This increase in
surface AMPA receptors results in LTP and an increased responsiveness of the synapse
to future CS+ presentations. Antagonizing NMDA receptors in either the hippocampus or
BLA impairs consolidation of fear conditioning (Dalton et al., 2008; Liu et al., 2009;

Zimmerman and Maren, 2010). Blocking AMPA receptor insertion in the synaptic
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membrane in the lateral amygdala blocks fear memory formation (Rumpel et al., 2005;
Mokin et al., 2007). Extinction of fear conditioning also appears to be regulated by
NMDA and AMPA receptor signaling. Antagonizing NMDA receptors can impair
extinction in rodents (Falls et al., 1992; Liu et al., 2009). In addition, there appears to be
a reduction in surface AMPA receptors after extinction, relative to fear-conditioned

animals that were not extinguished (Clem and Huganir, 2010).

Changes in NMDA/AMPA ratios appear to happen rapidly during consolidation
of memory, but the question remains: How is glutamatergic signaling translated into a
long-term memory and how is that memory biologically maintained? Protein kinase M
zeta (PKMOQ) is an atypical isoform of PKC that can stay chronically active despite
molecular turnover. Over-expression of PKMC enhances long-term memory (Hardt et al.,
2010) and inhibiting PKMC can disrupt memory, even after that memory has been formed
(Serrano et al., 2008; Kwapis et al., 2009; Cohen et al., 2010; Hardt et al., 2010; Migues
et al., 2010; Parsons and Davis, 2011). In addition, PKMC inactivation-induced
impairment of fear memory appears to correlate with a decrease in expression of the
GluR2 subunit of the AMPA receptor (Migues et al., 2010). Furthermore, blocking
GluR2-dependent removal of postsynaptic AMPA receptors abolished behavioral
impairment of PKMC inhibition (Migues et al., 2010), suggesting that PKMC may be a
mechanistic switch that maintains memory over time through the regulation of AMPA
receptor trafficking. However, a pharmacological inhibitor of PKMC only temporarily
disrupts expression of fear conditioning when administered to rats immediately prior to

testing and does not completely abolish the fear memory (Parsons and Davis, 2011).
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Thus, at least based on these findings, it appears that PKMC is an unlikely drug target for

PTSD.

An alternative promising avenue for the modulation of glutamatergic signaling
has been the development of D-cycloserine (DCS), a NMDA partial agonist. DCS has
been shown to facilitate extinction learning in animals and humans (Ressler et al., 2004;
Ledgerwood et al., 2005; Guastella et al., 2007a; Guastella et al., 2007b; Kushner et al.,
2007; Langton and Richardson, 2008; Norberg et al., 2008; Wilhelm et al., 2008; Kalisch
et al., 2009; Langton and Richardson, 2009; McCallum et al., 2010; Otto et al., 2010a;
Otto et al., 2010b). More recently, DCS has been suggested to reverse the reduction in
AMPA receptors that is normally observed at synaptic sites in the lateral amygdala after
fear learning (Lin et al., 2010). Clinically, DCS has been shown to be a valuable
augmentation to behavioral therapies for a variety of anxiety-related disorders, including
obsessive-compulsive disorder (Ressler et al., 2004; Guastella et al., 2007b; Kushner et
al., 2007; Guastella et al., 2008; Norberg et al., 2008; Wilhelm et al., 2008; Otto et al.,
2010b), however definitive trials specifically for PTSD treatment using DCS have yet to
be completed. DCS is an example of a drug that enhances the extinction of fear in
animals and humans, as well as enhancing behavioral therapy in individuals with anxiety

disorders involving fear dysregulation.

mGluRs modulate synaptic plasticity in the brain and are critical for the
consolidation of fear conditioning and extinction. While there have been mixed reports
about the effect of mGluR agonists on fear conditioning, in general, mGluR antagonists
and genetic deletion of mGluRs in the limbic regions of the brain appear to impair both

consolidation and extinction of fear conditioning (Kim et al., 2007; More et al., 2007;
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Goddyn et al., 2008; Siegl et al., 2008; Fendt et al., 2010; Fontanez-Nuin et al., 2011).
Activation of mGluR1-containing receptors in the BLA is known to enhance fear learning

(Rudy and Matus-Amat, 2009).

Many other receptor-ligand systems play a modulatory role in Pavlovian fear
conditioning and likely contribute to PTSD, mostly by modulating GABAergic and
glutamatergic signaling (Table 1). Two retrograde signaling systems (involving nitric
oxide and endocannibinoids as the retrograde messengers) have been shown to be
important for presynaptically-regulated plasticity in consolidation and extinction,
respectively (Ota et al., 2008; Chhatwal et al., 2009; Kelley et al., 2010; Lisboa et al.,
2010; Ota et al., 2010; Paul et al., 2010). Noradrenergic signaling from the locus
coeruleus (Fu et al., 2007; Mueller et al., 2008; Lazzaro et al., 2010; Mueller and Cahill,
2010), and dopaminergic projections to the amygdala from the ventral tegmental area
(VTA) and nucleus accumbens (Mueller et al., 2010; Ortiz et al., 2010; Biojone et al.,
2011; de Oliveira et al., 2011) also play important roles in modulating synaptic plasticity
and fear conditioning. These transmitter systems may provide additional potential

molecular targets for the pharmacological augmentation of behavioral therapy for PTSD.

1.7 Conclusions

The molecular pathways discussed in this chapter are crucial for fear conditioning
and extinction. Recent research has advanced our understanding of many of the
downstream molecular mechanisms of these forms of learning. By understanding the
genetics of PTSD we may eventually be better able to predict which individuals might be
more susceptible to developing PTSD after trauma. In addition, knowing the molecular

underpinnings of PTSD will provide important new insights into molecular targets for
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drug development. By generating drugs that modulate signaling pathways involved in
fear conditioning and synaptic plasticity in the amgydala, we may be able to enhance
extinction of inappropriate fear associations, or even prevent the development of fear
associations in individuals more susceptible to PTSD. Research in this area shows great
promise for potential new approaches to better understand the physiology of circuits
mediating fear responses, as well as to potentially further the prevention and treatment of
PTSD (Box 2). Given the rising numbers of traumatized civilians and veterans, in
addition to our increasing understanding of the prevalence, comorbidity, and sequelae of

PTSD, developing better preventions and treatments are vital.
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1.8 Figures

Figure 1.1 A schematic of the human brain illustrating how the limbic system is
involved in PTSD. The PFC and the hippocampus both have dense connections to the
amygdala, which is important for conditioned fear and associative emotional learning.
The PFC is thought to be responsible for reactivating past emotional associations and is
decreased in both responsiveness and density (Lanius et al., 2006; Etkin and Wager,
2007; Francati et al., 2007; Dickie et al., 2008). The hippocampus is thought to play a
role in explicit memories of the traumatic events and in mediating learned responses to
contextual cues, and in PTSD the hippocampus is decreased in volume (Gilbertson et al.,
2002) and responsiveness to traumatic stimuli (Gilbertson et al., 2002; Thomaes et al.,
2010). The top down control of the amygdala by the hippocampus and PFC may result in
the increased activation of the amygdala, as is observed in subjects with PTSD. The end
result of these neuroanatomical alterations is increased stress sensitivity, generalized fear
responses and impaired extinction. Other regions including the anterior cingulate cortex,
the orbitofrontal cortex, the parahippocampal gyrus, the thalamus and the sensorimotor
cortex also play a secondary role in the regulation of fear and PTSD (Shin and Liberzon,

2010).
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Figure 1.2 Disordered fear regulation in PTSD. Individuals with PTSD typically show
increased sensitization to stress, overgeneralization of fear to irrelevant stimuli, and
impaired extinction of fear memories. Individuals who demonstrate resilience to PTSD,
and/or who recover from traumatic/ stressful experiences, are able to discriminate
between fearful and non-fearful stimuli, as well as displaying normal extinction of fear

memories.
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Figure 1.3 BDNF — TrkB induced signaling pathway. BDNF binds to the TrkB
receptor, resulting in the phosphorylation of two tyrosine sites (Y515 and Y816) on the
intracellular domain of the TrkB receptor. Phosphorylation of the Y515 residue allows
recruitment of Shc/FRS-2, which subsequently activates the Ras/MAPK and PI3K
pathways. In contrast, phosphorylation of the Y816 residue allows recruitment of PLC,
which activates the CAMK/CREB signaling pathway. Point mutations of the Y515
residue produce deficits in consolidation but not acquisition of fear conditioning
(Musumeci et al., 2009). Point mutations of the Y816 residue, on the other hand, produce
deficits in acquisition (Musumeci et al., 2009). Evidence exists for a role of BDNF
signaling in the amygdala, hippocampus and PFC with respect to both the consolidation

and extinction of fear conditioning.
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Figure 1.4 Schematic diagram illustrating the key amygdala nuclei involved in fear
conditioning. Microcircuits within the amygdala demonstrate multiple levels of
regulation with response to fear consolidation, extinction, and the expression of fear.
Initially, it was thought that the BLA complex was solely responsible for fear acquisition
and was the main recipient of thalamic and cortical inputs. The central amygdala was
thought to be crucial only for the expression of conditioned fear responses via activation
of downstream neural structures (see (Pape and Pare, 2010; Shin and Liberzon, 2010) for
areview). Now significant evidence supports the idea that the lateral division of the
central amgydala (CeL) is also critical for acquisition of fear and also receives cortical
and thalamic inputs. In addition, intercalated neurons may regulate firing of central
amgydala output neurons and the expression of extinction. The intercalated neurons
receive projections from the infralimbic cortex (a region critical for extinction) and
project GABAergic inhibitory neurons onto the medial division of the central amygdala

(CeM).
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Table 1. Other ligand-receptor systems involved in the regulation of Pavlovian fear

conditioning'
Norepinephrine Consolidation  Enhanced with alphal-adrenergic receptor antagonists
(NE) (Lazzaro et al., 2010)
Impaired by siRNA for beta(1) adrenergic receptors (Fu
et al., 2007)
Extinction Impaired by antagonizing NE receptors in the infralimbic
cortex (Mueller et al., 2008; Mueller and Cahill, 2010)
NOS-cGMP Consolidation  Enhanced by PKG activation in the LA (Ota et al., 2010)

Impaired contextual conditioning in nNOS KO mice
(Kelley et al., 2010)

Impaired in cGMP mutant mice (Paul et al., 2010)
Impaired by NOS and PKG inhibition in the LA
(Ota et al., 2008)

Endocannabinoid Consolidation ~CB1 mRNA increases 48 hrs after fear conditioning
(Lisboa et al., 2010)
Enhanced by inverse agonist of CB1 in the CeA or BLA
(Lisboa et al., 2010)
Impaired by CB1 receptor agonist or AEA transport
inhibition into the vmPFC (Lisboa et al., 2010)

Extinction Impaired by pharmacological blockade or genetic

deletion of CB1 receptors (Lin et al., 2008; Chhatwal et
al., 2009)

Dopamine (DA) Consolidation  Enhanced by D2 receptor agonists in the VT A(Biojone et
al.,2011; de Oliveira et al., 2011)
D2 receptor antagonists in the BLA impair fear
potentiated startle (de Oliveira et al., 2011)
Impaired by D1 receptor loss (genetic KO or siRNA in
hippocampus)(Ortiz et al., 2010)

Extinction Impaired by systemic or intra-IL. PFC infusion of D2

antagonist (Mueller et al., 2010)

Acetylcholine Consolidation  Enhanced by nicotinic Ach (nACh) agonists in the
(Ach) hippocampus (Davis and Gould, 2007; Kenney et al.,
2010; Andre et al., 2011)
Impaired by alpha7 nAch receptor antagonists(Chess et
al., 2009).
Extinction Impaired by nAch agonists (Prado-Alcala et al., 1994)
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' Abbreviations: CB1 (Cannabinoid Receptor type 1), PKG (cGMP-dependent protein
kinase), NOS (Nitric Oxide Synthase), KO (Knock out), siRNA (Small Interfering RNA),

IL (Infralimbic)
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Glossary

Classical Conditioning: Classical conditioning is a learning paradigm that pairs a
neutral/conditioned stimulus (CS) with an unconditioned stimulus (US) that
evokes a reflex or unconditioned response (UR) until the neutral stimulus evokes
the same conditioned response (CR) in the absence of the US

Contextual conditioning: a model of fear conditioning based solely on the
context and not a discrete cue such as a light or a tone.

Extinction: The conditioning phenomenon in which a previously learned
response to a cue is reduced when the cue is presented in the absence of a
previously paired aversive or appetitive stimulus

Pavlovian Fear Conditioning: Pavlovian fear conditioning is a version of
classical conditioning, where the CS (eg. tone, light, odor) is paired with an
aversive US (eg. foot-shock, air-blast) that evokes a CR (eg. freezing, acoustic

startle response, autonomic arousal).




Box 1. Genetic Association Studies in PTSD

How it works: These studies compare the DNA of two groups of participants: trauma
victims with PTSD and trauma victims without PTSD. Each person gives a sample of
cells from their cheek, saliva, or blood. DNA is extracted from these cells and gene
chip analyses are performed. Rather than reading DNA sequence, these systems SNPs
that are markers for regional DNA variation. If genetic variations are more frequent
in the affected participants, then the variations are said to be associated with the
disorder.

Some replicated genetic associations found in PTSD:
BDNF (Val66Met) SNP:
*  Function: Neurotrophic Factor
* Result of Polymorphism:
¢ Met allele has been shown to have altered trafficking and
secretion in neurons compared to Val allele (Egan et al., 2003).
* Met/met carriers showed increased medial temporal lobe
activation (perhaps compensatory) during episodic and
encoding retrieval tasks (Dennis et al., 2010).
* Greater recruitment of amygdala and PFC activity in Met/Met
carriers during memory formation and retrieval of biologically
relevant stimuli (van Wingen et al., 2010).
e Met/Met carriers exhibited impaired extinction learning ,which
was correlated with altered activation of the amygdala, PFC and
the hippocampus (Lonsdorf et al., 2010).
Serotonin transporter (SERT) - short vs. long Allele:
*  Function: Serotonin transport/reuptake
* Result of Polymorphism
» Different alleles have been associated with altered SERT gene
expression/translation (Grabe et al., 2009; Xie et al., 2009;
Bryant et al., 2010)
* Findings have been reported in individuals for an increased risk
of PTSD with both the long (Grabe et al., 2009; Xie et al.,
2009) and short allele (Grabe et al., 2009; Bryant et al., 2010).
* Recent data suggest that the short allele is associated with
decreased risk of PTSD in low-risk environments (e.g., low
crime/unemployment rates) but increased risk of PTSD in high-
risk environments (Grabe et al., 2009). This suggests that
environment modifies the effect of serotonin-transporter-linked
polymorphic region (5-HTTLPR) genotype on PTSD risk

34
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Box 1 Continued...

FK506-binding protein 5 (FKBPS):
e Function: Glucocorticoid Chaperone Protein
*  Result of Polymorphism:
e PTSD associated with differential FKBPS mRNA and protein
expression (Mehta et al., 2011)
¢ No main effect of FKBP5 genotype on PTSD (Binder et al.,
2008)
* FKBPS5 SNPs interact with child maltreatment history as a
predictor of the severity of adult PTSD symptoms (Binder et
al., 2008).
* FKBP5 SNPs may contribute to increased sensitivity of the
amygdala / HPA axis response to adult stress




Box 1 Figure 1. Genetic and environmental factors influence the risk for developing

PTSD in certain individuals, as well as the severity of PTSD symptoms.
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Box 2. Outstanding Questions:

Individual Differences: Why are some individuals at risk for developing PTSD, but
despite similar trauma, others appear to be resistant? Furthermore, as with many
common diseases, PTSD will likely represent a final common pathway of a ‘broken
brain’ at the intersection of trauma and biology. How many different ‘subtypes’ of
PTSD might there be? Will our current syndromal nomenclature be predictive of
these subtypes, or will future biomarkers provide new ways of dissecting this
syndrome?

Resilience: s the resilience that we define as lack of PTSD, despite severe trauma,
simply the absence of PTSD symptoms (along with comorbid depression and
substance abuse) or is resilience an orthogonal construct that is uniquely protective?
Genetic Risk: Up to 30-35% of risk for PTSD appears to be heritable (True et al.,
1993). Similar to a number of other disorders, will this be made up of many
common gene variants, which each contribute only a small percentage of risk, or
will there be a larger number of rare variants which each contribute higher levels of
risk?

Gene x Environment interaction: With sufficient trauma loading, almost anyone is
susceptible to PTSD. Genes appear to differentially modulate the level of
susceptibility at a given trauma level or trauma ‘dose’. How do the effects of
childhood and adult trauma interact though neural circuitry with genes that
contribute risk, and which may act in an additive fashion on this same circuitry?
Neural Circuitry of PTSD: The neural circuitry modulating fear, including the
amygdala, PFC and hippocampal regions are conserved across mammals. This
makes research on PTSD and other anxiety-related disorders more readily accessible
to translation compared to many other mental disorders. Utilizing human dynamic
and structural neuroimaging techniques combined with rodent and other laboratory
model species, we can ask, how do these different regions, which organize and
modulate the emotion of fear, work in concert?
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2.1 Homer1 genetic association studies in Psychiatric Disease

As discussed in Chapter 1, genetic variability can contribute to an individual’s
vulnerability to the development of PTSD as well as other psychiatric illnesses. A
majority of the evidence for such genetic vulnerability comes from genome wide
association studies (Benke and Fallin, 2010; Cornelis et al., 2010; Van Winkel et al.,
2010). These studies are generally conducted by taking DNA from cheek, blood or saliva
and comparing polymorphisms across between separate cohorts of individuals with or
without a specific psychiatric disease (Benke and Fallin, 2010; Cornelis et al., 2010; Van
Winkel et al., 2010). While these studies are correlative in nature and one gene rarely
associates completely with any psychiatric disorder, these studies may provide a list of
potential genes to study mechanistically in animal models. One particular gene family,
Homerl, has been associated with several psychiatric disorders (Figure 2.1) (Dahl et al.,
2005; De Luca et al., 2009; Rietschel et al., 2010), and has also been demonstrated to be
important in animal models of psychiatry (Szumlinski et al., 2006).

In one such study, two particular single nucleotide polymorphisms in the putative
regulatory or promoter region of the Homerl gene were associated with major depressive
disorder (MDD) when compared to population based control subjects (Rietschel et al.,
2010). One of the single nucleotide polymorphisms was also correlated with changes in
prefrontal activity during executive cognition and in anticipation of reward (Rietschel et
al., 2010). MDD is highly comorbid with PTSD and there is a lot of overlap in symptoms
between the two disorders (Brady et al., 2000). In addition, altered prefrontal activity is a
major neurological symptom found in trauma victims who go on to develop PTSD

relative to trauma victims who do not develop PTSD (Etkin and Wager, 2007; Francati et
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al., 2007; Quirk and Mueller, 2008; van Marle et al., 2009; de Carvalho et al., 2010).
Thus this study, not only provides insight into the genetic underpinnings of major
depression, but this may also suggest that Homerl may be involved in related disorders
such as PTSD.

Interestingly, the Homer1 gene has also been associated with the presentation of
psychotic symptoms in individuals with Parkinson’s disease (De Luca et al., 2009).
Parkinson’s disease is a neurodegenerative disorder that sometimes presents with
psychotic side effects (Poewe, 2008a, b; Zahodne and Fernandez, 2008; Friedman, 2010).
In one study they found that a single nucleotide polymorphism in the Homer1 promoter
region was associated with the development of these psychotic symptoms relative to
Parkinson’s patients whom did not manifest these psychotic symptoms (De Luca et al.,
2009). While typically considered a neurological disorder, Parkinson’s is often comorbid
with psychiatric symptoms such as psychosis (Poewe, 2008a; Poewe et al., 2008;
Zahodne and Fernandez, 2008; Friedman, 2010) and depression (Chaudhuri and Odin,
2010; Kasten et al., 2010; Eskow Jaunarajs et al., 2011).

Lastly, a distinct Homer1 single nucleotide polymorphism has been associated
with cocaine dependence in a specific African American population (De Luca et al.,
2009). This single nucleotide polymorphism was located in the first exon of the Homerl
gene (De Luca et al., 2009). While the association is interesting in its own right, there is
evidence suggesting that appetitive learning (such as what occurs with drugs of abuse)
shares common molecular and synaptic mechanisms with aversive learning (such as what
occurs with Pavlovian fear conditioning) (Quirk and Gehlert, 2003; Balleine and

Killcross, 2006; Morrison and Salzman, 2010). It is thought that one commonality among
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all of these disorders may be aberrant synaptic plasticity, (Quirk et al., 1995; McKernan
and Shinnick-Gallagher, 1997; Rogan et al., 1997; Blair et al., 2001; Tsvetkov et al.,
2002; Maren, 2005; Shumyatsky et al., 2005; Lanius et al., 2006; Francati et al., 2007,
Sigurdsson et al., 2007; Sah et al., 2008; Pape and Pare, 2010), which is further supported
by the common genetic association of Homerl, a molecule known to contribute to
plasticity and NMDA/AMPA glutamate receptor function (Bertaso et al., 2010; Hu et al.,
2010).

Finally, it is interesting that a majority of the published genetic association studies
demonstrate single nucleotide polymorphisms in the putative regulatory or promoter
region of Homerl1. This could suggest that these individuals with increased susceptibility
to major depression or cocaine dependence have altered regulation of Homerl
transcription. Understanding the mechanisms of homer 1 gene transcription in animal
models of psychiatric disease might lead to an understanding of how homerl leads to
altered synaptic plasticity in the psychiatric diseases. While, the association studies only
demonstrate a role for the Homerl gene as a whole, homerla is a likely variant of the
Homerl gene to study because it is the only gene variant of Homer1 dynamically
regulated with synaptic activity in an immediate-early gene like fashion and would likely
be implicated in plasticity related disorders.

2.2 The Homer1 gene family: Structure and Function

In the mammalian genome, there are three genes (Homer1-3) that transcribe the
Homer family of proteins (Shiraishi-Yamaguchi and Furuichi, 2007). These proteins
share two common functional domains: an EVH1 binding domain and a coiled coil

domain (Shiraishi-Yamaguchi and Furuichi, 2007). The EVH1 binding domain
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recognizes proline rich regions of various receptors and proteins in the postsynaptic
density (Shiraishi-Yamaguchi and Furuichi, 2007; Peterson and Volkman, 2009),
including Type 1 metabotropic glutamate receptors (Bertaso et al., 2010), SHANK
(Bertaso et al., 2010), IP3 receptors (Tu et al., 1998; Yuan et al., 2003), TRPC receptors
(Yuan et al., 2003), ryanodine channels (Pouliquin and Dulhunty, 2009), and Pax6
(Cooper and Hanson, 2005). The coiled coil domain is a leucine zipper structure that
recognizes other coiled coil domains from other Homer molecules (Shiraishi-Yamaguchi
and Furuichi, 2007). The Homer1 gene consists of 10 exons, the first five exons make up
the EVH1 binding domain whereas the last five exons comprise the coiled coil domain
(Shiraishi-Yamaguchi and Furuichi, 2007). Of the seven homerl gene variants (homerla-
g), homer1b-g contain all 10 exons (Shiraishi-Yamaguchi and Furuichi, 2007). Homerla,
however, has an alternate poly-A stop site just past exon 5 resulting in a truncated protein
product lacking the coiled coil domain (Niibori et al., 2007; Shiraishi-Yamaguchi and
Furuichi, 2007).

Interestingly, homerla is the only gene variant in the Homer family that is
dynamically regulated during network activity (Shiraishi-Yamaguchi and Furuichi,
2007). Homerla can be activated at the physiological level with synaptic stimulation
(Shiraishi-Yamaguchi and Furuichi, 2007), at the neurotramsitter level with NMDA
(Ango et al., 2000; Sato et al., 2001; Nielsen et al., 2002), BDNF (Sato et al., 2001), or
PACAP (Nielsen et al., 2002; Girard et al., 2004; Kammermeier, 2008) activation and at
the behavioral level with stress (Szumlinski et al., 2006), drug exposure (Szumlinski et
al., 2006) or even exposure to a novel environment (Szumlinski et al., 2004; Lominac et

al., 2005; Szumlinski et al., 2005a). This truncated version of the Homer1 protein is



61

unable to self-aggregate, but binds with equal affinity to proline-rich regions of the same
proteins that homer1b-g bind (Shiraishi-Yamaguchi and Furuichi, 2007). The rapid
upregulation of homerla with synaptic plasticity suggests that homerla might
competitively bind with these receptors disrupting already established receptor clusters at
the synapse between longer versions of homer and their binding partners (Shiraishi-
Yamaguchi and Furuichi, 2007).

Experimental evidence suggests that homerla can interact with type 1
metabotropic glutamate receptors (mMGLURSs) to enhance agonist independent inhibition
of NMDA receptors (Bertaso et al., 2010). Type 1 mGLURs are physically linked to
NMDA glutamate receptors through protein interactions with homer and shank (Figure
2.2) (Bertaso et al., 2010). Expression of homerla in primary cortical cell culture can
result in a disruption of the physical link between mGLURs and NMDA receptors
(Bertaso et al., 2010). Furthermore, this disruption allows for agonist-independent
inhibition of NMDA by mGLURs (Bertaso et al., 2010).

AMPA receptors are another ionotropic glutamate receptor crucial for synaptic
plasticity (Turrigiano and Nelson, 2000). Interestingly, expression of homer 1a in cortical
neurons appears to decrease surface expression of AMPA receptors (Hu et al., 2010).
This effect also appears to be dependent on agonist independent metabotropic glutamate
signaling in that when you inhibit mGLURS, homerla expression does not decrease
AMPA receptor surface expression (Hu et al., 2010). AMPA receptor surface expression
is increased in neurons from Homerla KO mice (Hu et al., 2010). Furthermore replacing

homerla in homerla KO neurons reduces the elevated surface expression of AMPA
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receptors (Hu et al., 2010). Finally homeostatic scaling of AMPA receptors is impaired in
homerla KO mice (Hu et al., 2010).

Homeostatic scaling is a non-Hebbian form of neuronal plasticity thought to help
maintain neuronal excitability and informational content in the face of changes in
neuronal activity (Turrigiano and Nelson, 2000). One mechanism of homeostatic
plasticity is a cell wide reduction in surface expression of AMPA receptors at excitatory
synapses which allows the cells to maintain relative strength at synapses (Turrigiano and
Nelson, 2000). Given the diversity in binding partners (Peterson and Volkman, 2009),
homerla appears to have many other roles at the synapse including calcium signaling
(Westhoff et al., 2003; Sala et al., 2005; Worley et al., 2007; Gasperini et al., 2009),
structural plasticity (Sala et al., 2001; de Bartolomeis and Iasevoli, 2003; Sala et al.,
2003; Sala et al., 2005) and signal transduction (Sala et al., 2001; de Bartolomeis and
lIasevoli, 2003; Cooper and Hanson, 2005; Hu et al., 2010; Roloff et al., 2010). In the
remaining sections we describe how homerla has been implicated in animal models of
psychiatric disease and Pavlovian fear conditioning.

2.3 Role of Homer1a in animal models of psychiatry

Interestingly, homerla appears to play a role in animal models of drug addiction,
schizophrenia, depression and stress/anxiety disorders. Exposure to drugs of abuse causes
a rapid increase in homerla mRNA in the neocortex (Fujiyama et al., 2003;
Ghasemzadeh et al., 2009), the striatum (Zhang et al., 2007) and the prefrontal cortex
(Cochran et al., 2002; Nichols and Sanders-Bush, 2002), and results in decreases in
mRNA in the nucleus accumbens (Kane et al., 2005). Homer1 knock out mice show

impaired cocaine induced locomotor activity (Szumlinski et al., 2004; Lominac et al.,
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2005; Szumlinski et al., 2005a), impaired cocaine induced release of glutamate in the
nucleus accumbens (Szumlinski et al., 2004; Lominac et al., 2005; Szumlinski et al.,
2005a) and prefrontal cortex (Szumlinski et al., 2004; Lominac et al., 2005; Szumlinski et
al., 2005a).

Homerla upregulation has been seen in animal models of schizophrenia as well.
Antipsychotic drugs such as haloperidol, which are commonly given to treat the
symptoms of schizophrenia, increase homerla mRNA expression in the striatum and
nucleus accumbens. Furthermore, Homer1 knockout mice show impaired prepulse
inhibition (an animal model of schizophrenia) and are hypersensitive to psychomotor-
activating effects of both stimulant and dissociative anesthetic drugs (Szumlinski et al.,
2004; Szumlinski et al., 2005a; Szumlinski et al., 2005b). These effects can be reversed
by an AAV-mediated restoration of homerla in the prefrontal cortex (Lominac et al.,
2005).

Animal models of anxiety, including novel environment exposure (Vazdarjanova
et al., 2002; Igaz et al., 2004), a single foot shock stress (Igaz et al., 2004) and contextual
fear conditioning (Hashikawa et al., 2011), all produce an increase in homerla mRNA
expression. In addition, Homer1 knockout mice have altered exploration of novel objects
(Szumlinski et al., 2005a) and novel environments (Szumlinski et al., 2004; Lominac et
al., 2005; Szumlinski et al., 2005a) as well as increased spontaneous motor activity,
(Szumlinski et al., 2004; Lominac et al., 2005; Szumlinski et al., 2005a) all of which are
animal models of anxiety.

Notably, very few of these studies show protein level changes. In addition, most

transgenic studies were done in Homer1 knockout mice, for which all variants of the
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Homerl gene deleted, but it is clear that homerla has unique cellular effects to the other
gene variants, making it difficult to pinpoint the effects of a particular gene variant on
these changes in behavior. Nonetheless, this family of proteins has been highly
implicated in animal models of drug addiction, schizophrenia and anxiety.
2.4 Homerla and Pavlovian Fear conditioning

There is limited evidence connecting homerla gene expression with Pavlovian
fear conditioning. However, that evidence is consistent in supporting the fact that
homerla is upregulated and necessary for consolidation of Pavlovian fear conditioning.
Using compartmental analysis fluorescence in situ hybridization (CatFISH) Hashikawa et
al. (2011) demonstrated that after contextual fear conditioning, homerla was rapidly
upregulated in the nucleus of lateral amygdala neurons (Hashikawa et al., 2011).
Homerla KO mice demonstrate deficits in contextual fear conditioning (Inoue et al.,
2009). Finally, over-expressing homerla in the hippocampus enhances contextual fear
memories and is dependent upon mGLUR signaling (Tronson et al., 2010). While there
are only three publications to-date assessing the role of homerla in Pavlovian fear
conditioning, the evidence is enough to suggest that homerla may play a critical role in
synaptic plasticity during Pavlovian fear conditioning in both the amygdala and
hippocampus. Furthermore, given the immediately early gene-like fashion of homerla
transcription, studying mechanisms of its transcription will provide molecular insight into
the mechanisms of Pavlovian fear conditioning.

Generating a homerla specific KO mouse was challenging in that there are only
11 amino acids differentiating the homerla and homerlb/c proteins. To generate a short-

form specific gene targeting mouse, genomic DNA corresponding to the 11 amino acids
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was replaced by cDNA encoding the long gene variant of Homer (homerlb/c) specific C-
terminal acids (Inoue et al., 2009). The mice produced Homer1b/c but not the Homerla
proteins. These mice, lacking the Homerla protein, demonstrated normal acquisition and
short-term memory for contextual fear conditioning (Inoue et al., 2009). However these
mice did have impairments in long-term memory consolidation as well as memory
retention (Inoue et al., 2009).

The interpretations of the results from this study are obscured by the fact that
Homerla KO mice showed decreased shock reactivity. Therefore the impairments in
consolidation of fear may be due to the fact that the unconditioned stimulus was
perceived as less intense by the Homerla KO mice. This study made no attempt to
correct for differences in pain perception. In addition, the deletion of homerla was
global; in other words the homerla gene was deleted in all cell types and brain regions
within the mouse. Therefore one is unable to interpret 1) Which brain regions are
responsible for this phenotype and 2) Whether or not this is a developmental effect.
While it is clear that homerla is important for contextual fear memories, the
interpretations from this study are limited.

Instead of genetically deleting homerla, Tronson et al (2010) examined the
effects of over-expressing homerla during contextual fear conditioning and homerla
interaction with mGluRs during contextual fear conditioning. After contextual fear
conditioning, homerla is increasingly bound to type 1 metabotropic glutamate receptors
(mGLUR), and homer1b/c was decreasingly bound to type 1 mGLURs. In addition, using
an adenovirus construct, over-expressing homerla in the hippocampus enhanced

consolidation of contextual fear conditioning. This effect was reversed with MPEP, an
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mGLUR antagonist. Thus the authors concluded that the effects of homerla over-
expression were due to its actions on Type 1 mGLUR receptors. This study was
interesting because it goes beyond showing that homerla is important for fear
conditioning in that it provides some insight into a possible mechanism for how homerla
may act at the synapse.
2.5 Conclusions

Homerla is a synaptic protein involved in homeostatic synaptic plasticity (Hu et
al., 2010), calcium signaling (Sala et al., 2005), mGLUR-NMDA interactions (Bertaso et
al., 2010) as well as surface expression of AMPA receptors (Hu et al., 2010) during
synaptic plasticity. The regulatory region of this gene is highly associated with multiple
psychiatric disorders in humans, and there is further supporting evidence for homerla in
animal models of psychiatric disease (Dahl et al., 2005; De Luca et al., 2009; Rietschel et
al., 2010). Finally, homerla has been shown to be essential for contextual fear
conditioning (Inoue et al., 2009; Tronson et al., 2010) through its interactions with Type
1 mGLURs (Tronson et al., 2010). Given the association of Homerl with psychiatric
disease, the role of homerla in Pavlovian fear conditioning, and the immediate early
gene-like expression of homerla mRNA during synaptic activity, examining the
mechanism by which homerla mRNA is upregulated during Pavlovian fear conditioning
may provide valuable insight into molecular mechanisms underlying posttraumatic stress

disorder.
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2.6 Figures
Figure 2.1 Summary of human genetic association studies demonstrating a role for

the Homer1 gene in psychiatric disease.
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Figure 2.2 Interactions of homerla and glutamate receptors. Homer1 proteins
physically bind with Type 1 metabotropic glutamate receptors (mGLURSs) as well as
SHANK proteins. These interactions physically link NMDA receptors with MGLUR:s.
Over-expression of homerla results in a disruption in the physical link of metabotropic
glutamate receptors and NMDA receptors. Furthermore, homerla expression results in
agonist independent inhibition of NMDA receptors by mGLURs. Homerla also results
in a decrease in surface expression of AMPA receptors through mGLUR agonist

independent signaling.
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Chapter 3
Homer 1a transcription is upregulated by Pavlovian Fear conditioning and

BDNF-TrkB signaling in the amygdala and Hippocampus
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3.1 Abstract

The consolidation of fear conditioning involves upregulation of genes necessary
for long-term memory formation. We examined whether homerla, which is required for
memory formation, is downstream of BDNF - TrkB activation. We initially found that
homerla mRNA 1) increases after fear conditioning in vivo within both amygdala and
hippocampus, 2) increases after BDNF application to primary hippocampal and amygdala
cultures in vitro, and 3) these increases are dependent on transcription and MAPK
signaling. Lastly we show that a trkB agonist, 7,8-DHF enhances long-term memory for
Pavlovian fear conditioning in vivo as well as homerla, in vitro, and that inhibiting trkB
signaling impairs homerla expression during Pavlovian conditioning in the amygdala and
hippocampus. These data provide evidence for dynamic regulation of homerla following
BDNF-induced plasticity or during a BDNF-dependent learning process.
3.2 Introduction

Understanding the molecular mechanisms of fear conditioning is crucial for the
development of novel treatments for fear-related disorders such as posttraumatic stress
disorder. Numerous genes are rapidly upregulated during the consolidation, retrieval and
extinction of fear conditioning including immediate-early genes (arc, Zif268, c-fos and
JunB) ((Hall et al., 2001; Radwanska et al., 2002; Strekalova et al., 2003; Lonergan et al.,
2010), neurotrophic factors (BDNF (Ressler et al., 2002; Ou and Gean, 2007) and NGFI-
B (von Hertzen and Giese, 2005)), and synaptic structural proteins (Lonergan et al.,
2010). Many of these genes are upregulated through calcium, extracellular-regulated
kinase (ERK) /mitogen-activated protein kinase kinase (MAPKK or MEK) (Ploski et al.,

2010) and cAMP response element-binding (CREB)-activation (Hall et al., 2001). The
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downstream effect of increased gene transcription is diverse. Some genes act as
transcription factors further activating other genes (Tischmeyer and Grimm, 1999),
whereas BDNF has widespread effects on synaptic growth and signal transduction, and
upregulation of other genes results in structural changes at the synapse.

In the present study we look at regulation of the gene variant, homerla (also
known as vesl-1S), during BDNF-induced plasticity and fear conditioning. Homerla
belongs to a family of scaffolding proteins that localize at the postsynaptic density
(Shiraishi-Yamaguchi and Furuichi, 2007; Foa and Gasperini, 2009). The Homer1 gene
family is highly conserved across species (Foa and Gasperini, 2009) and plays a role in
intracellular calcium homeostasis, clustering/trafficking of receptors, gene transcription,
and signal transduction (Shiraishi-Yamaguchi and Furuichi, 2007; Foa and Gasperini,
2009). The long forms of Homer (homer1g-f) are constitutively expressed and contain
two functional domains: the EVHI1 binding domain which recognizes proline rich regions
of various receptors (including mGluR1/5, IP3, ryanoide receptors and shank), and a
coiled-coil structure with a leucine zipper motif that aggregates with coiled-coil domains
of other Homer molecules (Shiraishi-Yamaguchi and Furuichi, 2007). Multimers of long
Homer proteins are thought to form protein clusters with other postsynaptic density
proteins (Shiraishi-Yamaguchi and Furuichi, 2007).

The shorter variant of the Homer1 family (homerla) lacks the coiled-coil domain
and is expressed in an activity dependent manner (Shiraishi-Yamaguchi and Furuichi,
2007) (Figure 3.1a). This suggests that homerla might act to disrupt homer-protein
clusters by competitively binding to target proteins (Shiraishi-Yamaguchi and Furuichi,

2007). Furthermore it has been shown that homerla can disrupt the physical link between
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mGluR and NMDA, altering mGIuR 1/5’s ability to modulate NMDA functioning
(Bertaso et al., 2010), and also plays a role in synaptic scaling of AMPA receptors
through agonist-indepenent mGLUR activity. Homerla knockout mice appear to show
impaired memory consolidation (Inoue et al., 2009). Overexpressing homerla in the
hippocampus enhances contextual fear conditioning (Tronson et al., 2010). These data
suggest that homerla is important for the consolidation of fear learning.

Here we examine mechanisms of transcription during Pavlovian fear conditioning
and BDNF induced plasticity of a specific gene product, homerla, which may have a
specific functional role in regulating synapse structural reorganization during the synaptic
plasticity that mediates the consolidation of fear memory. The TrkB pathway has been
heavily implicated in Pavlovian fear conditioning. BDNF mRNA and protein is
upregulated during consolidation of Pavlovian fear conditioning (Rattiner et al., 2004a).
Moreover inhibiting BDNF impairs consolidation of fear conditioning in the amygdala
(Rattiner et al., 2004b) and hippocampus as well as impairing extinction of cued fear
conditioning in the amygdala. Thus examining BDNF induced plasticity in primary
amygdala and hippocampal cell culture may provide mechanistic insight into regulation
of homerla mRNA expression in Pavlovian fear conditioning.
2.3 Methods
2.3.1 Animals

All experiments were performed on adult (6-8 weeks old) wild-type strain
C57BL/6J male mice from Jackson Laboratory (Bar Harbor, ME.). All procedures were
approved by the Institutional Animal Care and Use Committee of Emory University and

were in compliance with National Institutes of Health guidelines. Separate cohorts of
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animals were used for each experiment. The Erk inducible knockout mice contain loxP
sites flanking exon 2 of the Erk2 gene (Samuels et al., 2008) These mice have an intact
Erk1 gene, but deletion of the Erk2 exon 2 prevents translation and protein production of
the Erk2 protein product in cells expressing Cre recombinase (Samuels et al., 2008).
2.3.2 Behavior

Fear conditioning was conducted in nonrestrictive acrylic cylinders (SR-LAB
startle response system, San Diego Instruments) located in a ventilated, sound-attenuated
chamber. The foot shock (unconditioned stimulus) was delivered through a stainless steel
grid floor. Shock reactivity was defined as the peak activity (measured with a
piezoelectric accelerometer) that occurred during the 200 msec after the onset of the
unconditioned stimulus. The tone-conditioned stimulus was generated by a Tektronix
function generator audio oscillator and delivered through a high frequency speaker. One
day prior to training, mice were preexposed to the tone through a 5 tone alone
presentation program to both habituate them to handling and to the tone, but to get
baseline fear responses to the tone presentation. Preexposure was done in a separate
context. During cued fear conditioning, mice received five trials of a conditioned
stimulus tone (30 seconds, 6 kHz, 70 dB) coterminating with an unconditioned stimulus
foot shock (500 msec, 1 mA) with a variable inter-trial-interval between 60 and 180
seconds. The expression of fear was assessed 24 hours after fear conditioning and
consisted of 3 minutes in the same context for which the training occurred (contextual
memory) with no stimulus and 5 conditioned stimulus tone presentations of 30 second
each with a 1.5-minute inter-trial interval in a different context (see figure 3.1 for

schematic). Stimulus presentation and data acquisition were controlled and digitized by,
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and stored in, an interfacing desktop computer using SR-LAB and analyzed with the
Freeze View software program (Coulbourn Instruments, Whitehall, Pa.).
2.3.3 Cell Culture:

Primary cultures of postnatal hippocampal neurons were described previously
(Brewer, 1997) with modifications, C57BL/6J mice (21 days postnatal) were decapitated
and the hippocampus and amygdala were removed and immersed in ice-cold dissection
buffer consisting of Hibernate-A medium (BrainBits, Springfield, IL, USA), B27
supplement and gentamycin (Invitrogen) (12g/ml) for the preparation of separate
hippocampal and amygdala neuronal cell cultures. The hippocampus and amygdala
tissues were sliced and then enzymatically digested with papain (Worthington,
Lakewood, NJ, USA) in Hibernate-A medium at 32°C for 30 minutes. Cells were
dissociated by triturating with Pasteur pipets fired on the tips to narrow openings.
Neurons were purified in a density gradient media including Hibernate-A and OptiPrep
(Sigma, St. Louis, MO, USA) by centrifugation. The density gradient media consisted of
four layers. The first was 1 mL dissection buffer containing 35% OptiPrep; the second 1
mL dissection buffer contained 25% Optiprep and the third 1 ml dissection buffer
contained 20% OptiPrep and the fourth 1 mL dissection buffer contained 15% OptiPrep.
They were added on the top of each other carefully, resulting in clear layer separation.
Then cells were added on the top of the density gradient media. After centrifugation, the
densest layer with a cream color, located at the middle of the tube, could be seen. This
layer of neurons was taken out by using a sterile transfer pipette and put into a new tube.
After washing with dissection buffer, neuronal cells were plated onto Poly-D-Lysine

(Sigma) coated plates or glass coverslips at the density of 2.5 x 10° cells/cm® in culture
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media consisting of Neurobasal A medium (Invitrogen) with 2% B27 supplement, 2 mM
glutamax and gentamycin (5 g/ml). Thereafter, the cultures were kept in a humidified
incubator at 37°C and 5% CO, and media were changed every 5 days until used for
experiments. After 2-3 weeks in vitro, the cells were used for the experiments reported in
the present study.
3.3.4 Drugs:

Recombinant human BDNF was purchased from Cell Sciences (Canton, MA,
USA) and reconstituted in sterile PBS as 100 mg/ml stock. The aliquots of stock were
stored at -30° C and final drugs and concentrations for cell culture experiments were as
following: BDNF (100 ng/ml), 7, 8-DHF (500 nM), U0126 (Tocris biosciences Ellisvile,
MO, USA, 10 uM), ActD (25 uM Sigma, St Louis, MO, USA).
3.3.6 RNA Preparation

Total RNA was prepared from frozen amygdala and hippocampal dissections in
mice. Brains were extracted using rapid decapitation 2 hours after training. Amygdala
and hippocampal tissue was rapidly dissected in ice-cold PBS and then frozen
immediately on dry ice and stored at -80°C until ready to use. Briefly, tissue samples
were homogenized and centrifuged at 13,000g for 3 minutes. RNA was washed with 70%
ETOH and purified using RNeasy columns (Qiagen). RNA amount and quality were
determined using a nanodrop spectrophotometer.
3.3.7 Quantitative RT-PCR

140 micrograms of total RNA were reverse transcribed using the RT2-First Strand
Kit (C-03, SA Biosciences). Quantitative PCR was performed using the Applied

Biosystems 7500 Fast. Online detection of reaction products was carried out using the
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SybrGreen Gene Assay with custom made primers for homerla, homerlc and GAPDH.
SybrGreen mastermix was obtained from SA biosciences, and manufacturer’s
instructions were followed. Calculated values are presented as mean +/- SEM to indicate
accuracy of measurement. Homerla and Homerlc values were normalized for
measurements of GADPH. PCR conditions were 2 minutes at 50 °C, 10 minutes at 95 °C
and 40 cycles with 155 95 °C, 60 s 60 °C.
3.3.8 Primer Design

Primers were designed and confirmed by Primer blast. There sequence is as
follows: Homerla — FWD — 5°- GAAGTCGCAGGAGAAGATG-3’; Homerla — REV —
5’- TGATTGCTGAATTGAATGTGTACC-3’; Homer 1c — FWD - 5°-
ACACCCGATGTGACACAGAACT-3; Homer 1c —REV - 5'-
TCAACCTCCCAGTGGTTGCT-3"; Primers for GAPDH were obtained from SA
Biosciences.
3.3.9 Statistical Analysis
Statistically significant differences were determined by Student’s t-test or by between
subjects two-way ANOVA. The results were presented as means +/- s.e.m. For all
mRNA data, fold changes relative to control were determined using the AACt method; a
mean fold change value along with an s.e.m. value were determined; the AACt values
from each data set were used in two-tailed paired t-tests (which were adjusted for
multiple comparisons) to determine statistical significance (*P < 0.05). All values
included in the figure legends represent mean +/- s.e.m.
3.4 Results

3.4.1 Pavlovian Fear conditioning results in an increase in Homerla mRNA
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Homerla was dynamically regulated during consolidation of Pavlovian fear
conditioning. Homerla contains a unique stop site at the end of exon 5 that makes its
sequence unique to the longer gene variants of homer such as homerIc. Primers for
RTPCR were designed based on this sequence to differentiate between homerla and
homer1c expression (Figure 3.1b). For all of the experiments described amygdala and
hippocampal tissue was extracted during consolidation of fear, 2 hours after training
(Figure 3.2a). As illustrated in figure 3.2a, all animals were measured for baseline
freezing to presentation of a tone in one context (Context A). One day later, animals were
presented with 5 tone-shock pairings or 5 tones without any shock in a novel context
(Context B). On the third day, animals were tested in Context B without any tones or
shocks for 3 minutes as an assessment of contextual fear conditioning and then
immediately placed into context A where freezing in response to 5 tone-alone trials is
assessed. This paradigm demonstrated that with one training paradigm we are able to
achieve both retention of contextual and cued fear conditioning (Figures 3.2b and c) (p <
0.05). In a separate cohort of animals quantitative PCR demonstrated an increase in
homerla mRNA in the hippocampus (Fig. 3.3a and b) (p < 0.05) and in the amygdala
(Figures 3.3c and d) (p < 0.05) 2 hours after fear conditioning. RNA for homerlic (a
longer gene variant of the Homer1 gene family) was not increased during Pavlovian fear
conditioning in either brain region (Figures 3.3a and c) (hippocampus p = 0.91; amygdala
p =0.91). No changes in homerla mRNA levels were seen in the striatum (Figure 3.3¢e)
(p=0.79).

3.4.2 TrkB agonist, 7,8-DHF, enhances consolidation Pavlovian Fear Conditioning

Animals were trained as described previously with five tone-shock pairings.
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Immediately following training, animals were injected with 7,8-DHF and then returned to
their home cage. 24 hours later, animals were tested in a novel context but were presented
with 5 tones. Freezing in response to the tone was quantified. Relative to untrained
controls, fear conditioned animals had an increased level of freezing in during the
presentation of the tone. Fear conditioned animals that received 7,8-DHF had further
enhanced freezing relative to vehicle treated fear-conditioned animals (Figure 3.4a). In a
separate cohort, mice were given either 5 tone shock pairings or five tone-alone pairings
and training was followed by an injection of either 7,8-DHF or vehicle. 2 hours later the
amygdala and hippocampal tissue was dissected and analyzed for homerla mRNA.
Hippocampal (Figure 3.4b) tissue showed no interaction between 7,8-DHF treatment and
fear conditioning in homerla mRNA relative to controls (F(1,8) = 0.20, n = 6). While in
amygdala tissue it appeared that 7,8-DHF was trending towards significantly decreasing
homer1a expression after fear conditioning this interaction was not significant (Figure
34c) (F(1,8) =1.06,n=06).

3.4.3 BDNF causes an upregulation of homer 1a in primary amygdala and
hippocampal cultures, which is transcription dependent, MEK dependent and ERK
dependent.

To assess differential regulation of homerla through TrkB signaling, primary
hippocampal and amygdala cell cultures were used. Much like in fear conditioning,
BDNF-induced plasticity increased homerla mRNA levels in both hippocampal and
amygdala cell culture (hippocampus p < 0.05, n = 6; amygdala p < 0.05, n = 6) but not
homerIc levels (hippocampus p = 0.68, n = 6; amygdala p = 0.06, n = 6) (Figure 3.5a and

e). The trkB-specific agonist (7, 8-DHF) upregulated homerla in cell culture (Figure 3.5b
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and f) (hippocampus p < 0.05,n = 6, amygdala p < 0.05,n = 6). Figures 3.5 c and d are
representative pictures of immunostainting for CamKII in both hippocampal (c) and
amygdala (g) primary neuronal cultures. Figure 3.5 d and h are representative pictures of
immunostaining for parvalbumin in both hippocampal (d) and amgydala (h) primary
neuronal cell cultures.

Blocking transcription with Actinomysin D (ActD) inhibited BDNF-induced
upregulation of homerla in both amygdala and hippocampus cell cultures (Fig. 3.6a and
e) (a: F(1,8) =5.92,p<0.05,n=6; e: F(1,8)=9.45,p <0.05,n = 6). In addition MEK
inhibition by U0126 blocked BDNF induced increases in homerla in both amygdala and
hippocampal cells (Fig. 3.6b and f) (b: F(1,8)=12.45,p<0.01,n=6,f: F(1,8) =16.37,p
<0.01,n = 6). We next utilized primary cell culture from floxed-ERK knockout mice, in
which we transfected cells with a Cre Recombinase expressing lentivirus to delete the
ERK gene. We found that genetically deleting ERK impaired BDNF induced
upregulation of homerla in both amygdala and hippocampal cells as well (Fig. 3.6¢ and
g) (c:F(1,8)=11.27,p<001,n=6,g: F(1,8) =11.27,p <0.01,n=6) . Thus, BDNF
appears to upregulate homerla in a transcriptionally dependent manner, and through
MEK and ERK signaling mechanisms. None of these manipulations had any effect on
homerlc mRNA levels (table 3.1). Genetic deletion of ERK was demonstrated through
QT-PCR in figures 3.6d (p =0.046,n=6) and h (p =0.039,n = 6).

3.6 Discussion

In this chapter we demonstrate that the homerla mRNA is increased during the
consolidation of Pavlovian cued fear conditioning in the amygdala and hippocampus, as

well as during BDNF-induced plasticity in amygdala and hippocampal primary cell
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culture. As mentioned previously, BDNF has been shown to play a critical role in PTSD,
fear conditioning and fear extinction in both the amygdala and hippocampus. We chose to
use a primary cell culture model as a way to more directly address the molecular
mechanisms of homerla gene transcription and potentially tease apart any differences in
hippocampal and amgydala neurons separate from their functional connectivity seen in
the brain. While we did not demonstrate any significant differences in TrkB regulation of
homerla during Pavlovian fear conditioning or BDNF induced plasticity, in future
chapters we discuss differential epigenetic regulation of homerIa that replicate both in
vivo and in vitro suggesting a difference molecularly that is separate from the functional
connectivity of the hippocampus versus the amygdala.

In this chapter we fail to rule out the possibility that other receptor-ligand systems
play a role in homerla transcription. There are several potential signaling pathways that
could result in upregulation of homerla during Pavlovian fear conditioning, including
NMDA activation (Ango et al., 2000; Sato et al., 2001). However, we have demonstrated
that BDNF induced plasticity in cell culture is one mechanism for Homerla upregulation.
Given the role of BDNF in the amygdala and in the hippocampus during consolidation of
fear conditioning (Rattiner et al., 2004b; Rattiner et al., 2004a; Heldt et al., 2007,
Musumeci et al., 2009), it is plausible that an increase in BDNF in the hippocampus and
amygdala might result in an increase in homerla signaling during the consolidation of
Pavlovian fear conditioning.

We also show that TrkB agonists enhance both homerla in vitro, and enhance
long-term fear memories in vivo, although, 7,8-DHF did not further enhance homerla

expression. However, we did demonstrate that 7,8-DHF could induce homerla
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transcription in cell culture. It is possible that our training paradigm produces maximal
levels of homerla transcription and that any additional effects of 7,8-DHF are either due
to prolonged levels of homerla upregulation, or due to alternate mechanisms. It would be
interesting to see if homerla mRNA levels stayed elevated longer in 7,8-DHF treated
animals compared to vehicle treated animals. However, we did not rule out the possibility
that the effects of 7,8-DHF were due to other downstream effects of trkB activation.

There is substantial evidence suggesting that homerla plays a role in
consolidation of fear memories (Inoue et al., 2009; Tronson et al., 2010; Hashikawa et al.,
2011). However, future in vivo studies inhibiting BDNF signaling would have to be done
to determine whether BDNF is necessary for homerla transcription during Pavlovian fear
conditioning. Furthermore it would be interesting to examine the effect of trkB agonists
in Homerla knockout mice, to determine whether or not homerla transcription is
important for trkB induced enhancements in long term fear memories. Given the
widespread effects of BDNF in the brain, it is likely that genetically deleting homerla
would not completely abolish BDNF and trkB agonist effects on fear conditioning.
However even a small diminishment in this enhancement would be potentially interesting
and argue for at least a partial role for homerla in Pavlovian fear conditioning.

While we know that fear learning requires long term potentiation and synaptic
plasticity, very little direct evidence links the increases in gene transcription with
increases in LTP seen in fear conditioning. Homerla, a known regulator of both
Pavlovian fear conditioning and physiological plasticity, is epigenetically regulated after
learning, and may provide a useful connection between gene expression and

physiological synaptic plasticity. Furthermore, studying the role of homerla transcription
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and activity in the consolidation of fear may help better understand the connection
between epigenetics, gene transcription, LTP and the consolidation of memory formation.
In addition, it may provide insight into future drug targets for the enhancement of
extinction learning as well as behavioral therapy for PTSD and other fear-related

disorders.
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3.7 Figures

Figure 3.1 The Homer1 gene family. a) Functional domains of homerla and Ic. The
EVHI binding domain recognizes proline rich regions of synaptic receptors and
scaffolding proteins. The coiled coil domain recognizes other coiled-coil domain (CC)
domains of other homer molecules. Homerla lacks the CC domain but competitively
binds with other receptors with its EVH1 binding domain. b) Schematic of the homerla
and homerIc gene variants. Both genes contain similar EVH1 binding domains. HomerIc
however, contains an additional CC domain. Homerla and ¢ contain different
transitional domains as well, which were used to design RTPCR primers for quantifying
mRNA expression levels. c) The promoter region of the Homerl gene family. The
promoter region contains several CRE binding sites, suggesting CREB mediation of gene
expression. Primers for chromatin immunoprecipitation experiments were designed to

recognize this region about 1kb upstream of the transcription start site.
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Figure 3.2 Pavlovian Cued and Contextual fear conditioning. a) Schematic diagram

of behavioral experiments. On day 1, animals are presented with 5 tones and baseline
freezing is recorded. On day 2, in a novel context, the 5 tones co-terminate with a mild
foot shock. 2 hours after training, for the molecular experiments, hippocampal and
amygdala tissues were dissected. For behavioral experiments, on day 3, animals are first
placed into the day 2 context, and contextual freezing is measured. Then they are placed
into the context from day 1 and presented with the tone. Cued freezing is then measured.
b) Percent freezing during acquisition of fear conditioning. Freezing was measured
during presentation of the tone immediately prior to foot shock. ¢) Animals that received
tone-shock pairs had enhanced freezing in response to the final tone during acquisition
(p=0.0003, n = 10); enhanced freezing when placed in the same context 24 hrs later (p =
0.0005, n = 10), and enhanced freezing when presented with the cue (tone) test in a novel

context (p =0.02, n = 10).
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Figure 3.3 Expressional analysis of homerla and homerlc after Pavlovian fear

conditioning in the hippocampus and amygdala. The mRNA levels of homerla and Ic
in the amygdala and hippocampus were measured by QT-PCR in fear conditioned and
non-fear conditioned mice. a) Homerla mRNA (p = 0.004) but not homerlc (p=091,n
= 10) mRNA in the hippocampus was increased in the fear conditioned group 2 hours
after training. b) Average QT-PCR spectra of homerla and GAPDH levels in the
hippocampus 2 hours after fear conditioning. c) Homerla mRNA (p =0.007, n = 10) but
not homerIc mRNA (p = 0.85,n =10) was upregulated in the amygdala 2 hours after
Pavlovian fear conditioning. d) Average QT-PCR spectra of homerla and GAPDH levels
in the amygdala 2 hours after fear conditioning. €) Expressional analysis of Homerla
after Pavlovian fear conditioning in the striatum. No significant differences were found in

striatal homerla mRNA levels after fear conditioning (p = 0.79, n = 10).
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Figure 3.4 TrkB agonist, 7,.8-DHF enhances Pavlovian Fear Conditioning a)Prior to

training, animals were injected either with vehicle (17% DMSO in 1x PBS) or 7,8-DHF.
Animals were trained with 5 tone-shock pairings and were subsequently tested 24 hours
later with 15 tone presentations. Animals that had received both 7,8 —-DHF and fear
conditioning showed enhanced freezing in response to the tone, indicating enhances long-
term memory for the fear association. b,c) In a separate cohort, mice were given either 5
tone shock pairings or five tone-alone pairings and training was followed by an injection
of either 7,8-DHF or vehicle. 2 hours later the amygdala and hippocampal tissue was
dissected and analyzed for homerla mRNA. Hippocampal (b) tissue showed any
differences in homerla relative to controls, where as amygdala tissue (c) showed

decreases in homerla mRNA with 7,8-DHF.
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Figure 3.5 Homerla is upregulated through the BDNF-trkB signaling pathway in
cultured amygdala and hippocampal neurons a,ec) BDNF application to primary
hippocampal (a) and amygdala (e) cells resulted in an increase in homerla (a, p = 0.0004;
e,p <0.05,n = 6) but not homerlc (a, p=0.68, F, p=0.06, n = 6). b.f) TrkB-selective
agonist (7,8-DHF) increased homerla when applied to hippocampal (b, p =0.04,n = 6)
or amygdala (f, p = 0.04, n = 6) primary cells. c,g) Hippocampal (c) and amygdala (g)
neurons expressed d,h) Hippocampal (d) and amygdala (h) neurons expressed

Parvalbumin
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Figure 3.6. Homerla upregulation by BDNF is transcription dependent, MEK

dependent, and ERK dependent. a,c) BDNF-induced upregulation of homerla was
blocked by transcriptional inhibitor actinomysin D (ActD) in hippocampal (a: F(1,8) =
5.92,p <0.05,n=6) or amygdala (e: F(1,8) =9.45,p <0.05, n = 6) primary cells. b,f)
BDNF-induced upregulation of homerla was blocked by MEK inhibitor, U0126 in
hippocampal (b: F(1,8) =12.45,p <0.01,n = 6) and amygdala (f: F(1,8) = 16.37,p <
0.01, n = 6) primary cell culture. c,g) BDNF-induced upregulation of homerla was
blocked by genetic deletion of ERK in hippocampal (c: F(1,8) =11.23,p <0.05,n=6)
and amygdala primary cell culture (g: F(1,8) = 11.27,p <0.01, n = 6). d,h) Genetic knock
down of ERK expression in cell culture. Hippocampal and amygdalar cell culture, in
which ERK was genetically deleted, demonstrated significantly reduced ERK expression

in hippocampal (p = 0.046, n = 6) and amygdala (p = 0.039,n = 6).
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Table 3.1: HomerIc values during BDNF induced plasticity

10.89
11.21

12.44
13.43
13.26
12.93

11.99
15.87
15.94
15.72

-5.38
-1.91
-1.52
7.87

11.08
13.82

11.26
12.16
13.67
11.99

12.79
14.89
16.94
15.60

-4.35
-1.54
-3.81
-1.92
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P=0.70

BDNF: F(1.,8) = 1.09
ActD: F(1,8) = 083
BDNF x ACTD: F(1.,8) =
022

BDNF: F(1,8) =0.13
U0126: F(1,8) = 0.065
BDNF x U0126:F(1.8) =
0.0031

BDNF:F(1,8) = 11.13
ERK:F (1,8) = 16.94
BDNFXERK: F (1,8) =
0.087

P =0.0037

BDNF:F(1,8) = 0.9988
ActD: F(1,8) =2.83
BDNFx ActD: F(1,8) =
0.017

BDNF: F(1,8) = 0.246
U0126: F(1,8) =0.127
BDNF x U0126: F(1,8) =
0.093

BDNF: F (1,8) =0.018
ERK: F (1,8) = 0.43
BDNF x ERK: F (1,8) =
0.096
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Chapter 4
Epigentetic Regulation of Homerla during Pavlovian fear conditioning and BDNF induced

plasticity
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4.1 Introduction

In the previous chapters we have described the importance of gene expression in the
consolidation of fear, and that one such gene, homerla, is dynamically regulated during
Pavlovian fear conditioning and during BDNF induced synaptic plasticity. In the neuron, DNA is
packaged densely into the nucleus in the form of chromatin. Each strand of DNA is wrapped
around eight protein subunits called histones. Together histones and DNA form nucleosomes,
which are further condensed into chromatin in order to fit into the nucleus. In order for gene
expression to occur specific regions of the genome must be made accessible to transcriptional
machinery. This is done by posttranslational modifications of the histone tails, which regulate to
accessibility of transcription factors and polymerases to the surrounding DNA sequence.
Modifications include acetylation, methylation and phosphorylation of histone tails, which can in
turn affect the chromatin structure and promoter region accessibility. In general, acetylation of
histone tails, relaxes chromatin structure enhancing gene transcription, and in general,
methylation of histone tails, condenses chromatin structure repressing gene transcription.
Phosphorylation has also been shown to enhance gene transcription but is the least studied of the
three major modifications (Cheung and Lau, 2005; Gelato and Fischle, 2008; Bannister and
Kouzarides, 2011).

These histone modifications have been shown to regulate fear conditioning (Chwang et
al., 2006; Lattal et al., 2007; Miller et al., 2008; Sweatt, 2009; Gupta et al., 2010; Peleg et al.,
2010). Global levels of histone methylation, acetylation and phosphorylation are increased after
contextual fear conditioning in the hippocampus (Levenson et al., 2004; Chwang et al., 2006).
Drugs that increase histone acetylation such as histone deacetylase (HDAC) inhibitors enhance
long term memory for contextual fear conditioning when given systemically or intra-
hippocampally (Levenson et al., 2004). HDAC inhibitors also enhance cued fear conditioning
when infused into the amygdala(Monsey et al., 2011). All together this suggests that epigenetic

mechanisms are linked extensively to associative fear conditioning and gene transcription
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(Levenson et al., 2004).

While it is likely that histone acetylation and methylation during Pavlovian fear
conditioning is specific to a subset of genes involved with learning and memory, a majority of
these studies, examine global acetylation and methylation levels. During contextual fear
conditioning, for example, we know that there is an increase in H3K4 and H3K9 methylation as
well as an increase in global H3 and H4 acetylation in the hippocampus. H3K4 methylation and
H3/H4 acetylation are transcriptional enhancers whereas H3K9 methylation modifications are
typically thought of as transcriptional repressors (Cheung and Lau, 2005; Gelato and Fischle,
2008; Bannister and Kouzarides, 2011). Therefore it is likely that these modifications are not
occurring globally but at specific and distinct region of the genome. However, it is unclear which
regions of the genome are specifically being upregulated.

There is preliminary evidence that there is specific acetylation of H3 tails around the P4
promoter region of the BDNF gene (Gupta et al., 2010) as well as around the promoter region of
zif268 (Gupta et al., 2010) after fear conditioning. However, this data is relatively sparse
considering the vast amounts of genes that are upregulated during synaptic plasticity and fear
conditioning, as well as the large number of potential posttranslational histone modifications that
are known to occur in the cell (Cheung and Lau, 2005; Gelato and Fischle, 2008; Bannister and
Kouzarides, 2011).

While most of the current behavioral epigenetic literature tends to focus on global histone
modifications and alterations in gene transcription, here we demonstrate how such mechanisms
regulate a specific gene, homerla, which may have a functional role in regulating synapse
structural organization during the synaptic plasticity that mediates the consolidation of fear
memory. This study highlights specific chromatin regulation of a specific gene in the amygdala
and hippocampus with Pavlovian fear conditioning and within amygdala and hippocampal cell
culture models of BDNF-induced plasticity.

4.2 Methods



114

4.2.1 Animals

All experiments were performed on adult (6-8 weeks old) wild-type strain C57BL/6]
male mice from Jackson Laboratory (Bar Harbor, ME.). All procedures were approved by the
Institutional Animal Care and Use Committee of Emory University and were in compliance with
National Institutes of Health guidelines. Separate cohorts of animals were used for each
experiment.
4.2.2 Behavior

Fear conditioning was conducted in nonrestrictive acrylic cylinders (SR-LAB startle
response system, San Diego Instruments) located in a ventilated, sound-attenuated chamber. The
foot shock (unconditioned stimulus) was delivered through a stainless steel grid floor. Shock
reactivity was defined as the peak activity (measured with a piezoelectric accelerometer) that
occurred during the 200 milliseconds after the onset of the unconditioned stimulus. The tone-
conditioned stimulus was generated by a Tektronix function generator audio oscillator and
delivered through a high frequency speaker. One day prior to training, mice were preexposed to
the tone through a ‘5 tone-alone’ presentation program to both habituate them to handling and to
the tone, but to also get baseline fear responses to the tone presentation. Preexposure was done in
a separate context. During cued fear conditioning, mice received five trials of a conditioned
stimulus tone (30 seconds, 6 kHz, 70 dB) coterminating with an unconditioned stimulus foot
shock (500 msec, 1 mA) with a variable inter-trial-interval between 60 and 180 seconds. The
expression of fear was assessed 24 hours after fear conditioning. It consisted of 3 minutes in the
same context in which the training occurred (contextual memory) with no stimulus and 5
conditioned stimulus tone presentations of 30 second each with a 1.5-minute inter-trial interval in
a different context (see figure 1 for schematic). Stimulus presentation and data acquisition were
controlled and digitized by, and stored in, an interfacing desktop computer using SR-LAB and
analyzed with the Freeze View software program (Coulbourn Instruments, Whitehall, Pa.).

4.2.3 Cell Culture:
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Primary cultures of postnatal hippocampal neurons were described previously (Brewer,
1997) with modifications, C57BL/6J mice (21 days postnatal) were decapitated and the
hippocampus and amygdala were removed and immersed in ice-cold dissection buffer consisting
of Hibernate-A medium (BrainBits, Springfield, IL, USA), B27 supplement and gentamycin
(Invitrogen) (12g/ml) for the preparation of separate hippocampal and amygdala neuronal cell
cultures. The hippocampus and amygdala tissues were sliced and then enzymatically digested
with papain (Worthington, Lakewood, NJ, USA) in Hibernate-A medium at 32°C for 30 minutes.
Cells were dissociated by triturating with Pasteur pipets fired on the tips to narrow openings.
Neurons were purified in a density gradient media including Hibernate-A and OptiPrep (Sigma,
St. Louis, MO, USA) by centrifugation. The density gradient media consisted of four layers. The
first was 1 mL dissection buffer containing 35% OptiPrep; the second 1 mL dissection buffer
contained 25% Optiprep and the third 1 ml dissection buffer contained 20% OptiPrep and the
fourth 1 mL dissection buffer contained 15% OptiPrep. They were added on the top of each other
carefully, resulting in clear layer separation. Then cells were added on the top of the density
gradient media. After centrifugation, the densest layer with a cream color, located at the middle of
the tube, could be seen. This layer of neurons was taken out by using a sterile transfer pipette and
put into a new tube. After washing with dissection buffer, neuronal cells were plated onto Poly-
D-Lysine (Sigma) coated plates or glass coverslips at the density of 2.5 x 10° cells/cm” in culture
media consisting of Neurobasal A medium (Invitrogen) with 2% B27 supplement, 2 mM
glutamax and gentamycin (5 g/ml). Thereafter, the cultures were kept in a humidified incubator at
37°C and 5% CO, and media were changed every 5 days until used for experiments. After 2-3
weeks in vitro, the cells were used for the experiments reported in the present study.
4.2.4 Drugs:

Recombinant human BDNF was purchased from Cell Sciences (Canton, MA, USA) and

reconstituted in sterile PBS as 100 mg/ml stock. The aliquots of stock were stored at -30°C and
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final drugs and concentrations for cell culture experiments were as following: BDNF (100 ng/ml),
7, 8-DHF (500 nM), U0126 (Tocris biosciences Ellisvile, MO, USA, 10 uM), ActD (25 uM
Sigma, St Louis, MO, USA). Mice received intraperitoneal injections of 1.2 g/kg sodium
butyrate (NaB, Sigma Aldrich, B5887) dissolved in distilled water or an equal volume of distilled
water alone (vehicle). This dose has been shown previously to enhance contextual fear memories
(Levenson et al., 2004). The injections occurred immediately after training. For in vitro studies a
concentration of 10 uM dissolved in distilled water was used.
4.2.5 Chromatin Immunoprecipitation

Tissue samples were treated using an EpiQuik tissue ChIP kit (Epigentek Group Inc.
Brooklyn, NY). Brains were extracted using rapid decapitation 2 hours after training. Amygdala
and hippocampal tissue was rapidly dissected in ice-cold PBS and then frozen immediately on dry
ice and stored at -80°C until ready to use. Cells/tissues were harvested and mixed with
formaldehyde at a final concentration of 1.0% for 10 min at 37°C to cross-link protein to DNA.
Cells/tissue then were suspended in 0.2 mL of SDS lysis buffer and allowed to settle on ice for 10
minutes. DNA cross-linked with protein was then sonicated into fragments of 200-1000 bp. One-
tenth of the sample was set aside as an input control, and the rest was then immunoprecipitated
1.5 h at room temperature with 5 g of primary antibody in the ChIP kit strip wells. As a control
samples were immunoprecipitated with 5g nonimmune rabbit IgG. After immunoprecipitaiton,
the DNA-protein complex was eluted and the proteins were digested with DNA release buffer and
proteinase K. DNA was dissociated at 65°C for 1.5 hours under reverse buffer. The DNA,
associated with antibody of interest (pan-H3-acetylated, pan-H4 acetylated, H3K9 dimethylation,
and H3K27 dimethylation) was extracted with binding buffer, precipitated with 70% and 90%
ethanol and finally elutes DNA by elution buffer. Quantitative real-time PCR was performed with
primers specific to the Homerl promoter and for the GAPDH promoter regions.

4.2.6 RNA Preparation
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Total RNA was prepared from frozen amygdala and hippocampal dissections in mice.
Brains were extracted using rapid decapitation 2 hours after training. Amygdala and hippocampal
tissue was rapidly dissected in ice-cold PBS and then frozen immediately on dry ice and stored at
-80°C until ready to use. Briefly, tissue samples were homogenized and centrifuged at 13,000g
for 3 minutes. RNA was washed with 70% ETOH and purified using RNeasy columns (Qiagen).
RNA amount and quality were determined using a nanodrop spectrophotometer.
4.2.7 Quantitative RT-PCR

140 micrograms of total RNA were reverse transcribed using the RT2-First Strand Kit
(C-03, SA Biosciences). Quantitative PCR was performed using the Applied Biosystems 7500
Fast. Online detection of reaction products was carried out using the SybrGreen Gene Assay with
custome made primers for homerla, homerlc and GAPDH. SybrGreen mastermix was obtained
from SA biosciences, and manufacturer’s instructions were followed. Calculated values are
presented as mean +/- SEM to indicate accuracy of measurement. Homerla and homerIc values
were normalized for measurements of GADPH. PCR conditions were 2 minutes at 50°C, 10
minutes at 95°C and 40 cycles with 15s 95 °C, 60 s 60 °C.
4.2.8 Primer Design

Primers were designed and confirmed by Primer blast. There sequence is as follows:
Homerla — FWD - 5’- GAAGTCGCAGGAGAAGATG-3’; Homerla— REV - 5’-
TGATTGCTGAATTGAATGTGTACC-3’; Homer 1c — FWD - 5’-
ACACCCGATGTGACACAGAACT-3; Homer 1c — REV - 5-TCAACCTCCCAGTGGTTGCT-
3': Homerl Promoter FWD — 5°- GGTGACGTATGTGCGGAGAGGA-3’; Homerl Promoter —
REV - 5’- GGTCCGTCGGTCCGTCCCTTT-3’; Primers for GAPDH and GAPHD promoter
region were obtained from SA Biosciences. Referece to chapter 3, figure 3.1 for location of
primers on the promoter region.
4.2.9 Statistical Analysis

Statistically significant differences were determined by Student’s t-test or by between subjects
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two-way ANOVA. The results were presented as means +/- s.e.m. For all ChIP and mRNA data,
fold changes relative to control were determined using the AACt method; a mean fold change
value along with an s.e.m. value were determined; the AACt values from each data set were used
in two-tailed paired t-tests (which were adjusted for multiple comparisons) to determine statistical
significance (* = P < 0.05). All values included in the figure legends represent mean +/- s.e.m.
The RTPCR ChIP data was analyzed identically to the mRNA data using the AACt method,
except that ChIP data were normalized to ‘input’ rather than GAPHD.

4.3 Results

4.3.1 BDNF application onto amygdala cells results in histone modifications along the
Homer1 promoter.

In order to determine the epigenetic role of BDNF signaling on homerla expression we
examined histone modifications around the homerla promoter region after BDNF induced
plasticity. Chromatin immunoprecipitation (ChIP) assays were performed to measure the levels of
several histone modifications around the Homer1 promoter after BDNF-induced plasticity. Levels
of promoter enrichment were quantified by QT-PCR. We found that BDNF application had
distinct effects in hippocampal and amygdala primary cell culture. In the hippocampal cell
cultures, there was a significant increase in H3 acetylation (p < 0.05, n = 6) following BDNF
application, but no changes were apparent in H4 acetylation, H3K9 methylation or H3K27
methylation (Figure 4.1a). In amygdala cell cultures, however, there appears to be a decrease in
H3K9 methylation (p < 0.05, n = 6) following BDNF application, but no changes in H3
acetylation, H4 acetylation or H3K27 methylation (Figure 4.1c). Significant changes in
acetylation or methylation were not detected at the GAPDH promoter region.

4.3.2 Pavlovian fear conditioning induces epigenetic modifications of histones along the
Homer1 promoter
We next examined the effect of Pavlovian fear conditioning on epigenetic modifications

of the Homer1 promoter region. In the hippocampus there was a significant increase in H3
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acetylation (p < 0.05, n = 10), but no difference in H4 acetylation, H3K9 methylation or H3K27
methylation (Figure 4.1b). In the amygdala, however, there was a significant decrease in H3K9
methylation (p < 0.05, n = 10), but no changes in H3 acetylation, H4 acetylation, or H3K27
methylation (Figure 4.1d). Significant changes in acetylation or methylation were not detected at
the GAPDH promoter region. Notably, these in vivo results parallel the histone modification-
specific findings seen in amygdala and hippocampal primary cell culture.
4.3.4 HDAC inhibition enhances fear conditioning, Homer1la expression, and modifications
of the Homer1 promoter

HDAC inhibitors have been shown to enhance contextual fear conditioning (Levenson et
al., 2004). In this experiment, we examined the effect of the HDAC inhibitor, sodium butyrate
(NaB) on fear conditioning. We showed that IP administration of NaB can induce increases in
contextual fear memories (p < 0.05, n = 10) but did not appear to cause an increase in cued fear
conditioning (Figure 4.2a). NaB also appeared to enhance hippocampal homerla mRNA
expression (Figure 4.2b; F(1,16) =5.01, p < 0.05, n = 10), but seemed to reverse the mRNA
increase in amygdala tissue (Figure 4.2¢, F(1,16) =5.45,p <0.05,n = 10). Sodium butyrate
enhanced H3 acetylation in hippocampal tissue (Figure 4.2d, F(1,16) =9.54,p < 0.01, n = 10) but
reversed fear conditioned induced decreases in H3K9 methylation in amygdala tissue (Figure
42.e,F(1,16)=4.58,p <0.05,n=10).
4.4 Discussion

In this chapter we demonstrate that Pavlovian fear conditioning results in an increase in
H3 acetylation around the Homer1 promoter in the hippocampus, and a decrease in H3K9
methylation around the Homer1 promoter in the amygdala. However, we saw no differences in
H4 acetylation or H3K27 methylation. Given that there is no existing evidence for histone
posttranslational modifications regulating homerla and very limited data for specific
modifications regulating the expression of other genes during Pavlovian fear conditioning

(Fuchikami et al., 2010; Gupta et al., 2010) we began this work using a representative sample of
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well characterized histone-specific antibodies. There is evidence for H3K9 global methylation
and H3 and H4 global acetylation during Pavlovian fear conditioning (Gupta et al., 2010). In
addition there is data looking at specific H3 acetylation around the promoter region of BDNF
(Fuchikami et al., 2010; Gupta et al., 2010; Takei et al., 2011). For future studies, it may be
informative to look at a wider array of posttranslational modifications involved in homerla
transcription during Pavlovian fear conditioning. However, with our very limited selection, we
were able to find distinct epigenetic regulation of homerla in hippocampal and amygdala tissue
during Pavlovian fear conditioning and cells during BDNF induced plasticity.

Interestingly, during BDNF induced plasticity, we also demonstrate an increase in H3
acetylation around the Homer1 promoter in hippocampal primary cell culture and a decrease in
H3K9 methylation in amygdala primary cell culture. Despite the fact that homerla mRNA was
upregulated in both the hippocampus and amygdala, histone modifications around the Homer1
promoter were distinct between the two brain regions. The hippocampus primarily exhibited
increases in histone H3 acetylation, which is associated with enhanced gene transcription, within
the Homerl promoter region. The amygdala, however, primarily exhibited decreases in histone
H3K9 methylation, a repressive marker of transcription, in the Homer1 promoter region. Notably,
although the specific histone regulation was different in these two brain regions, and in primary
cell culture from these regions, both histone tail modifications would result in enhanced
transcription. These differences were seen in vivo after fear conditioning and in vitro after BDNF
— induced plasticity suggesting that these differences are not due to the unique functional
connectivity of the hippocampus and amygdala but due to intrinsic molecular properties of the
neurons themselves.

Moreover, histone deacetylase (HDAC) inhibition with sodium butyrate (NaB) had
differential effects on hippocampal and amygdala tissues. As expected, NaB enhanced
hippocampal H3 acetylation around the Homer1 promoter in fear-conditioned mice but not

control mice. NaB did not induce global increases in acetylation in that the GAPDH promoter
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showed no enhancement in H3 or H4 acetylation, nor did NaB induce an increase in histone H4
acetylation around the Homer1 promoter in the hippocampus. This result is straightforward in that
NaB prevents the removal of acetyl groups from histone tails. In order for there to be a resulting
increase in acetylation there would already have to be an initial addition of acetyl groups, which
only would occur around already activated genes. If histone H3 but not H4 is increasingly
acetylated around the Homer1 promoter, then NaB should only enhance H3 acetylation. This may
also explain why NaB did not enhance acetylation of H3/H4 tails around the Homer1 promoter in
amygdala tissues. NaB did however reduce H3K9 methylation around the Homer1 promoter in
control mice and reverse the decrease in H3K9 methylation seen in fear conditioned mice. While
it has been demonstrated that HDAC inhibition can decrease H3K9 methylation (Gupta et al.,
2010), the mechanism is less clear and the mechanism underlying NaB effects on H3K9
methylation in the amygdala is not so obvious.

Dynamic regulation of homerla directly modifies mGIluR1/5 and NMDA interactions
during synaptic plasticity (Bertaso et al., 2010). Type 1 mGluRs and NMDA receptors are
physically linked through Homerl1 proteins and Shank scaffolding protein interactions. Type I
mGLUR agonists inhibit EPSC potentials generated by NMDA receptors. Overexpression of
homerla disrupts the physical link between receptors, allowing agonist independent inhibition of
NMDA current by mGluR agonists (Bertaso et al., 2010). Homer1a upregulation also increases
network activity and evokes agonist-independent signaling of group I mGluRs, which in turn
scales down expression of synaptic AMPA receptors (Hu et al., 2010). Overexpression of
Homerla in the hippocampus prior to contextual fear conditioning both enhances contextual
memory and disrupts Homer1b/c binding with mGluR (Tronson et al., 2010), presumably
disrupting the physical and functional link between type 1 mGluR and NMDA (Tronson et al.,
2010). Understanding the mechanisms by which homerla is upregulated could directly tie
epigenetic mechanisms of gene transcription to physiological plasticity seen with Pavlovian fear

conditioning.
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Understanding the molecular mechanisms of Pavlovian fear conditioning will give us an
understanding of the mechanism and potential treatments for PTSD and other fear-related
disorders. Histone modifying drugs have been shown to enhance fear conditioning as well as fear
extinction (Kaplan and Moore 2011). Our data suggest a distinct epigenetic signature for
Homerla gene expression in hippocampal and amygdala cells/tissues separate from the two
regions’ functional connectivity. These differences may explain why HDAC inhibitors such as
sodium butyrate only enhance hippocampal dependent contextual memories and mainly enhance
hippocampal histone modifications.

While we know that fear learning requires long term potentiation and synaptic plasticity,
very little direct evidence links the increases in gene transcription with increases in LTP seen in
fear conditioning. Homerla, a know regulator of both Pavlovian fear conditioning and
physiological plasticity, is epigenetically regulated after learning, and may provide a useful
connection between gene expression and physiological synaptic plasticity. Furthermore, studying
the role of homerla transcription and activity in the consolidation of fear may help better
understand the connection between epigenetics, gene transcription, LTP and the consolidation of
memory formation. In addition, it may provide insight into future drug targets for the
enhancement of extinction learning as well as behavioral therapy for PTSD and other fear-related

disorders.
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4.5 Figures

Figure 4.1 BDNF-induced and fear conditioning-induced histone modifications around the

Homer1 promoter. Chromatin immunoprecipitation (ChIP) assays were performed to measure
the levels of several histone modifications around the Homer1 promoter after fear conditioning
and BDNF-induced plasticity. Levels of promoter enrichment were quantified by QT-PCR. a)
Histone H3 acetylation, an enhancive marker of transcription was strongly increased at the
Homer1 promoter after BDNF induced plasticity in hippocampal cells (p =0.0046,n = 6) b)
Histone H3 acetylation was also increased at the Homer1 promoter in the hippocampus after fear
conditioning (p =0.047, n = 10). Histone H4 acetylation, H3K9 methylation and H3K27
methylation were not altered after BDNF induced plasticity or fear conditioning. ¢) Histone
H3K9 methylation, a repressive marker of transcription was strongly decreased after BDNF
induced plasticity at the Homer1 promoter in amygdala cells (p =0.035, n = 6). d) Histone H3K9
methylation was also decreased after fear conditioning in the amygdala. Significant changes in

acetylation or methylation were not detected at the GAPDH promoter region (data not shown).
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Figure 4.2. Effects of histone deacetylase inhibition on fear conditioning, homerla mRNA

levels, and histone modifications around the Homer1 promoter. a) Sodium Butyrate (NaB), a

histone deacetylase inhibitor, had no effect on baseline freezing, acquisition or cued fear memory
expression. However, NaB significantly enhanced contextual freezing (p < 0.05, n = 10). b) NaB
enhanced homerla mRNA in the hippocampus (F(1,16) =5.01,p <0.05,n = 10). c) NaB
appeared to inhibit fear induced upregulation of Homerla mRNA in the amygdala (F(1,16) =
545,p<0.05,n=10).d) NaB enhanced H3 acetylation in the hippocampus around the Homer1
promoter after fear conditioning (F(1,16) =9.54,p <0.01,n = 10) e) There was a significant
interaction of NaB treatment with fear conditioning on H3K9 methylation in the amygdala
(F(1,16) =4.58,p <0.05,n = 10). While NaB treatment in the absence of fear significantly
reduced H3K9 methylation in the amgydala, as did fear in the absence of NaB, NaB and Fear

combined showed no changes in H3K9 methylation relative to control.
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Chapter 5
Cyclic AMP Response Element Binding Protein (CREB) and CREB Binding Protein
(CBP) activity Mediated Transcription of Homer1la during Pavlovian fear

conditioning and BDNF induced plasticity.
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5.1 Abstract

Homerla is rapidly upregulated with synaptic plasticity and Pavlovian fear
conditioning. Numerous studies suggest that homerla may play a mediating role in
Pavlovian fear conditioning. Homer 1a is also dynamically regulated with BDNF induced
synaptic plasticity. Both fear conditioning and BDNF induced plasticity result in rapid
changes in histone modifications around the Homer1 promoter. Here we show that
homerla gene transcription and changes in histone modifications during fear
conditioning are mediated through CREB binding around the Homer1 promoter. We first
demonstrate that CREB and CBP are increasingly bound to the Homerl promoter after
fear conditioning. We next demonstrate that inhibiting CREB inhibits homerla
expression, CBP binding and histone modifications after fear conditioning. Together
these data suggest that CREB and CBP are critical for regulation of homerla expression.
5.2 Introduction

Cyclic-amp response element binding protein (CREB) is a critical mediator of
gene transcription and has been shown to be necessary in long-term memory in
behavioral paradigms including the Pavlovian fear conditioning (Bourtchuladze et al.,
1994). During consolidation of fear, CREB is rapidly phosphorylated in the basolateral
amygdala (BLA) and in the hippocampus (Viosca et al., 2009a) as well as other regions
of the brain responsible for processing fear (Han et al., 2009). Over-expressing CREB in
the BLA can enhance fear memories (Josselyn et al., 2001; Zhou et al., 2009).
Inactivating CREB expressing neurons in the BLA disrupts expression of fear
conditioning in a persistent manner. This suggests that long term memories are held

specifically in the CREB activated neurons (Han et al., 2009; Zhou et al., 2009). CREB
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dependent gene expression appears to be necessary and sufficient for long-term
consolidation and stability of fear memories (Viosca et al., 2009a) but not for encoding,
storage or retrieval of these memories (Kida et al., 2002).

Within the amygdala, only a subset of neurons demonstrates CREB activation
after fear conditioning. CREB activated neurons following Pavlovian fear conditioning
appear to show increased neuronal excitability relative to non-CREB activated neurons
(Zhou et al., 2009). Enhancing CREB-dependent gene expression appears to increase
excitability of neurons in the BLA (Viosca et al., 2009b). Furthermore, CREB mutants,
with impaired CREB functioning show impaired long-term potentiation (L'TP)
(Bourtchuladze et al., 1994). LTP is considered the neural/cellular correlate of learning
and memory, and is crucial for consolidation and persistence of fear memories
(McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Maren, 2005; Pape and
Pare, 2010). Though the connection between CREB dependent gene expression and LTP
is vague, understanding this connection will be important to our understanding of
consolidation of fear. More directly, CREB is a transcription factor, and its role in gene
transcription is well understood. CREB is activated via phosphorylation and translocated
to the nucleus where it binds to CRE sites within the promoter regions of various genes
(Montminy et al., 1990).

Phosphorylated CREB proteins bound to the promoter can recruit phosphorylation
and binding of CBP/P300 to the promoter complex (Bedford et al., 2010). CBP proteins
can promote transcription both by recruitment of transcriptional machinery and through
histone acetyl-transferase activity. The addition of acetyl groups to histone tails relaxes

chromatin, making DNA more accessible to transcriptional machinery (Bedford et al.,
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2010). CBP has been implicated in Pavlovian fear conditioning as well. Deficits in
contextual fear conditioning as well as other hippocampal dependent memory were seen
in transgenic mice expressing a truncated form of CBP (Wood et al., 2005). These mice
also showed impaired LTP in hippocampal slices indicating altered physiological
plasticity (Wood et al., 2005). While CBP impairment results in long-term memory
deficits, short-term memory appears to be spared (Korzus et al., 2004). Behavioral
deficits can be rescued with a histone deacetylase inhibitor indicating that it is CBP’s
histone acetyl transferase activity that may be crucial for long-term memory (Korzus et
al., 2004).

In the present chapter we examine epigenetic regulation of the gene variant,
homerla (also known as vesl-1S), during BDNF-induced plasticity and fear conditioning.
The Homer1 promoter contains several CRE sites making CREB a potential mediator of
its transcription (Bottai et al., 2002). While CREB and CBP affect transcription of a
variety of genes, here we demonstrate how such mechanisms regulate a specific gene,
homerla, which may have a functional role in regulating synapse structural organization
during synaptic plasticity, which mediates the consolidation of fear memory. Here we
show that phosphorylated CREB and CBP are increasingly bound to the Homerl
promoter after both Pavlovian fear conditioning and BDNF induced plasticity in cell
culture models. In addition, inhibiting CREB expression impairs BDNF induced
increases in homerla mRNA expression as well as CBP binding and histone
modifications around the homer1 promoter. Together these data suggest that CREB is a

critical mediator of homerla expression in BDNF and fear induced plasticity.
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5.3 Methods
5.3.1 Calcium Phosphate Transfection

Transfections were performed as described previously (Xia et al., 1996). Culture
media was replaced with plain pre-warmed DMEM for transfection. Cells were washed
twice with plain DMEM transfection medium. Plates were incubated at 5% CO, for 30-
60 minutes, while precipitate was prepared. Calcium phosphate/DNA precipitate was
composed of 4 ug of DNA (CREB siRNA or GFP plasmid) and 0.25 M CaCl,. Calcium
phosphate/DNA mixture was added dropwise to 2x HEPES-Buffered Saline (HeBS).
Mixture was allowed to sit for 25 minutes at room temperature and then added to the cells
for 1 hour. Transfection was stopped by washing twice with warmed plain DMEM and
then adding back the original media to the cell culture. A CREB siRNA plasmid was
obtained from Cell Signaling (Cat No. 6588). Control groups were transfected with a
plasmid expressing GFP.
5.3.2 Animals

All experiments were performed on adult (6-8 weeks old) wild-type strain
C57BL/6J male mice from Jackson Laboratory (Bar Harbor, ME.). All procedures were
approved by the Institutional Animal Care and Use Committee of Emory University and
were in compliance with National Institutes of Health guidelines. Separate cohorts of
animals were used for each experiment.
5.3.4 Behavior

Fear conditioning was conducted in nonrestrictive acrylic cylinders (SR-LAB
startle response system, San Diego Instruments) located in a ventilated, sound-attenuated

chamber. The foot shock (unconditioned stimulus) was delivered through a stainless steel
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grid floor. Shock reactivity was defined as the peak activity (measured with a
piezoelectric accelerometer) that occurred during the 200 msec after the onset of the
unconditioned stimulus. The tone-conditioned stimulus was generated by a Tektronix
function generator audio oscillator and delivered through a high frequency speaker. One
day prior to training, mice were preexposed to the tone through a 5 “tone-alone”
presentation program to both habituate them to handling and to the tone, but to get
baseline fear responses to the tone presentation. Preexposure was done in a separate
context. During cued fear conditioning, mice received five trials of a conditioned
stimulus tone (30 seconds, 6 kHz, 70 dB) coterminating with an unconditioned stimulus
foot shock (500 msec, 1 mA) with a variable inter-trial-interval between 60 and 180
seconds. Stimulus presentation and data acquisition were controlled and digitized by, and
stored in, an interfacing desktop computer using SR-LAB and analyzed with the Freeze
View software program (Coulbourn Instruments, Whitehall, Pa.).

5.2.3 Cell Culture:

Primary cultures of postnatal hippocampal neurons were described previously
(Brewer, 1997) with modifications. C57BL/6J mice (21 days postnatal) were decapitated
and the hippocampus and amygdala were removed and immersed in ice-cold dissection
buffer consisting of Hibernate-A medium (BrainBits, Springfield, IL, USA), B27
supplement and gentamycin (Invitrogen) (12g/ml) for the preparation of separate
hippocampal and amygdala neuronal cell cultures. The hippocampus and amygdala
tissues were sliced and then enzymatically digested with papain (Worthington,
Lakewood, NJ, USA) in Hibernate-A medium at 32°C for 30 minutes. Cells were

dissociated by triturating with Pasteur pipets fired on the tips to narrow openings.
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Neurons were purified in a density gradient media including Hibernate-A and OptiPrep
(Sigma, St. Louis, MO, USA) by centrifugation. The density gradient media consisted of
four layers. The first was 1 mL dissection buffer containing 35% OptiPrep; the second 1
mL dissection buffer contained 25% Optiprep and the third 1 ml dissection buffer
contained 20% OptiPrep and the fourth 1 mL dissection buffer contained 15% OptiPrep.
They were added on the top of each other carefully, resulting in clear layer separation.
Then cells were added on the top of the density gradient media. After centrifugation, the
densest layer with a cream color, located at the middle of the tube, could be seen. This
layer of neurons was taken out by using a sterile transfer pipette and put into a new tube.
After washing with dissection buffer, neuronal cells were plated onto Poly-D-Lysine
(Sigma) coated plates or glass coverslips at the density of 2.5 x 10° cells/cm® in culture
media consisting of Neurobasal A medium (Invitrogen) with 2% B27 supplement, 2 mM
glutamax and gentamycin (5 g/ml). Thereafter, the cultures were kept in a humidified
incubator at 37°C and 5% CO, and media were changed every 5 days until used for
experiments. After 2-3 weeks in vitro, the cells were used for the experiments reported in
the present study.
5.2.4 Drugs:

Recombinant human BDNF was purchased from Cell Sciences (Canton, MA,
USA) and reconstituted in sterile PBS as 100 mg/ml stock. The aliquots of stock were
stored at -30 deg C and final drugs and concentrations for cell culture experiments were
as following: BDNF (100 ng/ml)
5.2.5 Chromatin Immunoprecipitation

Tissue samples were treated using an EpiQuik tissue ChIP kit (Epigentek Group
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Inc. Brooklyn, NY). Brains were extracted using rapid decapitation 2 hours after training.
Amygdala and hippocampal tissue was rapidly dissected in ice-cold PBS and then frozen
immediately on dry ice and stored at -80°C until ready to use. Cells/tissues were
harvested and mixed with formaldehyde at a final concentration of 1.0% for 10 minutes
at 37° C to cross-link protein to DNA. Cells/tissue then were suspended in 0.2 mL of
SDS lysis buffer and settle on ice for 10 minutes. DNA cross-linked with protein was
then sonicated into fragments of 200-1000 bp. One-tenth of the sample was set aside as
an input control, and the rest was then immunoprecipitated 1.5 h at room temperature
with 5 g of primary antibody in the ChIP kit strip wells. As a control samples were
immunoprecipitated with 5g non-immune rabbit IgG. After immunoprecipitaiton, the
DNA-protein complex was eluted and the proteins were digested with DNA release
buffer and proteinase K. DNA was dissociated at 65°C for 1.5 hours under reverse buffer.
The DNA, associated with antibody of interest (pan-H3-acetylated, pan-H4 acetylated,
H3K9 dimethylation, and H3K27 dimethylation) was extracted with binding buffer,
precipitated with 70% and 90% ethanol and DNA was finally eluted with elution buffer.
Quantitative real-time PCR was performed with primers specific to the Homerl promoter
and for the GAPDH promoter regions.
5.2.6 RNA Preparation

Total RNA was prepared from frozen amygdala and hippocampal dissections in
mice. Brains were extracted using rapid decapitation 2 hours after training. Amygdala
and hippocampal tissue was rapidly dissected in ice-cold PBS and then frozen
immediately on dry ice and stored at -80°C until ready to use. Briefly, tissue samples

were homogenized and centrifuged at 13,000g for 3 minutes. RNA was washed with 70%
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ETOH and purified using RNeasy columns (Qiagen). RNA amount and quality were
determined using a nanodrop spectrophotometer.
5.2.7 Quantitative RT-PCR

140 micrograms of total RNA were reverse transcribed using the RT2-First Strand
Kit (C-03, SA Biosciences). Quantitative PCR was performed using the Applied
Biosystems 7500 Fast. Online detection of reaction products was carried out using the
SybrGreen Gene Assay with custom made primers for homerla, homerlc and GAPDH.
SybrGreen mastermix was obtained from SA biosciences, and manufacturer’s
instructions were followed. Calculated values are presented as mean +/- SEM to indicate
accuracy of measurement. Homerla and homer 1c values were normalized for
measurements of GAPDH. PCR conditions were 2 min at 50 deg C, 10 min at 95 deg C
and 40 cycles with 15s 95 deg C, 60 s 60 deg C.
5.2.8 Primer Design

Primers were designed and confirmed by Primer blast. There sequence is as
follows: Homerla — FWD — 5°- GAAGTCGCAGGAGAAGATG-3’; Homerla — REV —
5’- TGATTGCTGAATTGAATGTGTACC-3’; Homer 1¢ — FWD - 5°-
ACACCCGATGTGACACAGAACT-3; Homer 1c —REV - 5'-
TCAACCTCCCAGTGGTTGCT-3"; Homerl Promoter FWD — 5°-
GGTGACGTATGTGCGGAGAGGA-3’; Homerl Promoter — REV - 5°-
GGTCCGTCGGTCCGTCCCTTT-3’; Primers for GAPDH and GAPDH promoter region
were obtained from SA Biosciences.
5.2.9 Statistical Analysis

Statistically significant differences were determined by a Student’s t-test or by a between
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subjects two-way ANOVA. The results were presented as means +/- SEM. For all ChIP
and mRNA data, fold changes relative to control were determined using the AACt
method; a mean fold change value along with an SEM value were determined; the AACt
values from each data set were used in two-tailed paired t-tests (which were adjusted for
multiple comparisons) to determine statistical significance (* = P < 0.05). All values
included in the figure legends represent mean +/- SEM. The RTPCR ChIP data were
analyzed identically to the mRNA data using the AACt method, except that ChIP data

were normalized to ‘input’ rather than GAPDH level.

5.3 Results
5.3.1 Homer 1a is dynamically regulated during the consolidation period following
Pavlovian fear conditioning

Homer 1a was rapidly upregulated following Pavlovian fear conditioning. Mice
were preexposed to the tone 1 day prior to training. On day one of training animals were
presented with 5 tone-shock pairings. Freezing in response to the tone increased
significantly to each tone presentation (p < 0.05). Previous chapters have demonstrated
that this paradigm is sufficient to produce long-term memory (LTM) of fear for up to 24
hours after training. Following training, animals were sacrificed at specified time
intervals after fear conditioning. In the hippocampus, homer1a significantly increased 30
minutes (p < 0.05), 60 minutes (p < 0.05) and 120 minutes (p < 0.05) after fear
conditioning and remained significantly elevated for up to 2 hours post training in the
hippocampus (figure 5.1a). In the amygdala, homerla significantly increased at 0 minutes

(p <0.05), 30 minutes (p < 0.05), 60 minutes (p < 0.05) and 120 minutes (p < 0.05) after
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fear conditioning and remained significantly elevated for up to 2 hours post training in
both the hippocampus (figure 5.1b). No changes were seen in homerla in the striatum
(figure 5.1c) and no changes in regulation of homerlc were seen in the hippocampus,
amygdala or striatum (figures 5.2 a-c).
5.3.2 pCRESB is increasingly bound to Homer1 after fear conditioning in cell culture

To determine the relative occupancy of phosphorylated CREB bound at the
Homerl promoter, we used chromatin immunoprecipitation followed by QT-PCR. We
found that pCREB was increasingly bound to the Homerl promoter in the hippocampus
at O minutes (p < 0.05), 30 minutes (p < 0.05) and 60 minutes (p < 0.05), but not after 2
hours (Figure 5.3a). In the amygdala, we also found that pCREB was increasingly bound
to the Homerl promoter at O minutes (p < 0.05), 30 minutes (p < 0.05), and 60 minutes (p
< 0.05) but not 2 hours after Pavlovian fear conditioning (Figure 5.3b). There was not a
significant increase in CREB binding to the GAPDH promoter in the amygdala or
hippocampus at anytime after fear conditioning.
5.3.3 CBP is increasingly bound to Homer1 after fear conditioning and BDNF
induced plasticity

To determine the relative occupancy of CREB binding protein (CBP) at the
Homerl promoter, we used chromatin immunoprecipitation followed by QT-PCR. We
found that CBP was increasingly bound to the Homer1 promoter in the hippocampus at O
minutes (p < 0.05), and 30 minutes (p < 0.05), but not after 2 hours (Figure 5.4a). In the
amygdala, we also found that CBP was increasingly bound to the Homer1 promoter at O
minutes (p < 0.05), 30 minutes (p < 0.05), and 60 minutes (p < 0.05) but not 2 hours after

Pavlovian fear conditioning (Figure 5.4b). There was not a significant increase in CBP
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binding to the GAPDH promoter in the amygdala or hippocampus at anytime after fear
conditioning.
5.3.4 Inhibition of CREB function impairs BDNF induced increases in homerla
mRNA in the hippocampus and amygdala

To determine whether or not CREB plays a mediating role in transcription of
homerla mRNA during BDNF induced plasticity, a plasmid expressing CREB siRNA
was transfected into primary amgydala and hippocampal neurons. In our model, CREB
siRNA transfection successfully decreased CREB mRNA levels (p < 0.05), thereby
reducing CREB activity(Figure 5.4). CREB siRNA inhibited BDNF induced upregulation
of homerla when compared with cells treated with a plasmid expressing GFP in both
amgydala (Figure 5.5a) (F(1,8) =5.28, n = 6) and hippocampal (F(1,8) =6.63,n = 6)
(Figure 5.5b) cell culture. Neither CREB siRNA nor BDNF had any effect on levels of
homer1c in hippocampal, nor amygdala primary cell culture.
5.3.5 Inhibition of CREB function impairs CBP binding to Homer1la

To determine whether or not CREB plays a mediating role in recruitment of CBP
to the Homer1 promoter during BDNF induced plasticity, a plasmid expressing CREB
siRNA was transfected into primary amgydala and hippocampal neurons. CREB siRNA
inhibited BDNF induced recruitment of CBP to the Homer1 promoter when compared
with cells treated with a plasmid expressing GFP in both amgydala (F(1,8) =6.51,n=06)
(Figure 5.6a) and hippocampal (F(1,8) = 8.72, n = 6) (Figure 5.6b) cell culture. Neither
CREB siRNA nor BDNF had any effect on recruitment of CBP to the GAPDH promoter

in hippocampal nor amygdala primary cell culture.
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5.3.6 Inhibition of CREB function impairs histone modifications in hippocampal
and amgydala cells

To determine whether or not CREB plays a mediating role in H3 acetylation
around the Homer1 promoter during BDNF induced plasticity, a plasmid expressing
CREB siRNA was transfected into primary amgydala and hippocampal neurons. CREB
siRNA inhibited BDNF induced H3 acetylation around the Homer1 promoter when
compared with cells treated with a plasmid expressing GFP in both hippocampal (Figure
5.7a) (F(1,8) =5.63, n = 6) but not amygdala (Figure 5.7b) cell culture. Neither CREB
siRNA nor BDNF had any effect on H3 acetylation around the GAPDH promoter in

hippocampal or amygdala primary cell culture.

5.4 Discussion

In this study, we found that the mRNA encoding the homerla but not /¢ gene
variant was rapidly upregulated after Pavlovian fear conditioning in both amygdala and
hippocampal tissue. In previous chapters we had shown that homerla mRNA was
elevated at 2 hours post fear conditioning. We originally chose to look at 2 hours,
because this is generally thought to be the time window in which consolidation and the
molecular changes associated with consolidation of fear occur. However, here we show
that homer la transcription can happen much faster than 2 hours after the last trial. It is
important to note however that tissue was collected at the specified period after the last
trial. However, the training paradigm lasted approximately 30 minutes and
learning/consolidation may begin to occur as soon as the first training trial. Some fear

training paradigms, especially for contextual fear conditioning, are much shorter. This
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shorter training session may account for prior reports of molecular changes after 2 hours
when we encountered them much quicker relative to the end of our longer training
session.

Over a slightly faster time course, phospho-CREB and CBP were increasingly
bound to the Homer1 promoter region. pCREB and CBP both increased very rapidly
after fear conditioning and returned to baseline by 2 hours. This is not surprising given
the time course of action for pCREB (within 30 minutes) as seen in synaptic plasticity
and other learning and memory paradigms (Viosca et al., 2009a).

Inhibition of CREB signaling through siRNA resulted in decreased homerla
mRNA expression in the hippocampal and amygdala cell culture. While it is not
surprising that CREB binds to the promoter region (there are several CRE recognition
sites in the Homer1 promoter), the Homer1 promoter regulates transcription of the entire
Homerl gene family, not just the homerla variant. Therefore it is interesting that CREB
siRNA only appears to affect homerla mRNA regulation during BDNF induced
plasticity. It is currently unknown how factors in the promoter region of Homerl may
differentially regulate the different gene variants of Homer1 and clarifying these
mechanisms is an interesting area for future research.

In addition, CREB siRNA inhibited BDNF induced CBP binding to the Homerl
promoter in primary hippocampal and amygdala cell culture. Finally CREB siRNA
inhibited BDNF induced H3 acetylation around the Homer1 promoter in hippocampal
primary cell culture. There was also an increase in CBP binding at the Homer]1 promoter
in the amygdala after Pavlovian fear conditioning. This might be slightly unexpected in

that we have shown that there is no increase in acetylation at the Homer1 promoter with
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fear conditioning or BDNF induced plasticity. However, CBP also plays a role in
recruitment of polymerases to the promoter region and could be having this effect on the
Homerl promoter. In addition, acetylation could be happening in the amygdala, just at a
different time course then we originally expected. We only examined H3 acetylation
around the Homerl promoter 2 hours after Pavlovian fear conditioning. It could be that
acetylation in the amygdala follows a different time course and that we simply did not see
any effects because we looked at the wrong time point. Finally, we confirmed in the final
experiment that BDNF did not increase H3 acetylation at 2 hours after fear conditioning
in the amygdala. This is consistent with our finding that CREB siRNA did not further
change H3 acetylation levels in amygdala cultures.

CRESB is a transcription factor that likely activates many genes in the
hippocampus and amygdala, which are involved in Pavlovian fear conditioning and
synaptic plasticity. Here we demonstrate CREB physically binds to Homer1 during
Pavlovian fear conditioning and is essential to regulation of histone modifications around
the Homer1 promoter and subsequent transcription of Homerla. It will be interesting to
get a better idea of all the genes activated by CREB binding and how these genes and
protein products interact with each other. Furthermore, future studies will be necessary to
determine how CREB binding after Pavlovian fear conditioning can result in an increase
in homerla mRNA but not homerlc mRNA when both transcripts are produced from the
same putative promoter region. Finally future studies will also need to address how the
protein Homer1la mechanistically regulates synaptic plasticity during Pavlovian fear

conditioning through homeostatic mechanisms.
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5.5 Figures

Figure 5.1 Homer la is dynamically regulated shortly following Pavlovian fear
conditioning Mice were preexposed to the tone 1 day prior to training. On day of training
animals were presented with 5 tone-shock pairings. Previous chapters have demonstrated
that this paradigm is sufficient to produce LTM of fear memories for up to 24 hours after
training. Following training animals were sacrificed at specified time intervals after fear
conditioning. a,b) Homerla significantly increased 30 minutes after fear conditioning and
remained significantly elevated for up to 2 hours post training in both the hippocampus

(a) and amygdala (b). ¢) No changes were seen in homerla in the striatum. * p < 0.05
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Figure 5.2 Expressional analysis of homerIc levels after Pavlovian fear conditioning
in the amygdala, and hippocampus. No changes in regulation of homerlc were seen in

the hippocampus (a), or amygdala (b).
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Figure 5.3 Analysis of phosphorylated CREB bound to the Homer1la promoter
during Pavlovian fear conditioning. To determine the relative occupancy of
phosphorylated CREB at the Homer1 promoter, we used chromatin immunoprecipitation
followed by QT-PCR. A ,B) We found that pCREB was increasingly bound to the
Homerl promoter as soon as 30 minutes after Pavlovian fear conditioning and returns to

baseline at 2 hours in both the amygdala (a) and hippocampus (b) * p < 0.05.
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Figure 5.4 Analysis of CREB Binding Protein (CBP) bound to the Homerla
promoter during Pavlovian fear conditioning. To determine the relative occupancy of
CREB binding protein (CBP) at the Homer] promoter, we used chromatin
immunoprecipitation followed by QT-PCR. A ,B) We found that CBP was increasingly
bound to the Homer1 promoter as soon as 30 minutes after Pavlovian fear conditioning
and returns to baseline at 2 hours in both the amygdala (a) and hippocampus (b). * p <

0.05.
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Figure 5.5 Expressional analysis of CREB mRNA after calcium phosphate
tranfection of CREB siRNA in vitro. To assess the effectiveness of calcium phosphate
transfections with siRNA, levels of CREB mRNA with or without CREB siRNA and
with or without added BDNF were quantified. There was a significant reduction in CREB
mRNA after transfection of sSiRNA when compared to control GFP plasmid transfections.

However there was no effect of BDNF application on CREB mRNA levels.
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Figure 5.6 Effect of CREB siRNA on Homerla upregulation during BDNF induced
plasticity. To determine whether or not CREB plays a mediating role in transcription of
homerla mRNA during BDNF induced plasticity, a plasmid expressing CREB siRNA
was transfected into primary amgydala and hippocampal neurons. a, b) CREB siRNA
inhibited BDNF induced upregulation of homerla mRNA when compared with cells
treated with a plasmid expressing GFP in both amgydala (a) and hippocampal (b) cell
culture. Neither CREB siRNA nor BDNF had any effect on levels of homerIc in

hippocampal nor amygdala primary cell culture.
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Figure 5.7 Effect of CREB siRNA on CBP binding to the Homer1 promoter during
BDNF induced plasticity. a,b) BDNF resulted in an increase in CBP binding to the
Homerl promoter in both hippocampal (a) and amygdala (b) primary cell culture. BDNF
nor CREB siRNA did not result in an increase in CBP binding to the GAPDH promoter

in hippocampal or amygdala primary cell culture (data not shown).
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Figure 5.8 Effect of CREB siRNA on H3 Acetylation during BDNF induced
plasticity. To determine whether or not CREB plays a mediating role in H3 acetylation
around the Homer1 promoter during BDNF induced plasticity, a plasmid expressing
CREB siRNA was transfected into primary amygdala and hippocampal neurons. a,b)
CREB siRNA inhibited BDNF induced H3 acetylation around the Homer1 promoter
when compared with cells treated with a plasmid expressing GFP in both hippocampal

(a) but not amygdala (b) cell culture.
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Chapter 6

General Discussion/Conclusion

Summary of Findings, Future Directions, and Clinical Implications
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6.1 Summary of Findings

This body of work examines an underlying molecular mechanism of consolidation
of Pavlovian fear conditioning (figure 6.1). We have argued that Pavlovian fear
conditioning is a suitable model for studying the underlying dysregulation of fear seen in
posttraumatic stress disorder. We show that homerla (a gene previously associated with
various forms of psychiatric disease) is rapidly transcribed with Pavlovian fear
conditioning and is also regulated through BDNF-trkB signaling mechanisms.
Furthermore, we show that fear-induced and BDNF-induced upregulation of homerla is
preceded by differential posttranslational modifications of histone tails in both the
amygdala and the hippocampus. We next show that inhibiting histone deacetylase
enzymes can effect these histone modifications, as well as corresponding changes in
mRNA levels and behavioral expression of fear memories. We also find that fear induced
plasticity results in an increase in CREB and CBP binding around the Homer1 promoter.
Finally, we demonstrate that inhibiting CREB expression can impair BDNF’s ability to
recruit CBP binding to the Homer1 promoter, histone modifications around the Homer1
promoter, and homerla mRNA upregulation in primary cell culture. This body of work
significantly advances our understanding of the mechanisms of gene transcription that
may underlie synaptic plasticity and Pavlovian fear conditioning. Given the association
of Homerl with psychiatric disease, these findings may help us to better understand how
genetic differences could lead to greater susceptibility to mental illness.
5.2 Limitations of Findings

Here we show that both BDNF-induced plasticity and Pavlovian fear — induced

plasticity can result in upregulation in homerla. There is substantial evidence suggesting
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that fear conditioning requires BDNF signaling in the amygdala and hippocampus
(Rattiner et al., 2004b; Rattiner et al., 2004a; Chhatwal et al., 2006; Heldt et al., 2007,
Musumeci et al., 2009), however we never directly prove that BDNF is necessary and
sufficient to produce an upregulation of homerla during Pavlovian fear conditioning.
While we know that BDNF can increase homerla expression there are a variety of other
neurotransmitter, receptor-ligand systems involved in Pavlovian fear conditioning that
could potentially also upregulate homerla during the consolidation of fear.

For instance, NMDA activation has been shown to upregulate homerla in primary
cerebellar neuronal culture (Ango et al., 2000; Sato et al., 2001) and in the
suprachiasmatic nucleus (Nielsen et al., 2002). Also the PACAP receptor, which is a
robust activator of the cAMP-CREB pathway was recently implicated in PTSD and fear
conditioning (Ressler et al.,2011). PACAP has also been shown to upregulate homerla
expression in the suprachiasmatic nucleus (Nielsen et al., 2002) in sympathetic neurons
(Kammermeier, 2008) and in both central and peripheral neurons (Girard et al., 2004).
Both NMDA and PACAP have all been implicated in Pavlovian fear conditioning
(Ressler et al., 2011). Therefore, while it is acceptable to conclude that BDNF-trkB
signaling is one mechanism by which Pavlovian fear conditioning may upregulate
homerla, we cannot rule out the possibility that these other receptor-ligand systems also
play a role in Pavlovian fear induced upregulation of homerla mRNA.

The use of primary amygdala and hippocampal cell culture is limited in face
validity in that cells in culture lack the functional connectivity that amygdala and
hippocampal neurons have in vivo. Primary neuronal culture might also lack glial and

extracellular factors that might also influence neuronal signaling and plasticity. This
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could potentially limit the interpretations we could make from the manipulations of the
TrkB and CREB signaling pathways that were conducted in vitro with BDNF induced
plasticity.

However, we saw many parallels in changes in mRNA levels as well as histone
modifications in vivo and in vitro. In addition, differences seen in amygdala and
hippocampal tissues after fear-induced plasticity persisted when examined in cell culture
using BDNF induced plasticity. This suggests that distinct epigenetic regulation of
amygdala and hippocampal expression of homerla may be due to unique molecular
properties of these neurons separate from their functional connectivity in the brain.
Therefore, our in vitro data appears to make very interesting advances in the
understanding of the mechanisms of homerla mRNA expression and epigenetic
regulation. While the role of CREB and trkB signaling in Pavlovian fear conditioning
have been extensively demonstrated, future studies looking at the role of these signal
pathways in homerla expression during Pavlovian fear conditioning would provide more
insight into the mechanism.

Another limitation to the interpretation of our results comes from the choice of
sodium butyrate (NaB) to inhibit histone deacetylase. NaB was an advantageous choice
in that a single intraperitoneal injection has been previously shown to enhance fear
memories. In our studies, we further showed that NaB also enhanced hippocampal
homerla mRNA levels as well as increased H3 acetylation around the Homer1 promoter.
As a histone deacetylase inhibitor, NaB is inefficient due to its lack of stability and low
retention rate (Monneret, 2005). In addition, behaviorally, mice injected with sodium

butyrate had acute motor deficits after injection. They were not injected until after
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acquisition/training so these effects could not affect the animal’s abilities to perceive the
auditory or footshock stimulus. However, these deficits might still have affected
consolidation in some other indirect way not due to the drug’s histone deacetylase
activity.

While we could have chosen a more specific histone deacetylase inhibitor, the
more specific agents with greater stability and fewer side effects rarely cross the blood
brain barrier. Though systemic injections don’t provide localized manipulation of histone
modifications during Pavlovian fear conditioning, they do allow for one to examine the
effects of HDAC inhibition of both the amygdala and hippocampus as well as being more
translationally relevant towards developing novel pharmacotherapies for PTSD.
Furthermore, NaB has been used previously in the literature to show an enhancement of
contextual fear conditioning (Levenson et al., 2004) and extinction (Lattal et al., 2007).
This allowed us to have a positive control, contextual fear memories, to confirm that our
pharmacological manipulation was effective. NaB is the only HDAC inhibitor
demonstrated to enhance contextual fear memories when injected systemically (Levenson
et al., 2004).

6.3 Epigenetics and Pavlovian Fear Conditioning

Histone deacetylase (HDAC) inhibitors were originally designed as drugs to
inhibit cancerous tumors (Zhu and Otterson, 2003). However, it was discovered that
sodium butyrate might also have implications for memory related disorders. Evidence
suggests that sodium butyrate can enhance memory in an animal model for Alzheimer’s
disease (Govindarajan et al., 2011), in animal models of traumatic brain injury (Dash et

al., 2009) as well as in consolidation of contextual fear conditioning (Levenson et al.,



168

2004; Federman et al., 2009) and extinction of contextual fear conditioning (Lattal et al.,
2007; Kaplan and Moore, 2011). While our data suggest that a systemic injection of
sodium butyrate does not enhance auditory cued fear conditioning, others have shown
that injecting trichostatin-A (TSA), another HDAC inhibitor, directly into the lateral
amygdala (LA) can enhance auditory fear conditioning (Monsey et al., 2011). Our data
did not show an enhancement in auditory fear conditioning which may be due to the
difference in drug (NaB or TSA) or difference in type of infusion (systemically or
locally). While a local injection into the LA would have given us a more mechanistic
data, systemic injections gave us a more translational-relevant model as well as allowing
us to look at the effects of hippocampal and amygdala HDAC inhibition in the same
animal. TSA does not cross the blood-brain barrier and would not have been useful for an
examination of systemic inhibition of HDAC.

We show that despite an upregulation of homerla in both the hippocampus and
amygdala during Pavlovian fear conditioning, epigenetic changes that regulate dynamic
expression of homerla are different in these two distinct brain regions. In the
hippocampus homerla expression was dependent upon H3 acetylation, whereas in the
amygdala it was H3K9 methylation dependent. If this result replicates for other genes as
well, then manipulation of the enzymes that specifically methylate H3K9 residues might
be a methodological way of only targeting amygdala dependent expression of homerla.

One of the major limitations of the epigenetic field is the lack of tools to
manipulate histone modifications at specific genes. While the development of in vivo
chromatin immunoprecipitation methods have allowed us to look at posttranslational

modifications of histones at specific gene promoters, our ability to inhibit or manipulate
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enzymes that catalyze the modifications are restricted to global genome wide
manipulations. Thus, we were not able to manipulate methylation or acetylation of
histones, specifically around the Homer1 promoter. Pharmacologically, there are no
HDAC inhibitors that regulate specific genes. Molecularly, studies have used lentiviral
inhibition of histone methylation enzymes (Maze et al., 2010), but again these methods
inhibit methylation at the global gene level. One idea would be to design genetically
engineered proteins with leucine zipper motifs that recognize specific sequences of DNA,
which are fused to histone modifiying enzymes or transcription factors. There has been
some work in yeast models and at the in vitro level (Lohmer et al., 1991; Fan et al.,
2011), but this methodology has not yet been designed or tested in animal models of
behavioral psychiatry.
6.4 Homerla and Pavlovian Fear conditioning

There is a small, but solid body of evidence that suggests that homerla plays a
role in Pavlovian fear conditioning. Homerla mRNA is rapidly upregulated in the
nucleus of neurons in the hippocampus after Pavlovian fear conditioning (Hashikawa et
al.,2011). Homerla knockout mice show impaired consolidation and retention of
contextual fear memories (Inoue et al., 2009). Finally, over-expressing homerla in the
hippocampus enhances contextual memory (Tronson et al., 2010). The studies described
above all examine contextual fear memories, but fail to look at amygdala dependent cued
fear conditioning. Given our data, it would be valuable to examine these homerla KO
mice and homerla over-expressing viral vectors, in auditory cued fear conditioning and

amygdalar homerla signaling. In addition, the Inoue study could be further added to by
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accounting for pain sensitivity and perhaps trying to rescue behavioral deficits with a
virus expressing the homerla gene.

While there are many future experiments that can be done to clarify how
important homerla expression and signaling is for this behavior, it is clear that homerla
is involved in the consolidation of fear memories. However, a major outstanding question
that remains is: (as described in chapter 2) how does a molecule that is involved in
homeostatic plasticity play a role in the consolidation of fear memories? Evidence
suggests that auditory cued fear conditioning involves LTP (Rogan et al., 1997; Maren,
2005), an increase in NMDA functioning (Nedelescu et al., 2010), and an increase in
surface expression of AMPA receptors (Rumpel et al., 2005; Mokin et al., 2007; Brigman
et al., 2010; Liu et al., 2010; Nedelescu et al., 2010). In contrast, homerla expression, at
least in primary cell cultures, appears to decrease AMPA receptor surface expression (Hu
et al., 2010) and inhibit NMDA functioning (Bertaso et al., 2010).

These findings are paradoxical in nature and understanding how this homeostatic
plasticity plays a role in fear conditioning will be important in future studies. This
paradox could be explained by: 1) an increase in AMPA receptor insertion/NMDA
function may occur in certain cell populations but with a decrease within distinct cell
populations of the same brain structures, 2) Changes in AMPA receptor
expression/NMDA function may occur in opposite directions at different synapses within
the same population of cells, or 3) There may be differential timing in AMPA
insertion/NMDA function; for example, an initial decrease in AMPA receptor

insertion/NMDA function may be followed by an increase in AMPA receptor
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insertion/NMDA function. Clearly, further research is needed to understand how
homeostatic plasticity plays a role in consolidation of fear.
6.5 Homerla in PTSD

While we only have preliminary evidence for a single nucleotide polymorphism
being associated with development of PTSD, based on the published evidence from
genome wide association studies in other psychiatric disorders (Dahl et al., 2005; De
Luca et al., 2009; Rietschel et al., 2010) and animal models of PTSD (Szumlinski et al.,
2000), it is likely that polymorphisms within this gene could account for resiliency in
certain populations of trauma victims. The Homerl gene family has been associated both
through genome wide association studies in humans and molecular/pharmacological
studies in animal models (Szumlinski et al., 2006) in particular with fear conditioning
(Inoue et al., 2009), depression and drug addiction. Molecularly the Homerl gene family
is a crucial mediator of signal transduction during synaptic plasticity (Bertaso et al.,
2010; Hu et al., 2010). Future research is necessary to determine specifically the
potential role of homerla and disordered synaptic plasticity in the development of
posttraumatic stress disorder.
6.6 Future Directions

The work described here has focused on regulation of a specific gene that is
dynamically regulated during Pavlovian fear conditioning. However, it is likely that vast
numbers of genes are being up-regulated or down-regulated during the course of
consolidation of fear. Studies examining genome wide changes in histone acetylation and

methylation during the consolidation of Pavlovian fear conditioning and extinction using
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ChIP-seq or ChIP array will be useful for determining the role of epigenetic regulation of
the Homer1 gene in the context of the whole genome.

In addition, only four posttranslational modifications around one region of the
Homer gene were analyzed. There are quite a few specific acetylation and methylation
modifications that we did not examine, and the selection of the modifications we did look
at was based on the limited currently available knowledge of histone regulation. It is
known that histone modifications such as methylation and acetylation not only alter
chromatin structure but also interact with other histone tails on the DNA up- and
downstream along various promoters. For example, certain methylation modifications
can induce acetylation at other histone tails. Understanding the entire histone/chromatin
environment around the Homerl promoter during Pavlovian fear conditioning and
BDNF-induced plasticity will be interesting and important for future studies.

Finally, as mentioned above, it will be interesting see the functional role of
homerla during Pavlovian fear conditioning. It is currently known that homerla
increasingly binds to mGLUR receptors after fear conditioning, but it is unknown how
homerla expression affects NMDA functioning or AMPA receptor insertion after fear
conditioning. Nor do we know how homerla binding with the ryanodine, TRPC or IP3
receptors might play a role in fear consolidation. Understanding how homer1a interacts
with these receptors at the synapse to effect plasticity, structural organization, and signal
transduction will provide valuable insight into the mechanisms of Pavlovian fear

conditioning, and regulation of fear during PTSD.



173

6.7 Figures

Figure 6.1 Summary of findings and working model of transcriptional regulation of
homerla during Pavlovian fear conditioning. Based on our findings and the literature,
we suggest that during Pavlovian fear conditioning BDNF signaling is rapidly increased.
This results in an activation of the TRKB pathway, activating MEK and ERK. ERK
further phosphorylates CREB which is translocated to the nucleus where it binds to CRE
sites in the promoter region of homerla. CREB subsequently recruits CBP which induces
specific histone changes in the amygdala (decreased methylation) and in the
hippocampus (increased acetylation) both of which result in increased homerla

transcription.
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