
REVIEW
published: 06 March 2017

doi: 10.3389/fnbeh.2017.00035

The Role of Early Growth Response 1
(EGR1) in Brain Plasticity and
Neuropsychiatric Disorders
Florian Duclot1,2 and Mohamed Kabbaj1,2*

1Department of Biomedical Sciences, Florida State University, Tallahassee, FL, USA, 2Program in Neuroscience, Florida State
University, Tallahassee, FL, USA

Edited by:
Amelia Gallitano,

University of Arizona, USA

Reviewed by:
Clive R. Bramham,

University of Bergen, Norway
Antoine Besnard,

Massachusetts General Hospital,
USA

*Correspondence:
Mohamed Kabbaj

mohamed.kabbaj@med.fsu.edu

Received: 16 December 2016
Accepted: 21 February 2017
Published: 06 March 2017

Citation:
Duclot F and Kabbaj M (2017) The
Role of Early Growth Response 1

(EGR1) in Brain Plasticity and
Neuropsychiatric Disorders.

Front. Behav. Neurosci. 11:35.
doi: 10.3389/fnbeh.2017.00035

It is now clearly established that complex interactions between genes and environment
are involved in multiple aspects of neuropsychiatric disorders, from determining an
individual’s vulnerability to onset, to influencing its response to therapeutic intervention.
In this perspective, it appears crucial to better understand how the organism reacts
to environmental stimuli and provide a coordinated and adapted response. In the
central nervous system, neuronal plasticity and neurotransmission are among the major
processes integrating such complex interactions between genes and environmental
stimuli. In particular, immediate early genes (IEGs) are critical components of these
interactions as they provide the molecular framework for a rapid and dynamic response
to neuronal activity while opening the possibility for a lasting and sustained adaptation
through regulation of the expression of a wide range of genes. As a result, IEGs
have been tightly associated with neuronal activity as well as a variety of higher order
processes within the central nervous system such as learning, memory and sensitivity
to reward. The immediate early gene and transcription factor early growth response 1
(EGR1) has thus been revealed as a major mediator and regulator of synaptic plasticity
and neuronal activity in both physiological and pathological conditions. In this review
article, we will focus on the role of EGR1 in the central nervous system. First, we will
summarize the different factors influencing its activity. Then, we will analyze the amount
of data, including genome-wide, that has emerged in the recent years describing the
wide variety of genes, pathways and biological functions regulated directly or indirectly
by EGR1. We will thus be able to gain better insights into the mechanisms underlying
EGR1’s functions in physiological neuronal activity. Finally, we will discuss and illustrate
the role of EGR1 in pathological states with a particular interest in cognitive functions
and neuropsychiatric disorders.
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INTRODUCTION

Despite a high level of heritability observed in the most common neuropsychiatric disorders, a
clear genetic basis in their etiology has proven difficult to identify (Plomin et al., 1994). Rather,
extensive evidence now indicates that genetic variations among the population markedly influence
one’s vulnerability to develop neuropsychiatric disorders and thus represent major risk factors
(Burmeister et al., 2008; Lee et al., 2013). Indeed, such genetic variations can underlie differences in
the integration of and response to environmental insults that can transpose into deep and lasting
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neuroadaptations responsible for social, emotional and cognitive
impairments characteristics of severe neuropsychiatric disorders
(Caspi and Moffitt, 2006). In this context, it appears critical
to better understand the molecular processes and mechanisms
underlying such gene× environment interactions.

In the central nervous system, immediate early genes (IEGs)
are critical mediators of gene × environment interactions and
thus have been the focus of an extensive research interest in
order to elucidate how environmental stimuli trigger a fast
response with enduring neuroadaptations on neuronal activity
and plasticity (Herdegen and Leah, 1998; Bahrami and Drabløs,
2016). Indeed, the defining characteristic of IEGs is the rapid and
transient up-regulation—within minutes—of their mRNA levels
independent of protein synthesis. Furthermore, this regulation
can be triggered by a wide variety of stimuli through activation
of general intracellular signaling pathways such as the mitogen-
activated protein kinases (MAPK) or phosphoinositide 3-kinase
(PI3K) pathways (Beckmann and Wilce, 1997; Fowler et al.,
2011; Bahrami and Drabløs, 2016). Combined with the fact
that many IEGs act as transcription factors, these features
allow for a rapid and dynamic response to neuronal activity,
followed by a second wave of transcriptional regulation likely
to encode enduring adaptations at the synaptic and neuronal
levels. Unsurprisingly, IEGs involvement in neuronal functions
is widespread. In addition to representing key elements in
understanding neuronal activity and physiological response to
environmental stimuli, deciphering IEGs functions can provide
a wealth of information on how these mechanisms are impaired
in pathological conditions and thus bring novel insights into
the molecular mechanisms underlying severe neuropsychiatric
disorders.

Despite their widespread nature and overlap, each IEG
differs in activators, upstream regulatory pathways, targets and
expression pattern (Beckmann and Wilce, 1997; Herdegen and
Leah, 1998; O’Donovan et al., 1999; Poirier et al., 2008; Bahrami
and Drabløs, 2016). As such, early growth response 1 (EGR1)
represents a particularly interesting IEG in the context of
neuropsychiatric disorders due to its involvement in critical
processes underlying neuronal activity, from neurotransmission
and synaptic plasticity, to higher order processes such as learning
and memory, response to emotional stress and reward. In this
review aticle, we will thus focus on the role of EGR1 in the
central nervous system in both physiological and pathological
conditions. We will first briefly summarize the different factors
regulating EGR1 expression, and then take advantage of recent
genome-wide transcriptomic data to analyze the genes, pathways,
and biological functions targeted by EGR1 in the central nervous
system. Finally, we will discuss and illustrate the role of
EGR1 in pathological states with a particular interest in cognitive
functions and neuropsychiatric disorders.

FUNCTIONS AND REGULATIONS OF EGR1

Structure and Expression Pattern
EGR1 was first discovered and cloned almost three decades
ago during a screening of genes rapidly up-regulated by nerve

growth factor (NGF) in the rat PC12 cells in the presence of
the protein synthesis inhibitor cyclohexamide (Milbrandt, 1987),
thereby meeting criteria for an IEG. The same protein was cloned
and described simultaneously by different groups in multiple
cell lines stimulated by various growth factors, which explains
the existence of several alternate names: EGR1 (Sukhatme et al.,
1988), NGFI-A (Milbrandt, 1987), Krox-24 (Lemaire et al., 1988),
TIS8 (Lim et al., 1987, 1989), and Zif268 (Christy et al., 1988).
Notably, similar screening strategies led to the identification of
EGR2, EGR3 and EGR4, which alongside EGR1 constitute the
EGR family of IEGs (Beckmann and Wilce, 1997; O’Donovan
et al., 1999).

The structural similarities and differences between all four
EGR proteins have been described in details and summarized
elsewhere (Beckmann and Wilce, 1997) and thus will not be
extensively detailed in the current review article. Nevertheless,
it is important to note that all four members of the EGR
family are highly homologous both within and between species
around a region containing three Cysteine2-Histidine2 (C2H2)
zinc fingers DNA-binding domains, suggesting similarities in
the DNA sequences recognized by each EGR protein and
thus the possibility of overlap in their respective targets and
functions (Figure 1). Similarly, EGR1, EGR2 and EGR3, but not
EGR4, exhibit a domain of interaction with the transcriptional
co-repressors NGFI-A-1/2 (NAB1 and NAB2) that, in addition
to providing a negative control on the transcriptional activity
of EGR proteins (Gashler et al., 1993; Russo et al., 1993,
1995; Svaren et al., 1996; Beckmann and Wilce, 1997), suggests
that EGR1, EGR2 and EGR3 can lead to transcriptional
repression—a role supported in part by experimental evidence
in vivo (James et al., 2005, 2006; Duclot and Kabbaj, 2015).
Interestingly, aligning the amino-acids sequences for all EGR
proteins from humans, rats and mice, reveals that differences
between EGR proteins are greater within species than between
species, suggesting that similarities and specificities of each EGR
member are evolutionary conserved. Despite this homology,
however, the N-terminal region differs substantially between
all four members of the EGR family, indicating specificities in
protein-protein interactions and thus differences in regulation,
reactivity, transcriptional control, and ultimately neuronal
function (O’Donovan et al., 1999; Poirier et al., 2008).

In line with functional differences between members of
the EGR family, the constitutive EGR2 knock-out is lethal
whereas mice lacking EGR1 are viable despite reduced body
size, sterility associated with alterations of the pituitary-gonadal
axis, as well as axial myopia (Lee et al., 1995; Beckmann
and Wilce, 1997; Topilko et al., 1998; Schippert et al., 2007),
which indicates that EGR1 is not critically involved in prenatal
development. Accordingly, EGR1 expression is undetectable in
the embryonic nervous system (McMahon et al., 1990; Crosby
et al., 1992), but slowly rises throughout postnatal development
to reach adult expression levels by postnatal day 17 in the
rat hippocampus, for instance (Watson and Milbrandt, 1990;
Herms et al., 1994; Beckmann and Wilce, 1997). Interestingly,
this progressive increase in EGR1 expression parallels the time
of synaptic formation in cortical regions, and in the hippocampal
CA1 area, corresponds closely to the period of maximal response
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FIGURE 1 | Schematic representation of human early growth response 1 (EGR1) protein. The three zinc fingers domains of the human EGR1 protein (Uniprot
#P18146) are depicted with black bars, alongside the main post-translational modification sites identified so far (P, Phosphorylation; SUMO, Sumoylation; S, Serine;
T, Threonine). The T309 and S350 sites are phosphorylated by AKT (Yu et al., 2009), whereas S378, T391 and T526 represent the main sites phosphorylated by
casein kinase 2 (CSNK2; Jain et al., 1996).

to N-methyl-D-aspartate (NMDA) and long-term potentiation
(LTP) inducibility (Herms et al., 1994), which underscores the
relationship between EGR1 expression and synaptic plasticity.
In adulthood, EGR1 is expressed widely throughout the brain,
and thus maintains baseline expression levels in several key areas
for control of cognition, emotional response, social behavior
and sensitivity to reward such as the medial prefrontal cortex
(mPFC), striatum, hippocampus and amygdala (Herdegen et al.,
1995; Beckmann and Wilce, 1997; Knapska and Kaczmarek,
2004).

Upstream Regulators
Signaling Pathways and Transcriptional Control
Following the original discovery of EGR1 induction following
PC12 cells stimulation by NGF (Milbrandt, 1987), its expression
levels were quickly linked to synaptic activity in mature
neurons. In particular, in vivo electrical stimulations inducing
long-term potentiation (LTP) also up-regulate Egr1 mRNA
levels in an NMDA receptor-dependent manner (Cole et al.,
1989; Wisden et al., 1990). Similarly, Egr1 mRNA levels rapidly
and transiently increase in the rat forebrain, cerebellum and
hippocampus following pharmacological induction of seizures
(Saffen et al., 1988). Since then, the range of stimulations
able to induce Egr1 mRNA up-regulation has greatly expanded
and includes a variety of factors linked to neurotransmission
and synaptic activity. These include neurotransmitters such as
glutamate and dopamine, their receptors such as NMDA or
dopamine D1 receptors, as well as their respective agonists
or cellular depolarization itself (Beckmann and Wilce, 1997;
Herdegen and Leah, 1998; Knapska and Kaczmarek, 2004).
In line with these extracellular signals, multiple intracellular
signaling pathways downstream of these receptors directly
regulate EGR1 expression. Similar to other IEGs (Bahrami and
Drabløs, 2016), the RhoA-actin (Mullin et al., 2007), extracellular
signal-regulated kinase (ERK; Sgambato et al., 1998; Davis
et al., 2000) and p38 (Lim et al., 1998; Rolli-Derkinderen
et al., 2003) MAPK, or PI3K (Kumahara et al., 1999) have
been reported to control EGR1 expression in various systems,

including neurons in vivo (Beckmann and Wilce, 1997; Herdegen
and Leah, 1998; Knapska and Kaczmarek, 2004). Altogether,
these observations would indicate that EGR1 expression can
be activated upon a wide variety of stimuli, as reflected by
its up-regulation following an intracellular calcium increase
in hippocampal neurons (Bading et al., 1995), and support
the notion that EGR1 is generally activated upon neuronal
activity (Figure 2). While such a wide range of stimulating
factors can represent a challenge in pinpointing the exact
role of EGR1 in synaptic activity, this feature can be turned
into an advantage by using EGR1 expression as a marker of
neuronal activity allowing to map brain activation following
a specific behavioral, pharmacological, or environmental event
(Farivar et al., 2004; Stack et al., 2010; Okuno, 2011; Hollis
et al., 2012; Duclot et al., 2016). Interestingly, EGR1’s induction
following neuronal activity could also prove useful in tagging
neurons activated by specific stimuli which, coupled with
optogenetics, for instance, offers interesting methods to study the
functions of neuronal ensembles in high order brain functions
(Ramirez et al., 2015; Tonegawa et al., 2015). In this context,
it is particularly interesting to note that Egr1 promoter can
successfully be used in a reporter construct (Tsai et al., 2000).
Combined with the specific roles of EGR1 in regulating neuronal
plasticity (see ‘‘EGR1 Role in Pathological States’’ Section),
this provides unique opportunities to investigate the neuronal
ensembles underlying anxiety, stress response, and stress-related
disorders.

Upon activation, these intracellular signaling pathways will
engage their respective final effector(s) and transcription
factor(s) to directly regulate Egr1 gene transcription. Induction
of the p38 and ERK MAPK pathways, for instance, leads to
activation of the Ets-like-1 (Elk1) and cyclic AMP-response
element binding protein (CREB) transcription factors, which
can bind their respective response elements located in the
Egr1 promoter (Tur et al., 2010). In addition to these serum
response elements (SRE) and cAMP response element (CRE),
several other binding sites for key transcription factors were
identified on the Egr1 promoter: specificity protein 1 (Sp1),
activator protein-1 (AP-1), nuclear factor kappa B (NFκB),
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FIGURE 2 | Model for EGR1 regulations and functions in the central nervous system in the context of synaptic plasticity. In response to various stimuli
such as stress or learning tasks triggering growth factors release, hormones secretion, or neuronal activity, several intracellular signaling pathway including
mitogen-activated protein kinases (MAPK) or AKT are activated. Transcription factors such as serum response factor (SRF), cyclic AMP-response element binding
protein (CREB), or Ets-like-1 (ELK1), are thus induced and rapidly regulate Egr1 transcription. EGR1 can in turn directly regulate a wide array of transcriptional targets
related to multiple biological functions related to synaptic plasticity: vesicular release and endocytosis, neurotransmitters metabolism, micro-RNA (miRNA), receptors,
signaling pathways, actin cytoskeleton, as well as component of the proteasome complex. A few validated EGR1 targets are depicted under each biological
functions. Through such a wide array of direct transcriptional targets, EGR1 can thus regulate multiple aspects of synaptic plasticity, and thus orchestrate the
integration of environmental stimuli at the synaptic plasticity level to modulate relevant high order processes such as learning and memory, addiction, anxiety, and
neuropsychiatric disorders. Finally, several negative feedback mechanisms are also engaged, either directly through EGR1 itself, or indirectly through its direct targets
such as NAB1 or miR-124. Arc, activity-regulated cytoskeleton-associated protein; Chrna7, cholinergic receptor nicotinic alpha 7 subunit; ERK1/2, extracellular
signal-regulated kinase (ERK)s 1/2; Gad1, glutamate decarboxylase 1; Gr, Glucocorticoids receptor; Grin1, glutamate ionotropic receptor N-methyl-D-aspartate
(NMDA) type subunit 1, JNK, Jun N-terminal kinase; Mapk1, mitogen activated protein kinase 1; NAB1, NGFI-A-1; PSD-95, Postsynaptic density protein 95;
Snap29, synaptosomal-associated protein 29; Snap91, synaptosomal-associated protein 91; Stx6, syntaxin 6.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 4 March 2017 | Volume 11 | Article 35

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

or EGR1 itself (Knapska and Kaczmarek, 2004; Tur et al.,
2010). While most of these factors are generally considered
as positive regulators of transcription, this view is challenged
by the bivalent role of Elk1, for instance, either promoting
transcription through recruitment of histone acetyltransferases
(Li et al., 2003), or repressing transcription through recruitment
of histone deacetylases (HDAC; Yang et al., 2001). Similarly,
EGR1 binding to its own promoter represses its transcription
(Cao et al., 1993).

The complexity of Egr1 transcriptional regulation can be
resolved, however, when accounting for kinetics and interactions
between transcription factor binding, cofactors recruitment
and chromatin dynamics including histone methylation,
acetylation and phosphorylation, as well as nucleosome
positioning. Indeed, by focusing on Egr1 gene transcription
in MLP29 mouse progenitor cells, Riffo-Campos et al. (2015)
propose a model in which Elk1, CREB and EGR1 interact in
a timely manner to allow for a quick and transient activation
of Egr1 transcription. Following application of phorbol esters
in this system, EGR1 expression is induced within minutes,
peaks at 30 min post-application, and returns to baseline levels
by 180 min (Tur et al., 2010; Riffo-Campos et al., 2015). Prior
to treatment with phorbol esters, three components of HDAC
complexes, mSin3, HDAC3 and N-CoR are present on the Egr1
promoter (Tur et al., 2010). Interestingly, however, CREB, Elk1,
SRF and RNA-PolII are also found at the promoter even prior
to its induction, explained in part by a favorable nucleosome
positioning (Riffo-Campos et al., 2015), which thus suggests
that, similar to other IEGs (Bahrami and Drabløs, 2016), Egr1
transcription is poised at baseline. Induction by phorbol esters,
however, triggers characteristic nucleosome repositioning
events with partial eviction of the +1 and −1 nucleosomes,
as well as downstream sliding of the −2 nucleosome at the
15 min timepoint. At the same time, Egr1-promoter bound
CREB and Elk1 are phosphorylated in a p38- and MEK1/2-
dependent manner (Tur et al., 2010), resulting in an increase
in phosphoacetylation (pS10AcK14) and acetylation (AcK14)
of histone H3 at the +1 nucleosome (Riffo-Campos et al.,
2015). Such acetylation events are likely mediated by the
histone acetyltransferase activity of the transcriptional cofactor
CREB-binding protein (CBP) as its binding to the mouse Egr1
promoter increases in parallel with its transcription (Tur et al.,
2010). As a result, RNA-PolII recruitment rises and promotes
Egr1 transcription in a rapid manner. Simultaneously, however,
the downstream sliding of the −2 nucleosome partly uncovers
an EGR1 recognition site located slightly upstream and thus
allows EGR1 binding to its own promoter (Riffo-Campos et al.,
2015), which in turn leads to the progressive recruitment of
the transcriptional repressors NAB1 and NAB2 peaking from
30 min–60 min following induction (Tur et al., 2010). As
NAB2 is known to interact with the nucleosome remodeling and
deacetylase complex (NuRD; Srinivasan et al., 2006), it is likely
that this interaction is responsible for the progressive decline in
histone acetylation and phosphoacetylation, as well as the return
of nucleosomes to baseline positions leading to reduction in
EGR1 expression (Tur et al., 2010; Riffo-Campos et al., 2015).
Interestingly, NAB2 is not constitutively expressed but induced

by factors such as EGR1, which does provide a negative feedback
loop mechanism for EGR1 expression allowing to explain the
transient nature of its expression.

Epigenetics, Post-Translational Modifications and
Other Regulators
Importantly, such regulations of Egr1 transcription by histone
acetylation and methylation events are also found in neurons
in vivo as part of neuroadaptations underlying learning and
memory, cognitive functions and response to stress (Gräff et al.,
2012; Xie et al., 2013; Hendrickx et al., 2014; Rusconi et al.,
2016). Furthermore, DNA methylation and hydroxymethylation
have also been linked to the control of Egr1 transcription
associated with environmental impact on synaptic transmission
upon aging in the rat hippocampus (Penner et al., 2016), or sleep
deprivation in the mouse cortex (Massart et al., 2014). Altogether,
it is therefore clear that epigenetic mechanisms are not only
an essential part of Egr1 regulation, but also key mediators of
neuroadaptations critical to physiological and pathological brain
functions.

Furthermore, EGR1 levels can be regulated on another
epigenetic layer through micro-RNA (miRNA). Indeed, in
peripheral tissues and several cancer cell lines, several studies
report direct targeting of EGR1 by miR-543 (Zhu et al., 2016),
miR-192 (Wu et al., 2016), miR-146a (Contreras et al., 2015),
miR-7578 (Zhang et al., 2013), miR-183 (Sarver et al., 2010),
or miR-124 (Liu et al., 2016; Wang et al., 2016). Interestingly,
the latter is highly expressed in the brain and is a critical
regulator of neuronal function and thus an important mediator
of neuroadaptations in response to chronic stress, reward and
learning and memory (Sun et al., 2015). In line with the
involvement of EGR1 in these processes as well, a regulation of
EGR1 levels by miR-124 has also been reported in the central
nervous system. Indeed, miR-124 knockdown in the mouse
mPFC and hippocampus increase EGR1 mRNA and protein
levels, reflected by improvements in spatial learning and social
behaviors impaired in exchange protein directly activated by
cyclic AMP (EPAC)-knockout (KO) mice (Yang et al., 2012).
Interestingly, although no effect on synaptic transmission was
observed, this effect was associated with complete restoration
of LTP that was previously abolished in EPAC-KO mice (Yang
et al., 2012), which thus indicates that EGR1-targeting miRNA
are likely to be involved in the numerous functions under control
of EGR1.

In addition to such epigenetic mechanisms,
EGR1 transcriptional activity or stability can also be dynamically
regulated through post-translational modifications (Figure 1)
including phosphorylation, acetylation, sumoylation and
ubiquitination (Beckmann and Wilce, 1997; Veyrac et al.,
2014). For instance, while EGR1 phosphorylation levels
are very low in unstimulated cells, EGR1 proteins induced
by growth factors or UV radiations undergo substantial
phosphorylation events—involving in part protein kinase C or
tyrosine kinases—resulting in an increase in its DNA binding
activity (Cao et al., 1992, 1993; Huang et al., 1998). Similarly,
EGR1 can be acetylated by the histone acetyltransferase
complex p300/CBP, which reduces its transcriptional activity
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(Yu et al., 2004). Interestingly, EGR1 can undergo sumoylation
and ubiquitination, and has been reported to interact directly
with proteasome component C8, describing a likely mechanism
controlling its targeting for proteolysis by the ubiquitin-
dependent proteasome pathway (Bae et al., 2002; Li et al.,
2015). Notably, such regulation has been observed following
stimulation of ECV304 cells by epidermal growth factor,
which increases sumoylation and ubiquitination levels of
endogenous EGR1 proteins, ultimately leading to higher
EGR1 turnover through proteasome-mediated degradation
(Manente et al., 2011). Altogether, these observations suggest
that post-translational modifications are critical regulators of
EGR1 activity and stability. As further illustration, a detailed
mechanistic work describes a signaling pathway in which
EGR1 is phosphorylated at the T309 and S350 residues by Akt
in response to insulin-like growth factor 1, thereby enhancing its
interaction with alternate reading frame (ARF) which mediates
sumoylation of EGR1 at the K272 residue and activation of
the protein phosphatase and tensin homolog (PTEN; Yu et al.,
2009). As such modifications can be observed in the brain
following cocaine exposure, for instance (Xu and Kang, 2014),
post-translational modifications thus represent a critical level
in the regulation of EGR1 functions in the central nervous
system.

Finally, it is important to note that EGR1 expression differs
between strains (Pollak et al., 2005) and sexes in the central
nervous system, in a structure-specific manner. Indeed, adult
female rats exhibit lower EGR1 mRNA and protein levels than
males in the mPFC, but not in the striatum, or hippocampal
CA1 area (Stack et al., 2010; Duclot and Kabbaj, 2015; Yagi
et al., 2016). Interestingly, the sex bias is opposite in the
dorsal CA3 area, where the density of EGR1-expressing cells
is higher in female rats than males (Yagi et al., 2016). A
possibility to explain such sex differences in EGR1 expression
could reside in the ovarian hormone estrogen, as the latter can
directly up-regulate EGR1 expression. In the mouse mammary
gland, for instance, EGR1 is at the center of a gene regulation
network triggered by exposure to estrogen (Lu et al., 2008),
while its mRNA levels in the mouse uterus are up-regulated
following estrogen treatment (Kim et al., 2014). Surprisingly,
although an estrogen response element (ERE) has been identified
on the Egr1 promoter, the induction of Egr1 transcription
by estrogen is mediated by SRF and Elk1 binding to SRE
rather than binding of estrogen receptors to their ERE, and
is blocked by a MAPK but not PI3K pathway inhibitor
in rat cardiomyocytes or MCF-7 human breast cancer cells
(Slade and Carter, 2000; Chen et al., 2004), indicating that
EGR1 is a downstream target of estrogen’s non-genomic effects.
Interestingly, treatment with progesterone either doesn’t affect
Egr1 mRNA (Lu et al., 2008), or dampens the estrogen-induced
up-regulation of Egr1 mRNA in the mouse uterus (Kim et al.,
2014), which suggests that ovarian hormones can interact to
regulate EGR1 expression. These interactions are likely to be
specific to neurons, however, as Egr1, among other IEGs, is
strongly up-regulated in Schwann cells following progesterone
treatment (Mercier et al., 2001). Accordingly, we recently found
that Egr1 mRNA levels in the rat mPFC vary across the estrous

cycle with lower levels in the early afternoon of proestrus than
in diestrus (Duclot and Kabbaj, 2015), which therefore opens
the possibility that genes and biological pathways under direct
control of EGR1 also differ between sexes in an estrous cycle-
dependent manner.

Downstream Targets
Inherent from the characteristic features of an IEG, EGR1 is
rapidly up-regulated in neurons following neuronal activity and
orchestrates a subsequent wave of gene regulation to allow
for the long-term and enduring encoding of the neuronal
information. Surprisingly, despite its well-known association
with several processes of neuronal and synaptic plasticity, the
precise mechanisms by which EGR1 influences these processes
remains unclear. In particular, relatively little is known as to its
exact transcriptional targets and gene expression profile under its
control, especially in a neuronal context.

From its original cloning nearly three decades ago and
the description of three zinc fingers binding domains, the
9-nucleotide long sequence GCGG/TGGGCG was defined as
the EGR1 recognition sequence (Christy and Nathans, 1989;
Pavletich and Pabo, 1991). The presence of this specific EGR
response element could thus theoretically be a good indicator
of a direct transcriptional control by EGR1. Nevertheless, a
more detailed analysis of EGR1 binding sequence revealed
variation in this sequence and identified an optimal site of at
least 10 nucleotides rather than 9 (Swirnoff and Milbrandt,
1995). Moreover, experimental evidence indicates that EGR1 can
also regulate gene expression through interaction with other
transcription factors such as c/EBPβ, Fos, or Jun (Levkovitz and
Baraban, 2002; Zhang et al., 2003; Knapska and Kaczmarek, 2004;
Cheval et al., 2012), which thus further expands the range of
potential EGR1 targets and related biological pathways under its
control.

The investigation of EGR1 targets was first conducted on
a single-gene basis, through the focus on a particular cellular
regulation in a given system. Although this approach led to
the identification of numerous EGR1 target genes (Beckmann
and Wilce, 1997; Herdegen and Leah, 1998; Knapska and
Kaczmarek, 2004), the vast majority of EGR1 potential targets
remained to be deciphered. In the early 2000s, the popularization
of genome-wide techniques opened the possibility to search
for EGR1-regulated genes on a large scale. In several prostate
carcinoma cell lines, in which EGR1 is found overexpressed,
endogenous or adenovirus-mediated overexpression of
EGR1 impacts the expression of multiple genes, including
several growth factors such as insulin-like growth factor II (Igf2),
platelet-derived growth factor-A (PDGF-A), and transforming
growth factor-β1 (TGF-β), as well as membrane-associated
proteins, transcription factors and cofactors, all strengthening
the involvement of EGR1 in response to growth factors,
tumor progression, and apoptosis in these systems (Svaren
et al., 2000; Virolle et al., 2003; Arora et al., 2008). Notably,
the largest gene class identified in the prostate carcinoma
cell lines following EGR1 overexpression includes several
neuroendocrine-related genes found highly expressed in the
central nervous system (Svaren et al., 2000), which pinpoints a
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direct control of neuron-specific genes by EGR1. It is important
to note, however, that these regulations are in part cell-specific
as similar microarray analyses in human endothelial cells
overexpressing EGR1 revealed a different gene regulation profile
despite common targets such as TGF-β, Igf2, and p57kip2 (Fu
et al., 2003). Furthermore, a recent investigation of miRNA
directly regulated by EGR1 in the human erythroleukemia
cell line K562 reported a total of 124 distinct miRNA and
63 pre-miRNA bound by EGR1 following stimulation by
phorbol ester—which activates EGR1 expression in this cell
line (Wang et al., 2010). One of these miRNA, miR-124, is of
particular interest as it is a known regulator of EGR1 levels
(Liu et al., 2016; Wang et al., 2016), including in the central
nervous system (Yang et al., 2012), and is tightly associated
with neuronal function and higher order processes (Sun et al.,
2015). Therefore, in addition to represent a likely mediator
in EGR1 control of neuronal activity, these observations
suggest that miR-124 could be involved in a negative feedback
loop controlling EGR1 expression at the post-transcriptional
level.

In order to better characterize how EGR1 binds to its
target genes to regulate their transcription, and in an effort
to better predict the potential direct EGR1 targets, several
studies have investigated EGR1 binding through chromatin
immunoprecipitation (ChIP) following by microarray profiling
in monocytic differentiation of human monoblastoma cells or
following UV-induced apoptosis in prostate carcinoma cells
(Arora et al., 2008; Kubosaki et al., 2009). While these studies
provide rich information regarding their specific systems, a more
comprehensive understanding of EGR1 binding can be drawn
from the effort of the Encyclopedia of DNA Elements (ENCODE)
project. Indeed, as the ENCODE project included EGR1 as
part of the tier 1 chromatin immunoprecipitation followed by
deep sequencing (ChIP-seq), a wealth of information regarding
EGR1 DNA binding characteristics and target genes has
been made available (ENCODE Project Consortium, 2012). In
particular, we are thus able to analyze and compare the binding
pattern of 161 transcription factors across 91 cell types and a total
of 4,380,444 genomic regions, among which 44,985 correspond
to an EGR1 binding event. Out of the 15,872 genes thus
annotated, 8552 (53.9%) contain at least one EGR1 binding
region (peak) within 3 kb of their transcription start site (TSS),
which indicates that across several human cell types, EGR1 can
bind a very large number of genes and thus potentially regulate
a very large gene expression profile (see full annotated list in
Supplementary Table S1). As previously reported, EGR1 binds
in close vicinity to the TSS (Project Kubosaki et al., 2009;
ENCODE Project Consortium, 2012), but even though 41.6% of
all EGR1 peaks are located within the promoter region, 26.4%
are located within intronic regions. Notably, in line with the high
GC content in the EGR1 consensus binding sequence, 31% of all
annotated EGR1 peaks are located within a known CpG island,
as previously reported by ChIP-chip promoter array analysis
in human monoblastoma cells under monocytic differentiation
(Kubosaki et al., 2009). Pending further analysis of CpG island
and DNA methylation, the presence of a CpG island would thus
appear to be a useful informative feature refining the prediction

of putative EGR1 binding to a given gene across a variety of cell
types.

The functional analysis of genes with at least one EGR1 peak
from the ENCODE dataset reveals the enrichment of pathways
and processes related to growth factors signaling, including
neurotrophins, as well as general intracellular signaling cascades
such as Ras or MAPK, which also controls EGR1 expression itself
(Figure 3, and ‘‘Upstream Regulators’’ Section). Interestingly,
the molecular functions of EGR1-bound genes range from
chromatin and transcription factors activity to guanyl-nucleotide
exchange factor activity through serine/threonine kinase activity
(Figure 3D), which therefore indicates that EGR1 exerts a
transcriptional control on every level of signal transduction
cascade, from second messenger to transcription factor.
Accordingly, the cellular localization of the EGR1-bound genes’
products range from the chromatin to the cell membrane
(Figure 3C). It is important to note, however, that the latter
encompasses the top enrichment hits, and reflects an enrichment
of a large number of processes and pathways related to cell-cell
recognition and interactions, observed across all enrichment
domains (Figure 3), which suggests that EGR1 is likely to regulate
cell-cell communication through a wide number of genes.
Although this observation emerges from non-neuronal cell types
(ENCODE Project Consortium, 2012), similar observations were
made in the mouse brain. Indeed, following EGR1 ChIP-seq
in the mouse cortex, a total of 11,103 genes were found bound
by EGR1 in close vicinity to their TSS and were enriched for
biological processes and pathways related to protein trafficking,
synaptic vesicles transport, endocytosis, protein phosphorylation
and intracellular signaling cascades (Koldamova et al., 2014). In
this context, the relations of EGR1-bound genes with multiple
levels of cell-cell communication, from reorganization of the
actin cytoskeleton, to transcription factors through intracellular
signaling cascades grant EGR1 the ability to control neuronal
activity in a widespread manner.

In addition to the biological functions described above,
a distinct pattern associated with EGR1-bound genes relates
to proteasome-mediated and ubiquitin-dependent protein
degradation, found in all annotation domains analyzed
(Figure 3). Interestingly, while the regulation of growth
factors signaling and transcription factors-related processes
were observed in genes bound by EGR1 in their promoter
or intronic regions, the enrichment of proteasome-mediated
degradation processes preferentially involves genes bound
by EGR1 in intronic regions (Figure 3B). Although its
functional significance remains unknown, this may indicate
that EGR1 control of proteasomal degradation-related
genes is mediated through binding to enhancer regions or
alternative TSS. Most importantly, such link between EGR1 and
proteasome-mediated protein degradation is also found in
neurons, as viral overexpression of EGR1 in cultured neuronal
PC12 cells affects the expression of 135 genes, enriched for
components of the proteasome and ubiquitin-related factors
(James et al., 2005). Similarly, transgenic overexpression of
EGR1 in the mouse forebrain results, in the amygdala, in the
up-regulation of proteins related to the proteasome-core
complex, among other processes such as metabolism,
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FIGURE 3 | Functional analysis of EGR1 targets from the encyclopedia
of dna elements (ENCODE) datasets. All genes annotated near an
EGR1 peak (“All_genes”), or those with at least one EGR1 peak called within
their promoter region (3 kb around transcription start site (TSS),
“Prom_genes”), or within their intronic region (“Intron_genes”), were
functionally annotated with the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (A) and the gene ontology database distinguishing between
the biological processes (B) cellular component (C) and molecular functions
(D) domains with the Bioconductor package ChIPSeeker (v1.8.9; Yu et al.,
2015).

phosphorylation, or metal ion transport (Baumgärtel et al.,
2009). Given that these regulations were also associated with
genes involved in intracellular signaling, synapse formation and
architecture, as well as neurotransmitter release, it is tempting
to conclude that EGR1 is a master regulator of neuronal
activity at multiple level of the synaptic and neuronal plasticity
processes by orchestrating a widespread gene expression profile
(Figures 2, 3).

It is important to keep in mind, however, that although
the majority of genes affected by EGR1 overexpression
present with one or more predicted EGR response elements
(James et al., 2005; Baumgärtel et al., 2009), the absence of
direct measurement of EGR1 binding and the possibility of
detecting extra-physiological EGR1 transcriptional activity due
to exogenous overexpression cannot be ruled out. Recently,
however, we took advantage of endogenous differences in
EGR1 expression levels in the rat mPFC between males and
females, as well as within females across the estrous cycle,
to provide additional in vivo ChIP-seq information on its
direct targets underlying its role in neuronal activity. We
thus found that between proestrus and diestrus females, the
transcriptomic changes were very large and paralleled by
widespread differential binding of EGR1 throughout the genome
(Duclot and Kabbaj, 2015). Supporting James et al. (2005)
findings in cultured neuronal cells, the EGR1-bound genes
were highly enriched for biological processes related to synaptic
function—neurotransmitters, signal transduction, presynaptic
vesicular trafficking, synapse formation and assembly, and
protein translation and degradation (Duclot and Kabbaj, 2015).
Notably, this enrichment was even stronger when considering
only the genes detected by RNA-seq as differentially expressed,
which strongly suggests that EGR1-binding to these genes was
transcriptionally effective.

EGR1 ROLE IN SYNAPTIC PLASTICITY

Following the original report of Egr1 mRNA levels increase
by NGF (Milbrandt, 1987), stimulation of neuronal activity
was soon identified as a potent trigger for EGR1 induction.
In particular, high, but not low, frequency stimulation of the
perforant path, which induces LTP, increased Egr1 mRNA
levels in the ipsilateral granule cell neurons (Cole et al., 1989).
Importantly, NMDA receptors antagonism or simultaneous
synaptic inputs inhibiting LTP were able to block this response,
and thereby were the first demonstration that EGR1 expression
can be induced by conditions favorable to LTP formation. At
the molecular level, this EGR1 regulation requires the MAPK
MEK and triggers the ERK1/2, Elk1 and CREB signaling cascade
(Davis et al., 2000; Veyrac et al., 2014). Interestingly, early
correlations between EGR1 levels and LTP expression pointed
towards a link between EGR1 and LTP persistence, rather than
its induction (Richardson et al., 1992; Abraham et al., 1993;
Knapska and Kaczmarek, 2004). This was confirmed later in
EGR1-KO mice in which early hippocampal LTP was intact,
but was not present 24–48 h post-tetanic stimulation while,
indicating that EGR1 is required specifically for the maintenance
of LTP, but not its induction (Jones et al., 2001). Conversely,

Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 March 2017 | Volume 11 | Article 35

http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

EGR1 overexpression in the forebrain enhances LTP in the
mouse dentate gyrus (Penke et al., 2014). As hippocampal LTP
is considered a molecular hallmark of spatial memory formation
(Sweatt, 2016), the role of EGR1 in learning and memory
paradigms has been extensively studied and recently reviewed
elsewhere (Bozon et al., 2002; Knapska and Kaczmarek, 2004;
Veyrac et al., 2014). This will thus not be discussed in detail
here.

It is important to note, however, that in line with the
important role of EGR1 in late-phase LTP, short-term spatial
memory is intact in EGR1-KO mice, while spatial long-term
memory is impaired (Jones et al., 2001), suggesting a critical
role for EGR1 in memory consolidation. Although EGR1 is
up-regulated following a wide range of learning procedures,
this effect remains structure-specific and is generally observed
in the brain regions relevant to the nature of the learning
task (Veyrac et al., 2014), in line with its induction by
neuronal activity. Moreover, the functional and behavioral
outcome of EGR1 up-regulation in learning in memory is
also specific to the nature of the task. For instance, although
EGR1 knockdown by RNA interference in the amygdala
impairs the consolidation of cued and contextual fear memory,
EGR1 knockdown in the hippocampus impairs contextual
memory reconsolidation but not consolidation—in line with
the known distinction in molecular events recruited under
memory consolidation and reconsolidation (Lee et al., 2004;
Veyrac et al., 2014). Notably, recent evidence derived from RNA
interference experiments in rats suggest that EGR1’s role in
memory reconsolidation rather reflects suppression of extinction
upon short memory recall and thus tilting of the balance
between activation of extinction or reconsolidation towards
the latter (Trent et al., 2015). Interestingly, EGR1 involvement
may not be restricted to memory encoding but is likely to be
expanded to neuronal encoding in a more global way. Indeed
EGR1 deletion in mice destabilizes the spatial representation
of a familiar environment in hippocampal CA1 place cells,
and impairs the long-term, but not the short-term stabilization
of a novel environment (Renaudineau et al., 2009). In the
same cells, EGR1 is up-regulated during a water maze
procedure regardless of the memory performance or even
in a non-learning version of the task, which suggests that
EGR1 up-regulation in place cells is activated each time the
animal enters an area related to the given place cells and
thus reflects spatial encoding rather than memory encoding
(Rapp et al., 1987; Guzowski et al., 2001; Shires and Aggleton,
2008; Laeremans et al., 2015), in line with the functional role
played by this cell population (O’Keefe and Dostrovsky, 1971).
Similarly, Carter et al. (2015) recently observed that exposure
to a water maze task increases EGR1 and c-Fos expression
through ERK1/2 activation and histone H3 phosphoacetylation
throughout the rat hippocampus regardless of the learning
component, although the effects were most pronounced in the
dentate gyrus.

Notably, while EGR1 regulation by neuronal activity and
plasticity underlying memory processes are well documented,
the exact transcriptional targets involved remain unclear. Under
this perspective, it is particularly interesting to consider another

IEG: Arg3.1 (also known as ARC). Indeed, EGR1 binds to
Arc promoter in vivo following synaptic activation and triggers
its transcription (Li et al., 2005). On a functional level, ARC
shares a lot of similarities with EGR1. Indeed, ARC is an
IEG up-regulated in neurons following synaptic activity, is
involved in the maintenance of LTP, and is required for
long-term memory consolidation but not short-term memory
formation or learning (Minatohara et al., 2015). Contrary
to EGR1, however, ARC mRNA and proteins can be found
in dendrites and post-synaptic locations (Kobayashi et al.,
2005) where it is believed to function by interacting with
other post-synaptic proteins. In particular, ARC interacts with
endophilin and dynamin to enhance endocytosis of α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors,
but also interacts with the actin cytoskeleton in dendritic spines
where it is required for cofilin phosphorylation and local F-actin
expansion (Chowdhury et al., 2006; Bramham et al., 2008).
As both processes are critical underpinning of major synaptic
plasticity events such as LTP, ARC-mediated reorganization
of actin cytoskeleton and synaptic architecture represents a
very promising candidate in mediating EGR1’s critical role in
synaptic plasticity and related behavioral outcomes such as
memory consolidation. It is important to note, however, that
ARC can also be regulated independently of EGR1, as observed
following intra-hippocampal brain-derived neurotrophic factor
infusion in rats (Ying et al., 2002), which, in addition to
illustrating the diversity in ARC regulation, further illustrates
the specificity in EGR1 recruitment underlying neuronal and
synaptic plasticity.

Interestingly, recent genome-wide investigations of
EGR1 transcriptional targets point towards a widespread
regulation of genes associated with similar dynamics critical
in regulating synaptic plasticity. Indeed, a multitude of genes
related to vesicular transport and neurotransmitter release,
clathrin-dependent endocytosis (involved in post-synaptic
receptor internalization), or actin cytoskeleton, are commonly
observed as direct EGR1 targets (ENCODE Project Consortium,
2012; Koldamova et al., 2014; Duclot and Kabbaj, 2015),
suggesting that besides ARC, many other EGR1 targets related
to these processes may be involved in the regulation of
synaptic activity by EGR1. In this context, it is particularly
interesting to note that EGR1 was recently described as
recruited to the postsynaptic density 95 (PSD-95) gene promoter
in response to NMDA receptor activation in hippocampal
primary neurons, leading to its repression (Qin et al., 2015).
As a result, EGR1 knockdown in rat hippocampal neurons
blocks NMDA receptors-induced PSD-95 down-regulation and
AMPA receptor endocytosis, while its overexpression has the
opposite effects (Qin et al., 2015). Similarly, the observation
that EGR1 controls the expression of genes related to protein
translation and ubiquitin-dependent degradation (James et al.,
2005, 2006; Baumgärtel et al., 2009) indicates that EGR1 can
coordinate a complex transcriptional program leading to
a synaptic reorganization at multiple levels that promotes
stabilization of the synapse, which would be in line with
the repeated involvement of this IEG in encoding synaptic
information.
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EGR1 ROLE IN PATHOLOGICAL STATES

As described above, EGR1 is regulated by a wide variety of
environmental stimuli and can regulate a large transcriptional
program related to critical processes underlying synaptic
plasticity and encoding of information. As a result,
EGR1 represents a key factor both in integrating perception of
the environment and in shaping an appropriate response. In this
context, it is therefore not surprising to find EGR1 associated
with neuropsychiatric illnesses in which neuronal plasticity and
activity is altered or dysfunctional. In the sub-sections below, we
will thus focus on some of the main neuropsychiatric disorders
in which EGR1 has been implicated.

Response to Stress
Despite their high prevalence (Kessler et al., 2012), stress-related
mood disorders such as anxiety and depression still remain
elusive in their exact etiology. Nevertheless, repeated exposure
to stressful experiences is now established to represent one of the
main risk factors for their development. As a result, a multitude
of animal models for depression and anxiety disorders relying
on the repeated exposure to stress of different nature have been
developed (Czéh et al., 2016). In this context, it is important to
first better understand EGR1’s regulation and role in response to
stress and in such animal models.

In accordance with its activation by neuronal activity,
EGR1’s regulation following exposure to stress is variable
depending on the nature and duration of the stress. An acute
physical stressor, such as restraint, immobilization, or forced
swim, leads to increase in Egr1 mRNA levels throughout
the brain including neocortical areas, hippocampus, lateral
septum, caudate putamen, nucleus accumbens, amygdala, and
paraventricular nucleus (PVN) of the hypothalamus (Schreiber
et al., 1991; Melia et al., 1994; Watanabe et al., 1994; Cullinan
et al., 1995; Olsson et al., 1997; Knapska and Kaczmarek, 2004;
Kozlovsky et al., 2009). Despite such a strong response to an
acute stress, repetition of the same stress blunts the stress-
induced EGR1 response, as observed in the PVN, hippocampus,
or cortical regions (Melia et al., 1994; Watanabe et al., 1994;
Girotti et al., 2006), and denotes a physiological habituation
to homotypic exposures to physical stressors. Despite this
habituation, however, exposure to a novel stress (shaking
stress vs. restraint stress) still leads to a full increase in
Egr1 mRNA levels in the PVN (Watanabe et al., 1994),
which thus indicates that habituation to the stressor is stress-
specific. Nevertheless, one study investigating the effects of
immobilization stress on IEGs expression in the PVN found
that whereas c-Fos and EGR1, among others, are up-regulated
upon acute immobilization, repetition of this stress for 6 days
suppresses such response for c-Fos, but not for EGR1 (Umemoto
et al., 1994, 1997). Furthermore, as chronic treatment with
high concentration of glucocorticoids (corticosterone) mimics
the effects of repeated stress exposure, the authors concluded
that glucocorticoids mediate the habituation of IEGs in the
PVN to repeated stress exposure while EGR1 was resistant
to such effect (Umemoto et al., 1997). As EGR1 is a reliable
marker of neuronal activity, these findings can be seen as

illustrations of the importance of the nature and intensity of
the stress on the neuronal and transcriptional response and
habituation upon repeated exposure. Interestingly, although
outside of the central nervous system, a recent genome-wide
investigation in the rat adrenal medulla of the evolution of genes
whose regulation is correlated with EGR1 following one or six
exposures to immobilization stress revealed a distinct profile of
interactions across time. Indeed, while EGR1 is up-regulated in
the rat medulla following both acute (1×) and repeated (6×)
exposure to the immobilization stress (Liu et al., 2008), its gene
interaction network differed between the two stress conditions,
indicating that EGR1 has different targets and functions between
acute and repeated exposure to an immobilization stress
(Papanikolaou et al., 2014). Altogether, stress is a major trigger
for EGR1 induction in the central nervous system. Nevertheless,
this activation mostly reflects the pattern of neuronal activity
in response to various stressors and, as a result, varies with
the nature, duration and intensity of the stress. This point is
particularly well illustrated by the positive correlation observed
between the magnitude of HPA axis activity, as measured
by plasma adrenocorticotropic hormone (ACTH) levels, and
Egr1 mRNA levels in the PVN—an intrinsic component of
the hypothalamic-pituitary-adrenals (HPA) axis—but not in the
hippocampus or cortical regions for which EGR1 signal was
more related to the exploration of the environment (Pace et al.,
2005).

Notably, in addition to being regulated by exposure to
stressful experiences, evidence indicates that EGR1 is a critical
factor in encoding the behavioral enduring effects of stress.
Indeed, acute exposure to forced swim stress or activation of
the glucocorticoid receptor (GR) up-regulates EGR1 expression
in the rat or mouse hippocampus, which mediates stress-related
fear memories (Revest et al., 2005, 2010; Saunderson et al., 2016).
Interestingly, such stress-induced EGR1 up-regulation depends
on the methylation status of its promoter (Saunderson et al.,
2016) and results in an increase in the expression and activation
of MAPK pathway-associated proteins (Revest et al., 2005)
as well as the synaptic plasticity-associated protein synapsin-I
(Revest et al., 2010). Combined with the blockade of stress-
related fear memory or GR-induced synapsin-I expression in
these paradigms by synapsin-I or EGR1 knockdown, respectively,
these data support a model in which EGR1 expression in the
rodent hippocampus is highly regulated by stress exposure, and
in turn controls synapsin-I expression to influence the synaptic
plasticity underlying the consolidation of stress-related memory
(Revest et al., 2010).

Stress-Related Mood Disorders and
Schizophrenia
Such variability in EGR1 response depending on the nature of
the stress is also particularly important in understanding the
link between EGR1 and the behavioral outcome of stress. As a
result, in postmortem tissue from patients suffering from major
depressive disorder, in which stress is a major risk factor (Czéh
et al., 2016), EGR1 levels in the prefrontal cortex are lower
when compared to healthy controls (Covington et al., 2010).
Notably, such reduction was observed in both unmedicated
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and medicated subjects not responding to treatment and thus
suggests that EGR1 levels in the mPFC are directly associated
with a depressive phenotype and could be seen as a marker
or mediator of positive response to antidepressant treatment
(Covington et al., 2010). In light of the tight link between
EGR1 expression and neuronal plasticity, the down-regulation
of EGR1 in the PFC of depressed patients is particularly
interesting and could represent one of the substrates for
the anatomical and functional alterations observed in major
depressive disorders in this brain area (Krishnan and Nestler,
2008; Koenigs and Grafman, 2009; Lefaucheur et al., 2017).
In this context, a similar dysregulation of EGR1 expression is
observed in other neuropsychiatric disorder characterized by
functional alterations in PFC activity such as schizophrenia,
where Egr1 mRNA levels are also found down-regulated in the
dorsolateral prefrontal cortex (Yamada et al., 2007; Kimoto et al.,
2014). Interestingly, EGR1 levels in the PFC of schizophrenia
patients are positively correlated with the mRNA levels for the
glutamic acid decarboxylase 1 (GAD1), whose down-regulation
is a robust molecular feature of schizophrenia subjects (Pérez-
Santiago et al., 2012; Kimoto et al., 2014). Notably, although
other IEGs such as c-Fos, c-jun, or EGR2 are also altered
in schizophrenia, their expression levels are not correlated
with GAD1 mRNA levels (Kimoto et al., 2014), which thus
supports a specific role for EGR1 in GAD1 regulation and
highlights its function as an important factor in the altered
cortical GABA synthesis and cognitive functions observed
in this neuropsychiatric disorder. Finally, in the search for
schizophrenia biomarkers in peripheral tissues, EGR1 levels
in whole blood samples was associated with schizophrenic
symptoms such as high delusional states (Kurian et al., 2011).
Similarly, EGR1 was among six genes identified as up-regulated
in fibroblasts from schizophrenic patients, and the only one
confirmed in peripheral blood cells as well (Cattane et al., 2015).
Although this regulation is opposite to the down-regulation
observed in the dorsolateral prefrontal cortex of schizophrenia
patients (Kimoto et al., 2014), the up-regulation of EGR1 in
blood cells was specific for schizophrenia when compared to
major depressive disorder or bipolar disorder (Cattane et al.,
2015), which confers EGR1 a particularly promising biomarker
potential in a clinical environment. Altogether, these findings
support a role for EGR1 in both the etiology and therapeutic
interventions in schizophrenia.

In line with these clinical observations, Egr1 mRNA levels are
generally found down-regulated in specific brain areas in animal
models inducing depressive- and anxiety-like states. For instance,
the exposure of male mice to 14 days of chronic unpredictable
stress leads to reduced levels of Egr1 mRNA in the hippocampus
associated with cognitive impairments in a water maze learning,
novel object recognition and location tasks, CA1 basal dendrites
atrophy, and altered ERK1/2 phosphorylation (Xu et al., 2015).
Similarly, while an acute social defeat stress increases Egr1
mRNA in the male mouse hippocampus (Rusconi et al., 2016),
reduced Egr1 mRNA levels in the mouse mPFC are found
following repeated social defeat (Covington et al., 2010), a
well-established animal model for depressive- and anxiety-like
states (Hollis and Kabbaj, 2014). Notably, EGR1 expression

is also reduced in the prefrontal cortex of human depressed
subjects unmedicated or not responding to treatment, which thus
suggests that EGR1 levels in the mPFC are directly associated
with a depressive phenotype and could be seen as marker or
a mediator of positive response to antidepressant treatment
(Covington et al., 2010). Accordingly, reduced Egr1 mRNA levels
in the brain are commonly observed in another well-established
animal model of depressive-like state, social isolation. Indeed,
reduced EGR1 expression is observed in the PVN, mPFC, HPC,
or extended amygdala of rats, mice and prairie voles following
social isolation (Northcutt and Lonstein, 2009; Matsumoto et al.,
2012; Hodges et al., 2014; Okada et al., 2014, 2015; Hodges and
McCormick, 2015; Ieraci et al., 2016).

Despite the strong association of EGR1 expression levels
with depression- and anxiety-like behaviors described above, the
evidence for a functional link was obtained from the behavioral
phenotype of EGR1-KO mice, which present with lower anxiety
levels reflected by higher exploratory behavior in the open arms
of an elevated plus maze (Ko et al., 2005). Since then, the role
of EGR1 in regulating anxiety has been further described and
targeted to the mPFC, although other structures such as the
amygdala or ventral HPC are likely to contribute. In particular,
we demonstrated that EGR1 expression levels in the rat mPFC
control the social interaction behavior, an indicator of social
anxiety, and was sufficient to explain sex differences in social
interactions observed in Sprague-Dawley rats (Stack et al., 2010).
Indeed, the lower levels of social interaction displayed by females
when compared to males are paralleled by lower levels of
EGR1 mRNA and proteins in the mPFC. Furthermore, antisense-
mediated EGR1 knockdown in the mPFC of males reduced their
social interaction levels to those of females (Stack et al., 2010).
Conversely, viral-mediated EGR1 overexpression in the mPFC
prevents deficits in social interactions induced castration in male
rats (Dossat et al., 2017). Similarly, the intracerebroventricular
injection of locked-nucleic acid-modified antisense nucleotide
knocking down miR-124—which inhibits EGR1—reverses the
social interactions impairments in EPAC-KO mice (Yang et al.,
2012). Notably, it is particularly interesting to note that
partial changes in EGR1 protein levels seen in the studies
described above, especially in the mPFC, are sufficient to
substantially alter complex behaviors such as social interactions.
In addition to indicating that variations in EGR1 levels are critical
in determining anxiety levels, this suggests that endogenous
variations in EGR1 protein levels in the mPFC such as those
occurring throughout the female estrous cycle (Duclot and
Kabbaj, 2015) are likely to be associated with variations in
anxiety-related behaviors. Accordingly, estrous cycle-dependent
variations in anxiety-like behaviors are reported in female
rodents (Donner and Lowry, 2013; Barth et al., 2015).

In addition to its association with the development of
anxiety- and depression-like states, EGR1 is actively regulated
by several classes of antidepressant treatments throughout the
brain. While behavioral antidepressant effects are typically
observed following chronic, but not acute, treatment, it
is surprising to find an up-regulation of EGR1 in the
rat hippocampus following a single dose of the tricyclic
antidepressant desipramine (Dahmen et al., 1997), or in
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the rat amygdala following an acute dose of fluoxetine,
imipramine, mirtazapine, or lithium chloride (Slattery et al.,
2005). Nevertheless, no effects were observed in other brain
regions analyzed, suggesting that this effect was relatively
constrained (Slattery et al., 2005). Following chronic treatment
regimen, the effect is more robust as EGR1 is up-regulated
following a wide variety of antidepressant treatments—ranging
from the classical antidepressants imipramine and fluoxetine,
to electroconvulsive seizures (ECS)—and in multiple key
brain areas for antidepressant effects such as the mPFC and
hippocampus (Morinobu et al., 1995, 1997; Bjartmar et al.,
2000). Interestingly, this effect may not be restricted to
neurons as imipramine application on cultured rat astrocytes
up-regulates EGR1 expression in a MAPK-dependent manner,
which then binds to the glial cell line-derived neurotrophic
factor (gdnf ) gene promoter and activates its expression (Kim
et al., 2011). Moreover, while these effects were observed in
unstressed systems, which could thus be considered at baseline,
experimental interventions exerting an antidepressant-like effect,
such as environmental enrichment, FGF2, or fluoxetine, have
also been reported to reverse or protect from induction of
anxiety- and depressive-like states in multiple models (Monsey
et al., 2014; Novaes et al., 2017; Salmaso et al., 2016). Although
causality still remains to be clearly established, the up-regulation
of EGR1 following antidepressant treatment thus emerges as
a key feature of antidepressant response. This is particularly
interesting in light of the reduced EGR1 expression found
in the frontal cortex of depressed patients who remained
symptomatic despite being medicated, as this further suggests
that EGR1 up-regulation could represent a reliable marker
for positive therapeutic response to antidepressants (Covington
et al., 2010).

Interestingly, despite its low expression levels early in the
development, EGR1 has been identified as an important mediator
of the effects of early-life experience through its transcriptional
control of the gr gene. For instance, the levels of maternal care
received by rat pups during the first week of life determines
their neuroendocrine response to stress later in adulthood,
through DNA methylation at the hippocampal gr promoter
located on an EGR1 binding site (Weaver, 2007). As evidence
suggests that maternal care triggers serotonin release in the
hippocampus, it is particularly interesting that EGR1 knockdown
by RNA interference prevents serotonin-induced increase in GR
expression in cultured rat hippocampal neurons (Weaver et al.,
2007), which thus suggests that the extent of maternal care
received by the pup during the first week of life will influence
EGR1 binding to the gr promoter, which will in turn determine
GR expression in a long-lasting manner through epigenetic
mechanisms (Weaver, 2007). Notably, children exposed to
physical maltreatment—a known risk factor for the development
of mood-related alterations in adulthood (Shackman et al.,
2007; Shackman and Pollak, 2014)—present with greater DNA
methylation of the gr promoter, including at the EGR1 binding
site (Romens et al., 2015), indicating that such EGR1 control
of GR expression by maternal care could also be observed in
humans. Moreover, other early-life stressful experiences have
similarly been reported to impact EGR1 expression. Maternal

separation of C57Bl/6 mice from postnatal day 14–16, for
instance, induces a rapid increase in EGR1 expression and its
target ARC in the hippocampus through histone acetylation
at their respective promoter (Xie et al., 2013). Although
causality remains to be determined, these changes are associated
with greater dendritic complexity and spine number in the
hippocampal CA3 area (Xie et al., 2013), suggesting that early-life
experiences can affect neuronal architecture and organization
through EGR1. The timing of such manipulation is critical,
however, as maternal separation in the same C56Bl/6 strain
from postnatal day 2–15 leads to a marked reduction in
EGR1 expression in the forebrain neocortex (Navailles et al.,
2010).

In addition to shape response to stress later in adulthood,
early-life experiences can also impact the development of
neuropsychiatric disorders such as schizophrenia. Indeed,
adult rats having received high levels of maternal care
present with higher GAD1 mRNA hippocampal levels than
individuals raised by dams providing low levels of maternal
care (Zhang et al., 2010). Notably, this regulation is mediated
by EGR1 binding, along with higher H3K9 acetylation and
lower DNA methylation, at the gad1 promoter (Zhang et al.,
2010), and thus directly implicates EGR1 in the regulation of
GAD1 expression in the brain, which is of particular interest
in the context of neuropsychiatric illness in light of the positive
correlation between GAD1 and EGR1 expression levels in
schizophrenia patients (Kimoto et al., 2014). While the molecular
underpinnings of EGR1 alterations in schizophrenia remain
unknown, knockdown in cultured hippocampal GABA neurons
of the histone deacetylase 1 (HDAC1) and its co-repressor
DAXX, whose expressions are also altered in schizophrenia,
results in increased GAD1 and Egr1 mRNA levels, which
opens the possibility for an HDAC1/DAXX-mediated repression
of EGR1 expression leading to GAD1 inhibition (Subburaju
et al., 2016). Furthermore, beyond its etiology, EGR1 is also
associated with response to antipsychotic drugs (MacGibbon
et al., 1994; Robbins et al., 2008; Bruins Slot et al., 2009; Wheeler
et al., 2014; de Bartolomeis et al., 2015), or the psychomimetic
phencyclidine in rats (Tamminga et al., 1995; Näkki et al.,
1996).

Altogether, the above experimental evidence highlights the
important role played by EGR1 in mediating or modulating the
stress response and the development of various stress-related
disorders. The upstream regulators involved, however, remain
unclear and it thus becomes interesting to further consider
the link between glucocorticoids released following chronic
stress, and EGR1 expression in the central nervous system.
Indeed, while EGR1 is a direct regulator of gr transcription,
activation of GR leads to EGR1 up-regulation in the mouse
and rat hippocampus through intracellular signaling pathways
involving MAPK (Revest et al., 2005, 2010) or the serum and
glucocorticoid regulated kinase 1 (SGK1; Tyan et al., 2008).
Notably, the regulation of EGR1 expression by SGK1 involves
well-defined mechanisms of Egr1 transcriptional regulation via
the activation by phosphorylation of SRF and CREB, and has
been linked to spatial memory formation in rats (Tyan et al.,
2008). As its expression in the rodent hippocampus and mPFC
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rodents is strongly regulated by acute (Bohacek et al., 2015;
Mifsud and Reul, 2016) or chronic stress (Anacker et al., 2013;
Miyata et al., 2015; Skupio et al., 2015; Cattaneo and Riva, 2016;
Wei et al., 2016), SGK1 emerges as a particularly interesting
candidate in mediating EGR1 regulations in response to various
stress paradigms. In this context, it is particularly interesting
to note that SGK1 expression levels are down-regulated
in the PFC of post-traumatic stress disorder patients—or
increased in the peripheral blood of unmedicated depressed
patients (Anacker et al., 2013)—and that SGK1 inhibition in
the rat mPFC induces depressive-like behaviors in rodents
associated with abnormal dendritic spine morphology and
synaptic dysfunction (Licznerski et al., 2015). Altogether, these
experimental observations delineate a hypothetical working
model in which glucocorticoids release following chronic stress
exposure alters SGK1 expression in key brain areas including
the hippocampus and mPFC, which in turns regulates Egr1
transcription through activation of SRF and CREB transcription
factors. Although the requirement of EGR1 in SGK1’s effects on
neuronal plasticity remains to be determined, EGR1 could in turn
orchestrate, through its wide array of targets, the neuronal and
synaptic plasticity events underlying the long-term behavioral
effects of stress that influence the development of stress-related
disorders such as depression or PTSD.

Drug Reward, Withdrawal and Relapse
Exposure to substance of abuse is a powerful environmental
stimulus that triggers a strong neuronal response throughout the
brain, but mainly targeting the mesolimbic dopaminergic system,
and bears the ability to reorganize existing neuronal connections
in a long-lasting manner. IEGs such as EGR1 have thus been
repeatedly associated with the neuronal response to large number
of compounds with rewarding or addictive properties. EGR1’s
involvement in response to cocaine, for instance, are now
relatively well-described and reviewed elsewhere (Veyrac et al.,
2014). We will thus focus the following section on two distinct
classes with rewarding properties.

Opiates, for instance, are known triggers for EGR1 expression
in various brain areas. In particular, an acute heroin injection
up-regulates Egr1 mRNA levels in the core and shell of the
nucleus accumbens, the dorsal striatum, and the cingulate cortex
of C57Bl6 mice (El Rawas et al., 2009). Similarly, increased
EGR1 expression levels are observed in the extended amygdala,
dorsal striatum, nucleus accumbens shell, and cingulate cortex
following an acute morphine injection (Hamlin et al., 2007;
Ziółkowska et al., 2012, 2015). Notably, the latter is observed
4 h and 6 h following injection, which suggests that in this
context, EGR1 up-regulation is part of a second wave of gene
regulations, and is not associated with the rapid hyperlocomotor
effects of morphine (Ziółkowska et al., 2015). They do suggest,
however, that EGR1 can be involved in neuroadaptations
underlying long-lasting effects of morphine exposure, such
as withdrawal and relapse. Accordingly, naloxone-induced
morphine withdrawal in rats induces an EGR1 up-regulation
in the cerebral cortex, hippocampus, thalamus, cerebellum, and
brainstem 60 min following the withdrawal (Beckmann et al.,
1995). Similarly, EGR1 and its target ARC are up-regulated

in the rat dentate gyrus upon morphine-withdrawal memory
retrieval which, in light of its established role of in contextual
memory reconsolidation in the hippocampus (Lee et al., 2004),
suggests that EGR1 could be involved in the synaptic plasticity
events underlying reconsolidation of the morphine withdrawal-
context (García-Pérez et al., 2016). Under a similar perspective,
EGR1 expression is increased in the rat basolateral but not
central amygdala during reconsolidation of withdrawal memory,
whereas its down-regulation by antisense oligodeoxynucleotides
within the basolateral amygdala reduces the withdrawal memory-
mediated suppression of heroin seeking (Hellemans et al., 2006),
thereby indicating a functional role for EGR1 in encoding heroin
seeking in the amygdala. In line with the tight interplay between
the amygdala and the mPFC during cue-associated memory
reactivation, extinction, or reconsolidation, Egr1 mRNA levels
are also found up-regulated in the rat mPFC following 14 or
30 days of heroin-seeking incubation (Kuntz et al., 2008; Kuntz-
Melcavage et al., 2009; Fanous et al., 2013), which thus strengthen
further the importance of EGR1 in regulating multiple aspects of
opiates dependance.

Similar to opiates, alcohol consumption triggers a marked
EGR1 response throughout the brain. In adult rats and mice,
acute ethanol exposure leads to increased EGR1 expression
in the mPFC, central amygdala, medial amygdala, supraoptic
nucleus, PBN, lateral part of the caudate putamen, prelimbic
and infralimbic cortices, orbitofrontal cortex, hippocampus and
nucleus accumbens (Thiriet et al., 2000; Faria et al., 2008;
Hansson et al., 2008; Lindholm et al., 2008; Liu and Crews, 2015).
Repeated exposure for 15 days, however, or chronic intermittent
exposure, reduces Egr1 mRNA levels in the mPFC, hippocampus,
and nucleus accumbens (Repunte-Canonigo et al., 2007; Faria
et al., 2008), which thus indicates that EGR1’s regulation by
ethanol depends on the nature and duration of the exposure.
Moreover, this dynamic regulation of EGR1 by ethanol is further
illustrated upon withdrawal. Indeed, Egr1 mRNA and protein
levels are up-regulated in the cerebral cortex, olfactory bulb,
inferior colliculus, brainstem, and hippocampus of ethanol-
dependent rats at 12 h and 15–24 h, respectively, following
withdrawal (Matsumoto et al., 1993), a process associated
with increased EGR1 DNA binding activities in the cerebral
cortex from 16 h to 72 h following withdrawal (Beckmann
et al., 1997). Interestingly, while withdrawal-induced anxiety-like
behaviors emerge within the same period, between 8 h and
17 h following withdrawal (Matsumoto et al., 1993), withdrawal-
induced anxiety-like behaviors in mice, which rise on the 1st
day of withdrawal and last up to 21 days later, are positively
correlated with the increase in EGR1-positive cells in the central
amygdala and bed nucleus of the stria terminalis (Lee et al.,
2015), which thus link the increase in EGR1 expression in the
amygdala to the development of anxiety-like symptoms upon
ethanol withdrawal.

CONCLUSIONS

In this review article, we summarized and discussed the
regulations and functions of the IEG EGR1 in the central
nervous system relevant to neuropsychiatric disorders. Situated
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downstream of general signaling pathways activated by neuronal
activity, EGR1 has been found regulated by a wide variety
of environmental events that position EGR1 as a critical
integrator and mediator of environmental influences on
neuronal activity. Furthermore, due to its very large range of
potential transcriptional targets identified so far, the reach of
EGR1’s functions in neurons continues to expand. In particular,
without considering eventual indirect effectors, EGR1 can alter
the expression of genes related to every level of synaptic plasticity,
from vesicular transport and release of neurotransmitters, to
synaptic architecture, endocytosis, and protein degradation
(Figure 2). Notably, in line with its sex- and estrous cycle-
dependent expression in the rat mPFC, it is important to
consider that this control of synaptic plasticity by EGR1 is
likely to substantially vary between sexes in an estrous cycle-
dependent manner. Despite such wide array of synaptic
plasticity-related potential targets and its well-known association
with neuronal activity. however, the current knowledge of the
precise mechanisms by which EGR1 influences synaptic and
neuronal plasticity, as well as the direct targets involved, remains
paradoxically unclear and requires to be clearly described and
validated in vivo. Nevertheless, EGR1 is tightly associated to
neuronal activity throughout the brain and can thus be used
as a reliable tool for mapping neuronal activity in response
to a given environmental event. In this context, it is possible
to consider that a substantial amount of EGR1’s regulations
described in this review simply reflect neuronal responses
in a given structure to a given behavioral stimulation. It
is important to note, however, that EGR1 governs specific
neuronal processes, which can be reflected, for instance, by its
specific involvement in the maintenance but not induction of
LTP, or, under appropriate conditions, memory reconsolidation
but not acquisition, for instance. In line with its crucial
role in shaping neuronal response, EGR1 is associated with
the etiology and treatment of most common neuropsychiatric
disorders such as major depressive disorder, anxiety disorders,

schizophrenia, or addiction. Therefore, despite its widespread
mode of regulation, EGR1 functions in the central nervous
system are complex and represent a valuable candidate for
investigating gene× environment interactions.

AUTHOR CONTRIBUTIONS

FD and MK participated equally in the article design and outline;
FD then wrote the first draft. After a few revisions and editing by
both authors, the article was submitted.

FUNDING

This work was supported by grants from the National Institute
of Mental Health (NIMH) MHR01 MH87583, MH099085 and
MH109450 to MK.

ACKNOWLEDGMENTS

The authors would like to thank the ENCODE Consortium
and the ENCODE production laboratories that generated one
of the datasets used in this manuscript: the Myers Lab at
the HudsonAlpha Institute for Biotechnology; the labs of
Michael Snyder, Mark Gerstein and Sherman Weissman at
Yale University; Peggy Farnham at the University of Southern
California; Kevin Struhl at Harvard; Kevin White at the
University of Chicago; and Vishy Iyer at the University of Texas,
Austin. These data were processed into uniform peak calls by
the ENCODE Analysis Working Group pipeline developed by
Anshul Kundaje.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnbeh.
2017.00035/full#supplementary-material

REFERENCES

Abraham, W. C., Mason, S. E., Demmer, J., Williams, J. M., Richardson, C. L.,
Tate, W. P., et al. (1993). Correlations between immediate early gene induction
and the persistence of long-term potentiation. Neuroscience 56, 717–727.
doi: 10.1016/0306-4522(93)90369-q

Anacker, C., Cattaneo, A., Musaelyan, K., Zunszain, P. A., Horowitz, M.,
Molteni, R., et al. (2013). Role for the kinase SGK1 in stress, depression,
and glucocorticoid effects on hippocampal neurogenesis. Proc. Natl. Acad. Sci.
U S A 110, 8708–8713. doi: 10.1073/pnas.1300886110

Arora, S., Wang, Y., Jia, Z., Vardar-Sengul, S., Munawar, A., Doctor, K. S.,
et al. (2008). Egr1 regulates the coordinated expression of numerous EGF
receptor target genes as identified by ChIP-on-chip. Genome Biol. 9:R166.
doi: 10.1186/gb-2008-9-11-r166

Bading, H., Segal, M. M., Sucher, N. J., Dudek, H., Lipton, S. A., and
Greenberg, M. E. (1995). N-methyl-D-aspartate receptors are critical for
mediating the effects of glutamate on intracellular calcium concentration
and immediate early gene expression in cultured hippocampal neurons.
Neuroscience 64, 653–664. doi: 10.1016/0306-4522(94)00462-e

Bae, M.-H., Jeong, C.-H., Kim, S.-H., Bae, M.-K., Jeong, J.-W., Ahn, M.-Y., et al.
(2002). Regulation of Egr-1 by association with the proteasome component
C8. Biochim. Biophys. Acta 1592, 163–167. doi: 10.1016/s0167-4889(02)
00310-5

Bahrami, S., and Drabløs, F. (2016). Gene regulation in the immediate-early
response process. Adv. Biol. Regul. 62, 37–49. doi: 10.1016/j.jbior.2016.
05.001

Barth, C., Villringer, A., and Sacher, J. (2015). Sex hormones affect
neurotransmitters and shape the adult female brain during hormonal
transition periods. Front. Neurosci. 9:37. doi: 10.3389/fnins.2015.
00037

Baumgärtel, K., Tweedie-Cullen, R. Y., Grossmann, J., Gehrig, P., Livingstone-
Zatchej, M., and Mansuy, I. M. (2009). Changes in the proteome after
neuronal zif268 overexpression. J. Proteome Res. 8, 3298–3316. doi: 10.1021/pr
801000r

Beckmann, A. M., Matsumoto, I., and Wilce, P. A. (1995). Immediate early gene
expression during morphine withdrawal. Neuropharmacology 34, 1183–1189.
doi: 10.1016/0028-3908(95)00089-o

Beckmann, A. M., Matsumoto, I., and Wilce, P. A. (1997). AP-1 and Egr
DNA-binding activities are increased in rat brain during ethanol withdrawal.
J. Neurochem. 69, 306–314. doi: 10.1046/j.1471-4159.1997.69010306.x

Beckmann, A. M., and Wilce, P. A. (1997). Egr transcription factors in the nervous
system. Neurochem. Int. 31, 477–510; discussion 517–516. doi: 10.1016/s0197-
0186(97)00001-6

Bjartmar, L., Johansson, I.-M., Marcusson, J., Ross, S. B., Seckl, J. R., and Olsson, T.
(2000). Selective effects on NGFI-A, MR, GR and NGFI-B hippocampal
mRNA expression after chronic treatment with different subclasses of

Frontiers in Behavioral Neuroscience | www.frontiersin.org 14 March 2017 | Volume 11 | Article 35

http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00035/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fnbeh.2017.00035/full#supplementary-material
https://doi.org/10.1016/0306-4522(93)90369-q
https://doi.org/10.1073/pnas.1300886110
https://doi.org/10.1186/gb-2008-9-11-r166
https://doi.org/10.1016/0306-4522(94)00462-e
https://doi.org/10.1016/s0167-4889(02)00310-5
https://doi.org/10.1016/s0167-4889(02)00310-5
https://doi.org/10.1016/j.jbior.2016.05.001
https://doi.org/10.1016/j.jbior.2016.05.001
https://doi.org/10.3389/fnins.2015.00037
https://doi.org/10.3389/fnins.2015.00037
https://doi.org/10.1021/pr801000r
https://doi.org/10.1021/pr801000r
https://doi.org/10.1016/0028-3908(95)00089-o
https://doi.org/10.1046/j.1471-4159.1997.69010306.x
https://doi.org/10.1016/s0197-0186(97)00001-6
https://doi.org/10.1016/s0197-0186(97)00001-6
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

antidepressants in the rat. Psychopharmacology 151, 7–12. doi: 10.1007/s002130
000468

Bohacek, J., Manuella, F., Roszkowski, M., and Mansuy, I. M. (2015). Hippocampal
gene expression induced by cold swim stress depends on sex and handling.
Psychoneuroendocrinology 52, 1–12. doi: 10.1016/j.psyneuen.2014.10.026

Bozon, B., Davis, S., and Laroche, S. (2002). Regulated transcription of
the immediate-early gene Zif268: mechanisms and gene dosage-dependent
function in synaptic plasticity and memory formation. Hippocampus 12,
570–577. doi: 10.1002/hipo.10100

Bramham, C. R., Worley, P. F., Moore, M. J., and Guzowski, J. F. (2008).
The immediate early gene arc/arg3.1: regulation, mechanisms and function.
J. Neurosci. 28, 11760–11767. doi: 10.1523/JNEUROSCI.3864-08.2008

Bruins Slot, L. A., Lestienne, F., Grevoz-Barret, C., Newman-Tancredi, A., and
Cussac, D. (2009). F15063, a potential antipsychotic with dopamine D2/D3
receptor antagonist and 5-HT1A receptor agonist properties: influence on
immediate-early gene expression in rat prefrontal cortex and striatum. Eur.
J. Pharmacol. 620, 27–35. doi: 10.1016/j.ejphar.2009.08.019

Burmeister, M., McInnis, M. G., and Zöllner, S. (2008). Psychiatric genetics:
progress amid controversy. Nat. Rev. Genet. 9, 527–540. doi: 10.1038/
nrg2381

Cao, X., Mahendran, R., Guy, G. R., and Tan, Y. H. (1992). Protein phosphatase
inhibitors induce the sustained expression of the Egr-1 gene and the
hyperphosphorylation of its gene product. J. Biol. Chem. 267, 12991–12997.

Cao, X., Mahendran, R., Guy, G. R., and Tan, Y. H. (1993). Detection and
characterization of cellular EGR-1 binding to its recognition site. J. Biol. Chem.
268, 16949–16957.

Carter, S. D., Mifsud, K. R., and Reul, J. M. H. M. (2015). Distinct epigenetic and
gene expression changes in rat hippocampal neurons after Morris water maze
training. Front. Behav. Neurosci. 9:156. doi: 10.3389/fnbeh.2015.00156

Caspi, A., and Moffitt, T. E. (2006). Gene-environment interactions in
psychiatry: joining forces with neuroscience. Nat. Rev. Neurosci. 7, 583–590.
doi: 10.1038/nrn1925

Cattane, N., Minelli, A., Milanesi, E., Maj, C., Bignotti, S., Bortolomasi, M.,
et al. (2015). Altered gene expression in schizophrenia: findings from
transcriptional signatures in fibroblasts and blood. PLoS One 10:e0116686.
doi: 10.1371/journal.pone.0116686

Cattaneo, A., and Riva, M. A. (2016). Stress-induced mechanisms in mental illness:
a role for glucocorticoid signalling. J. Steroid Biochem. Mol. Biol. 160, 169–174.
doi: 10.1016/j.jsbmb.2015.07.021

Chen, C.-C., Lee, W.-R., and Safe, S. (2004). Egr-1 is activated by 17β-estradiol in
MCF-7 cells by mitogen-activated protein kinase-dependent phosphorylation
of ELK-1. J. Cell. Biochem. 93, 1063–1074. doi: 10.1002/jcb.20257

Cheval, H., Chagneau, C., Levasseur, G., Veyrac, A., Faucon-Biguet, N.,
Laroche, S., et al. (2012). Distinctive features of Egr transcription factor
regulation and DNA binding activity in CA1 of the hippocampus in synaptic
plasticity and consolidation and reconsolidation of fear memory. Hippocampus
22, 631–642. doi: 10.1002/hipo.20926

Chowdhury, S., Shepherd, J. D., Okuno, H., Lyford, G., Petralia, R. S., Plath, N.,
et al. (2006). Arc/Arg3.1 interacts with the endocytic machinery to regulate
AMPA receptor trafficking. Neuron 52, 445–459. doi: 10.1016/j.neuron.2006.
08.033

Christy, B. A., Lau, L. F., and Nathans, D. (1988). A gene activated in mouse
3T3 cells by serum growth factors encodes a protein with ‘‘zinc finger’’
sequences. Proc. Natl. Acad. Sci. U S A 85, 7857–7861. doi: 10.1073/pnas.85.
21.7857

Christy, B., and Nathans, D. (1989). DNA binding site of the growth factor-
inducible protein Zif268. Proc. Natl. Acad. Sci. U S A 86, 8737–8741.
doi: 10.1073/pnas.86.22.8737

Cole, A. J., Saffen, D. W., Baraban, J. M., and Worley, P. F. (1989). Rapid
increase of an immediate early gene messenger RNA in hippocampal neurons
by synaptic NMDA receptor activation. Nature 340, 474–476. doi: 10.1038/340
474a0

Contreras, J. R., Palanichamy, J. K., Tran, T. M., Fernando, T. R., Rodriguez-
Malave, N. I., Goswami, N., et al. (2015). MicroRNA-146a modulates
B-cell oncogenesis by regulating Egr1. Oncotarget 6, 11023–11037.
doi: 10.18632/oncotarget.3433

Covington, H. E. III, Lobo, M. K., Maze, I., Vialou, V., Hyman, J. M., Zaman, S.,
et al. (2010). Antidepressant effect of optogenetic stimulation of the medial

prefrontal cortex. J. Neurosci. 30, 16082–16090. doi: 10.1523/JNEUROSCI.
1731-10.2010

Crosby, S. D., Veile, R. A., Donis-Keller, H., Baraban, J. M., Bhat, R. V.,
Simburger, K. S., et al. (1992). Neural-specific expression, genomic structure,
and chromosomal localization of the gene encoding the zinc-finger
transcription factor NGFI-C. Proc. Natl. Acad. Sci. U S A 89:6663.
doi: 10.1073/pnas.89.14.6663

Cross-Disorder Group of the Psychiatric Genomics Consortium, Lee, S. H.,
Ripke, S., Neale, B. M., Faraone, S. V., Purcell, S. M., et al. (2013). Genetic
relationship between five psychiatric disorders estimated from genome-wide
SNPs. Nat. Genet. 45, 984–994. doi: 10.1038/ng.2711

Cullinan, W. E., Herman, J. P., Battaglia, D. F., Akil, H., and Watson, S. J.
(1995). Pattern and time course of immediate early gene expression in rat
brain following acute stress. Neuroscience 64, 477–505. doi: 10.1016/0306-
4522(94)00355-9

Czéh, B., Fuchs, E., Wiborg, O., and Simon, M. (2016). Animal models of major
depression and their clinical implications. Prog. Neuropsychopharmacol. Biol.
Psychiatry 64, 293–310. doi: 10.1016/j.pnpbp.2015.04.004

Dahmen, N., Fehr, C., Reuss, S., and Hiemke, C. (1997). Stimulation of immediate
early gene expression by desipramine in rat brain. Biol. Psychiatry 42, 317–323.
doi: 10.1016/s0006-3223(96)00361-7

Davis, S., Vanhoutte, P., Pagès, C., Caboche, J., and Laroche, S. (2000). The
MAPK/ERK cascade targets both Elk-1 and cAMP response element-binding
protein to control long-term potentiation-dependent gene expression in the
dentate gyrus in vivo. J. Neurosci. 20, 4563–4572.

de Bartolomeis, A., Iasevoli, F., Marmo, F., Buonaguro, E. F., Eramo, A.,
Rossi, R., et al. (2015). Progressive recruitment of cortical and striatal
regions by inducible postsynaptic density transcripts after increasing doses of
antipsychotics with different receptor profiles: insights for psychosis treatment.
Eur. Neuropsychopharmacol. 25, 566–582. doi: 10.1016/j.euroneuro.2015.
01.003

Donner, N. C., and Lowry, C. A. (2013). Sex differences in anxiety and
emotional behavior. Pflugers Arch. 465, 601–626. doi: 10.1007/s00424-013-
1271-7

Dossat, A. M., Jourdi, H., Wright, K. N., Strong, C. E., Sarkar, A., and
Kabbaj, M. (2017). Viral-mediated Zif268 expression in the prefrontal cortex
protects against gonadectomy-induced working memory, long-term memory,
and social interaction deficits in male rats. Neuroscience 340, 243–257.
doi: 10.1016/j.neuroscience.2016.10.062

Duclot, F., and Kabbaj, M. (2015). The estrous cycle surpasses sex differences
in regulating the transcriptome in the rat medial prefrontal cortex and
reveals an underlying role of early growth response 1. Genome Biol. 16:256.
doi: 10.1186/s13059-015-0815-x

Duclot, F., Perez-Taboada, I., Wright, K. N., and Kabbaj, M. (2016). Prediction
of individual differences in fear response by novelty seeking, and disruption of
contextual fear memory reconsolidation by ketamine. Neuropharmacology 109,
293–305. doi: 10.1016/j.neuropharm.2016.06.022

El Rawas, R., Thiriet, N., Lardeux, V., Jaber, M., and Solinas, M. (2009).
Environmental enrichment decreases the rewarding but not the activating
effects of heroin. Psychopharmacology 203, 561–570. doi: 10.1007/s00213-008-
1402-6

ENCODE Project Consortium. (2012). An integrated encyclopedia of DNA
elements in the human genome. Nature 489, 57–74. doi: 10.1038/nature
11247

Fanous, S., Guez-Barber, D. H., Goldart, E. M., Schrama, R., Theberge, F. R. M.,
Shaham, Y., et al. (2013). Unique gene alterations are induced in FACS-purified
Fos-positive neurons activated during cue-induced relapse to heroin seeking.
J. Neurochem. 124, 100–108. doi: 10.1111/jnc.12074

Faria, R. R., Lima Rueda, A. V., Sayuri, C., Soares, S. L., Malta, M. B., Carrara-
Nascimento, P. F., et al. (2008). Environmental modulation of ethanol-induced
locomotor activity: correlation with neuronal activity in distinct brain regions
of adolescent and adult Swiss mice. Brain Res. 1239, 127–140. doi: 10.1016/j.
brainres.2008.08.056

Farivar, R., Zangenehpour, S., and Chaudhuri, A. (2004). Cellular-resolution
activity mapping of the brain using immediate-early gene expression. Front.
Biosci. 9, 104–109. doi: 10.2741/1198

Fowler, T., Sen, R., and Roy, A. L. (2011). Regulation of primary response genes.
Mol. Cell 44, 348–360. doi: 10.1016/j.molcel.2011.09.014

Frontiers in Behavioral Neuroscience | www.frontiersin.org 15 March 2017 | Volume 11 | Article 35

https://doi.org/10.1007/s002130000468
https://doi.org/10.1007/s002130000468
https://doi.org/10.1016/j.psyneuen.2014.10.026
https://doi.org/10.1002/hipo.10100
https://doi.org/10.1523/JNEUROSCI.3864-08.2008
https://doi.org/10.1016/j.ejphar.2009.08.019
https://doi.org/10.1038/nrg2381
https://doi.org/10.1038/nrg2381
https://doi.org/10.3389/fnbeh.2015.00156
https://doi.org/10.1038/nrn1925
https://doi.org/10.1371/journal.pone.0116686
https://doi.org/10.1016/j.jsbmb.2015.07.021
https://doi.org/10.1002/jcb.20257
https://doi.org/10.1002/hipo.20926
https://doi.org/10.1016/j.neuron.2006.08.033
https://doi.org/10.1016/j.neuron.2006.08.033
https://doi.org/10.1073/pnas.85.21.7857
https://doi.org/10.1073/pnas.85.21.7857
https://doi.org/10.1073/pnas.86.22.8737
https://doi.org/10.1038/340474a0
https://doi.org/10.1038/340474a0
https://doi.org/10.18632/oncotarget.3433
https://doi.org/10.1523/JNEUROSCI.1731-10.2010
https://doi.org/10.1523/JNEUROSCI.1731-10.2010
https://doi.org/10.1073/pnas.89.14.6663
https://doi.org/10.1038/ng.2711
https://doi.org/10.1016/0306-4522(94)00355-9
https://doi.org/10.1016/0306-4522(94)00355-9
https://doi.org/10.1016/j.pnpbp.2015.04.004
https://doi.org/10.1016/s0006-3223(96)00361-7
https://doi.org/10.1016/j.euroneuro.2015.01.003
https://doi.org/10.1016/j.euroneuro.2015.01.003
https://doi.org/10.1007/s00424-013-1271-7
https://doi.org/10.1007/s00424-013-1271-7
https://doi.org/10.1016/j.neuroscience.2016.10.062
https://doi.org/10.1186/s13059-015-0815-x
https://doi.org/10.1016/j.neuropharm.2016.06.022
https://doi.org/10.1007/s00213-008-1402-6
https://doi.org/10.1007/s00213-008-1402-6
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/nature11247
https://doi.org/10.1111/jnc.12074
https://doi.org/10.1016/j.brainres.2008.08.056
https://doi.org/10.1016/j.brainres.2008.08.056
https://doi.org/10.2741/1198
https://doi.org/10.1016/j.molcel.2011.09.014
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

Fu, M., Zhu, X., Zhang, J., Liang, J., Lin, Y., Zhao, L., et al. (2003). Egr-1 target
genes in human endothelial cells identified by microarray analysis. Gene 315,
33–41. doi: 10.1016/s0378-1119(03)00730-3

García-Pérez, D., Ferenczi, S., Kovács, K. J., Laorden, M. L., Milanés, M. V.,
and Núñez, C. (2016). Glucocorticoid homeostasis in the dentate gyrus
is essential for opiate withdrawal-associated memories. Mol. Neurobiol.
doi: 10.1007/s12035-016-0186-7

Gashler, A. L., Swaminathan, S., and Sukhatme, V. P. (1993). A novel repression
module, an extensive activation domain, and a bipartite nuclear localization
signal defined in the immediate-early transcription factor Egr-1. Mol. Cell. Biol.
13, 4556–4571. doi: 10.1128/mcb.13.8.4556

Girotti, M., Pace, T. W. W., Gaylord, R. I., Rubin, B. A., Herman, J. P., and
Spencer, R. L. (2006). Habituation to repeated restraint stress is associated with
lack of stress-induced c-fos expression in primary sensory processing areas of
the rat brain. Neuroscience 138, 1067–1081. doi: 10.1016/j.neuroscience.2005.
12.002

Gräff, J., Woldemichael, B. T., Berchtold, D., Dewarrat, G., and Mansuy, I. M.
(2012). Dynamic histone marks in the hippocampus and cortex facilitate
memory consolidation. Nat. Commun. 3:991. doi: 10.1038/ncomms1997

Guzowski, J. F., Setlow, B., Wagner, E. K., and McGaugh, J. L. (2001). Experience-
dependent gene expression in the rat hippocampus after spatial learning: a
comparison of the immediate-early genes Arc, c-fos and zif268. J. Neurosci. 21,
5089–5098.

Hamlin, A. S., McNally, G. P., and Osborne, P. B. (2007). Induction of c-Fos
and zif268 in the nociceptive amygdala parallel abstinence hyperalgesia in rats
briefly exposed to morphine. Neuropharmacology 53, 330–343. doi: 10.1016/j.
neuropharm.2007.05.017

Hansson, A. C., Rimondini, R., Neznanova, O., Sommer, W. H., and Heilig, M.
(2008). Neuroplasticity in brain reward circuitry following a history of ethanol
dependence. Eur. J. Neurosci. 27, 1912–1922. doi: 10.1111/j.1460-9568.2008.
06159.x

Hellemans, K. G. C., Everitt, B. J., and Lee, J. L. C. (2006). Disrupting
reconsolidation of conditioned withdrawal memories in the basolateral
amygdala reduces suppression of heroin seeking in rats. J. Neurosci. 26,
12694–12699. doi: 10.1523/JNEUROSCI.3101-06.2006

Hendrickx, A., Pierrot, N., Tasiaux, B., Schakman, O., Kienlen-Campard, P.,
De Smet, C., et al. (2014). Epigenetic regulations of immediate early
genes expression involved in memory formation by the amyloid precursor
protein of Alzheimer disease. PLoS One 9:e99467. doi: 10.1371/journal.pone.
0099467

Herdegen, T., Kovary, K., Buhl, A., Bravo, R., Zimmermann, M., and Gass, P.
(1995). Basal expression of the inducible transcription factors c-Jun, JunB,
JunD, c-Fos, FosB, and Krox-24 in the adult rat brain. J. Comp. Neurol. 354,
39–56. doi: 10.1002/cne.903540105

Herdegen, T., and Leah, J. D. (1998). Inducible and constitutive transcription
factors in the mammalian nervous system: control of gene expression by
Jun, Fos and Krox, and CREB/ATF proteins. Brain Res. Rev. 28, 370–490.
doi: 10.1016/s0165-0173(98)00018-6

Herms, J., Zurmöhle, U., Schlingensiepen, R., Brysch, W., and
Schlingensiepen, K. H. (1994). Developmental expression of the transcription
factor zif268 in rat brain. Neurosci. Lett. 165, 171–174. doi: 10.1016/0304-
3940(94)90737-4

Hodges, T. E., Green, M. R., Simone, J. J., and McCormick, C. M. (2014). Effects
of social context on endocrine function and Zif268 expression in response to
an acute stressor in adolescent and adult rats. Int. J. Dev. Neurosci. 35, 25–34.
doi: 10.1016/j.ijdevneu.2014.03.001

Hodges, T. E., and McCormick, C. M. (2015). Adolescent and adult male rats
habituate to repeated isolation, but only adolescents sensitize to partner
unfamiliarity. Horm. Behav. 69, 16–30. doi: 10.1016/j.yhbeh.2014.12.003

Hollis, F., Gaval-Cruz, M., Carrier, N., Dietz, D. M., and Kabbaj, M. (2012).
Juvenile and adult rats differ in cocaine reward and expression of zif268 in the
forebrain. Neuroscience 200, 91–98. doi: 10.1016/j.neuroscience.2011.10.012

Hollis, F., and Kabbaj, M. (2014). Social defeat as an animal model for depression.
ILAR J. 55, 221–232. doi: 10.1093/ilar/ilu002

Huang, R.-P., Fan, Y., deBelle, I., Ni, Z., Matheny, W., and Adamson, E. D. (1998).
Egr-1 inhibits apoptosis during the UV response: correlation of cell survival
with Egr-1 phosphorylation. Cell Death Differ. 5, 96–106. doi: 10.1038/sj.cdd.
4400322

Ieraci, A., Mallei, A., and Popoli, M. (2016). Social isolation stress induces anxious-
depressive-like behavior and alterations of neuroplasticity-related genes in
adult male mice. Neural Plast. 2016:6212983. doi: 10.1155/2016/6212983

Jain, N., Mahendran, R., Philp, R., Guy, G. R., Tan, Y. H., and Cao, X. (1996).
Casein kinase II associates with Egr-1 and acts as a negative modulator of its
DNA binding and transcription activities in NIH 3T3 cells. J. Biol. Chem. 271,
13530–13536. doi: 10.1074/jbc.271.23.13530

James, A. B., Conway, A.-M., and Morris, B. J. (2005). Genomic profiling of
the neuronal target genes of the plasticity-related transcription factor—Zif268.
J. Neurochem. 95, 796–810. doi: 10.1111/j.1471-4159.2005.03400.x

James, A. B., Conway, A.-M., and Morris, B. J. (2006). Regulation of
the neuronal proteasome by Zif268 (Egr1). J. Neurosci. 26, 1624–1634.
doi: 10.1523/JNEUROSCI.4199-05.2006

Jones, M. W., Errington, M. L., French, P. J., Fine, A., Bliss, T. V. P., Garel, S.,
et al. (2001). A requirement for the immediate early gene Zif268 in the
expression of late LTP and long-term memories. Nat. Neurosci. 4, 289–296.
doi: 10.1038/85138

Kessler, R. C., Petukhova, M., Sampson, N. A., Zaslavsky, A. M., and
Wittchen, H.-U. (2012). Twelve-month and lifetime prevalence and lifetime
morbid risk of anxiety and mood disorders in the United States. Int. J. Methods
Psychiatr. Res. 21, 169–184. doi: 10.1002/mpr.1359

Kim, Y., Kim, S. H., Kim, Y. S., Lee, Y. H., Ha, K., and Shin, S. Y. (2011).
Imipramine activates glial cell line-derived neurotrophic factor via early growth
response gene 1 in astrocytes. Prog. Neuropsychopharmacol. Biol. Psychiatry 35,
1026–1032. doi: 10.1016/j.pnpbp.2011.02.012

Kim, H.-R., Kim, Y. S., Yoon, J. A., Lyu, S. W., Shin, H., Lim, H. J., et al.
(2014). Egr1 is rapidly and transiently induced by estrogen and bisphenol
A via activation of nuclear estrogen receptor-dependent ERK1/2 pathway
in the uterus. Reprod. Toxicol. 50, 60–67. doi: 10.1016/j.reprotox.2014.
10.010

Kimoto, S., Bazmi, H. H., and Lewis, D. A. (2014). Lower expression of glutamic
acid decarboxylase 67 in the prefrontal cortex in schizophrenia: contribution of
altered regulation by Zif268. Am. J. Psychiatry 171, 969–978. doi: 10.1176/appi.
ajp.2014.14010004

Knapska, E., and Kaczmarek, L. (2004). A gene for neuronal plasticity
in the mammalian brain: Zif268/Egr-1/NGFI-A/Krox-24/TIS8/ZENK? Prog.
Neurobiol. 74, 183–211. doi: 10.1016/j.pneurobio.2004.05.007

Ko, S. W., Ao, H.-S., Mendel, A. G., Qiu, C.-S., Wei, F., Milbrandt, J., et al. (2005).
Transcription factor Egr-1 is required for long-term fear memory and anxiety.
Sheng Li Xue Bao 57, 421–432.

Kobayashi, H., Yamamoto, S., Maruo, T., and Murakami, F. (2005). Identification
of a cis-acting element required for dendritic targeting of activity-regulated
cytoskeleton-associated protein mRNA. Eur. J. Neurosci. 22, 2977–2984.
doi: 10.1111/j.1460-9568.2005.04508.x

Koenigs, M., and Grafman, J. (2009). The functional neuroanatomy of depression:
distinct roles for ventromedial and dorsolateral prefrontal cortex. Behav. Brain
Res. 201, 239–243. doi: 10.1016/j.bbr.2009.03.004

Koldamova, R., Schug, J., Lefterova, M., Cronican, A. A., Fitz, N. F.,
Davenport, F. A., et al. (2014). Genome-wide approaches reveal
EGR1-controlled regulatory networks associated with neurodegeneration.
Neurobiol. Dis. 63, 107–114. doi: 10.1016/j.nbd.2013.11.005

Kozlovsky, N., Matar, M. A., Kaplan, Z., Zohar, J., and Cohen, H. (2009). A distinct
pattern of intracellular glucocorticoid-related responses is associated with
extreme behavioral response to stress in an animal model of post-traumatic
stress disorder. Eur. Neuropsychopharmacol. 19, 759–771. doi: 10.1016/j.
euroneuro.2009.04.009

Krishnan, V., and Nestler, E. J. (2008). The molecular neurobiology of depression.
Nature 455, 894–902. doi: 10.1038/nature07455

Kubosaki, A., Tomaru, Y., Tagami, M., Arner, E., Miura, H., Suzuki, T.,
et al. (2009). Genome-wide investigation of in vivo EGR-1 binding sites
in monocytic differentiation. Genome Biol. 10:R41. doi: 10.1186/gb-2009-
10-4-r41

Kumahara, E., Ebihara, T., and Saffen, D. (1999). Nerve growth factor induces
zif288 gene expression via MAPK-dependent and-independent pathways in
PC12D Cells. J. Biochem. 125, 541–553. doi: 10.1093/oxfordjournals.jbchem.
a022319

Kuntz, K. L., Patel, K. M., Grigson, P. S., Freeman, W. M., and Vrana, K. E. (2008).
Heroin self-administration: II. CNS gene expression following withdrawal and

Frontiers in Behavioral Neuroscience | www.frontiersin.org 16 March 2017 | Volume 11 | Article 35

https://doi.org/10.1016/s0378-1119(03)00730-3
https://doi.org/10.1007/s12035-016-0186-7
https://doi.org/10.1128/mcb.13.8.4556
https://doi.org/10.1016/j.neuroscience.2005.12.002
https://doi.org/10.1016/j.neuroscience.2005.12.002
https://doi.org/10.1038/ncomms1997
https://doi.org/10.1016/j.neuropharm.2007.05.017
https://doi.org/10.1016/j.neuropharm.2007.05.017
https://doi.org/10.1111/j.1460-9568.2008.06159.x
https://doi.org/10.1111/j.1460-9568.2008.06159.x
https://doi.org/10.1523/JNEUROSCI.3101-06.2006
https://doi.org/10.1371/journal.pone.0099467
https://doi.org/10.1371/journal.pone.0099467
https://doi.org/10.1002/cne.903540105
https://doi.org/10.1016/s0165-0173(98)00018-6
https://doi.org/10.1016/0304-3940(94)90737-4
https://doi.org/10.1016/0304-3940(94)90737-4
https://doi.org/10.1016/j.ijdevneu.2014.03.001
https://doi.org/10.1016/j.yhbeh.2014.12.003
https://doi.org/10.1016/j.neuroscience.2011.10.012
https://doi.org/10.1093/ilar/ilu002
https://doi.org/10.1038/sj.cdd.4400322
https://doi.org/10.1038/sj.cdd.4400322
https://doi.org/10.1155/2016/6212983
https://doi.org/10.1074/jbc.271.23.13530
https://doi.org/10.1111/j.1471-4159.2005.03400.x
https://doi.org/10.1523/JNEUROSCI.4199-05.2006
https://doi.org/10.1038/85138
https://doi.org/10.1002/mpr.1359
https://doi.org/10.1016/j.pnpbp.2011.02.012
https://doi.org/10.1016/j.reprotox.2014.10.010
https://doi.org/10.1016/j.reprotox.2014.10.010
https://doi.org/10.1176/appi.ajp.2014.14010004
https://doi.org/10.1176/appi.ajp.2014.14010004
https://doi.org/10.1016/j.pneurobio.2004.05.007
https://doi.org/10.1111/j.1460-9568.2005.04508.x
https://doi.org/10.1016/j.bbr.2009.03.004
https://doi.org/10.1016/j.nbd.2013.11.005
https://doi.org/10.1016/j.euroneuro.2009.04.009
https://doi.org/10.1016/j.euroneuro.2009.04.009
https://doi.org/10.1038/nature07455
https://doi.org/10.1186/gb-2009-10-4-r41
https://doi.org/10.1186/gb-2009-10-4-r41
https://doi.org/10.1093/oxfordjournals.jbchem.a022319
https://doi.org/10.1093/oxfordjournals.jbchem.a022319
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

cue-induced drug-seeking behavior. Pharmacol. Biochem. Behav. 90, 349–356.
doi: 10.1016/j.pbb.2008.03.019

Kuntz-Melcavage, K. L., Brucklacher, R. M., Grigson, P. S., Freeman, W. M., and
Vrana, K. E. (2009). Gene expression changes following extinction testing in a
heroin behavioral incubation model. BMC Neurosci. 10:95. doi: 10.1186/1471-
2202-10-95

Kurian, S. M., Le-Niculescu, H., Patel, S. D., Bertram, D., Davis, J., Dike, C.,
et al. (2011). Identification of blood biomarkers for psychosis using
convergent functional genomics. Mol. Psychiatry 16, 37–58. doi: 10.1038/mp.
2009.117

Laeremans, A., Sabanov, V., Ahmed, T., Nys, J., Van de Plas, B., Vinken, K., et al.
(2015). Distinct and simultaneously active plasticity mechanisms in mouse
hippocampus during different phases of Morris water maze training. Brain
Struct. Funct. 220, 1273–1290. doi: 10.1007/s00429-014-0722-z

Lee, K. M., Coehlo, M., McGregor, H. A., Waltermire, R. S., and Szumlinski, K. K.
(2015). Binge alcohol drinking elicits persistent negative affect in mice. Behav.
Brain Res. 291, 385–398. doi: 10.1016/j.bbr.2015.05.055

Lee, J. L. C., Everitt, B. J., and Thomas, K. L. (2004). Independent cellular
processes for hippocampal memory consolidation and reconsolidation. Science
304, 839–843. doi: 10.1126/science.1095760

Lee, S. L., Tourtellotte, L. C., Wesselschmidt, R. L., and Milbrandt, J. (1995).
Growth and differentiation proceeds normally in cells deficient in the
immediate early gene NGFI-A. J. Biol. Chem. 270, 9971–9977. doi: 10.1074/jbc.
270.17.9971

Lefaucheur, J.-P., Antal, A., Ayache, S. S., Benninger, D. H., Brunelin, J.,
Cogiamanian, F., et al. (2017). Evidence-based guidelines on the therapeutic
use of transcranial direct current stimulation (tDCS). Clin. Neurophysiol. 128,
56–92. doi: 10.1016/j.clinph.2016.10.087

Lemaire, P., Revelant, O., Bravo, R., and Charnay, P. (1988). Two mouse genes
encoding potential transcription factors with identical DNA-binding domains
are activated by growth factors in cultured cells. Proc. Natl. Acad. Sci. U S A 85,
4691–4695. doi: 10.1073/pnas.85.13.4691

Levkovitz, Y., and Baraban, J. M. (2002). A dominant negative Egr inhibitor
blocks nerve growth factor-induced neurite outgrowth by suppressing c-Jun
activation: role of an Egr/c-Jun complex. J. Neurosci. 22, 3845–3854.

Li, H., Li, J., Jia, S., Wu, M., An, J., Zheng, Q., et al. (2015). miR675 upregulates
long noncoding RNA H19 through activating EGR1 in human liver cancer.
Oncotarget 6, 31958–31984. doi: 10.18632/oncotarget.5579

Li, L., Carter, J., Gao, X., Whitehead, J., and Tourtellotte, W. G. (2005). The
neuroplasticity-associated arc gene is a direct transcriptional target of early
growth response (Egr) transcription factors. Mol. Cell. Biol. 25, 10286–10300.
doi: 10.1128/MCB.25.23.10286-10300.2005

Li, Q.-J., Yang, S.-H., Maeda, Y., Sladek, F. M., Sharrocks, A. D., and Martins-
Green, M. (2003). MAP kinase phosphorylation-dependent activation of
Elk-1 leads to activation of the co-activator p300. EMBO J. 22, 281–291.
doi: 10.1093/emboj/cdg028

Licznerski, P., Duric, V., Banasr, M., Alavian, K. N., Ota, K. T., Kang, H. J.,
et al. (2015). Decreased SGK1 expression and function contributes to
behavioral deficits induced by traumatic stress. PLoS Biol. 13:e1002282.
doi: 10.1371/journal.pbio.1002282

Lim, C. P., Jain, N., and Cao, X. (1998). Stress-induced immediate-early gene, egr-
1, involves activation of p38/JNK1. Oncogene 16, 2915–2926. doi: 10.1038/sj.
onc.1201834

Lim, R. W., Varnum, B. C., and Herschman, H. R. (1987). Cloning of tetradecanoyl
phorbol ester-induced ‘‘primary response’’ sequences and their expression in
density-arrested Swiss 3T3 cells and a TPA non-proliferative variant. Oncogene
1, 263–270.

Lim, R. W., Varnum, B. C., O’Brien, T. G., and Herschman, H. R. (1989).
Induction of tumor promotor-inducible genes in murine 3T3 cell lines and
tetradecanoyl phorbol acetate-nonproliferative 3T3 variants can occur through
protein kinase C-dependent and -independent pathways. Mol. Cell. Biol. 9,
1790–1793. doi: 10.1128/mcb.9.4.1790

Lindholm, J., Guitart-Masip, M., Hassankhali, H., Landgren, S., Nicoleau, C.,
Giménez-Llort, L., et al. (2008). Effects of naltrexone and acamprosate on
alcohol-induced NGFI-A expression in mouse brain. Neurochem. Res. 33,
2062–2069. doi: 10.1007/s11064-008-9687-8

Liu, W., and Crews, F. T. (2015). Adolescent intermittent ethanol exposure
enhances ethanol activation of the nucleus accumbens while blunting

the prefrontal cortex responses in adult rat. Neuroscience 293, 92–108.
doi: 10.1016/j.neuroscience.2015.02.014

Liu, X., Serova, L., Kvetnanský, R., and Sabban, E. L. (2008). Identifying the
stress transcriptome in the adrenal medulla following acute and repeated
immobilization. Ann. N Y Acad. Sci. 1148, 1–28. doi: 10.1196/annals.1410.082

Liu, L., Zang, J., Chen, X., Yang, G., Zhu, Y., Wu, Y., et al. (2016). Role of miR-124
and miR-141 in the regulation of vascular reactivity and the relationship to
RhoA and Rac1 after hemorrhage and hypoxia. Am. J. Physiol. Heart Circ.
Physiol. 310, H206–H216. doi: 10.1152/ajpheart.00651.2014

Lu, S., Becker, K. A., Hagen, M. J., Yan, H., Roberts, A. L., Mathews, L. A., et al.
(2008). Transcriptional responses to estrogen and progesterone in mammary
gland identify networks regulating p53 activity. Endocrinology 149, 4809–4820.
doi: 10.1210/en.2008-0035

MacGibbon, G. A., Lawlor, P. A., Bravo, R., and Dragunow, M. (1994). Clozapine
and haloperidol produce a differential pattern of immediate early gene
expression in rat caudate-putamen, nucleus accumbens, lateral septum and
islands of Calleja. Mol. Brain Res. 23, 21–32. doi: 10.1016/0169-328x(94)
90207-0

Manente, A. G., Pinton, G., Tavian, D., Lopez-Rodas, G., Brunelli, E., and Moro, L.
(2011). Coordinated sumoylation and ubiquitination modulate EGF induced
EGR1 expression and stability. PLoS One 6:e25676. doi: 10.1371/journal.pone.
0025676

Massart, R., Freyburger, M., Suderman, M., Paquet, J., El Helou, J., Belanger-
Nelson, E., et al. (2014). The genome-wide landscape of DNA methylation
and hydroxymethylation in response to sleep deprivation impacts on synaptic
plasticity genes. Transl. Psychiatry 4:e347. doi: 10.1038/tp.2013.120

Matsumoto, I., Leah, J., Shanley, B., and Wilce, P. (1993). Immediate early gene
expression in the rat brain during ethanol withdrawal. Mol. Cell. Neurosci. 4,
485–491. doi: 10.1006/mcne.1993.1060

Matsumoto, K., Ono, K., Ouchi, H., Tsushima, R., and Murakami, Y. (2012).
Social isolation stress down-regulates cortical early growth response 1 (Egr-
1) expression in mice. Neurosci. Res. 73, 257–262. doi: 10.1016/j.neures.2012.
04.004

McMahon, A. P., Champion, J. E., McMahon, J. A., and Sukhatme, V. P.
(1990). Developmental expression of the putative transcription factor Egr-1
suggests that Egr-1 and c-fos are coregulated in some tissues. Development 108,
281–287.

Melia, K. R., Ryabinin, A. E., Schroeder, R., Bloom, F. E., and Wilson, M. C. (1994).
Induction and habituation of immediate early gene expression in rat brain by
acute and repeated restraint stress. J. Neurosci. 14, 5929–5938.

Mercier, G., Turque, N., and Schumacher, M. (2001). Early activation of
transcription factor expression in Schwann cells by progesterone. Mol. Brain
Res. 97, 137–148. doi: 10.1016/s0169-328x(01)00311-4

Mifsud, K. R., and Reul, J. M. H. M. (2016). Acute stress enhances
heterodimerization and binding of corticosteroid receptors at glucocorticoid
target genes in the hippocampus. Proc. Natl. Acad. Sci. U S A 113, 11336–11341.
doi: 10.1073/pnas.1605246113

Milbrandt, J. (1987). A nerve growth factor-induced gene encodes a possible
transcriptional regulatory factor. Science 238, 797–799. doi: 10.1126/science.
3672127

Minatohara, K., Akiyoshi, M., and Okuno, H. (2015). Role of immediate-early
genes in synaptic plasticity and neuronal ensembles underlying the memory
trace. Front. Mol. Neurosci. 8:78. doi: 10.3389/fnmol.2015.00078

Miyata, S., Yoshikawa, K., Taniguchi, M., Ishikawa, T., Tanaka, T., Shimizu, S.,
et al. (2015). Sgk1 regulates desmoglein 1 expression levels in oligodendrocytes
in the mouse corpus callosum after chronic stress exposure. Biochem. Biophys.
Res. Commun. 464, 76–82. doi: 10.1016/j.bbrc.2015.05.109

Monsey, M. S., Boyle, L. M., Zhang, M. L., Nguyen, C. P., Kronman, H. G.,
Ota, K. T., et al. (2014). Chronic corticosterone exposure persistently
elevates the expression of memory-related genes in the lateral amygdala and
enhances the consolidation of a Pavlovian fear memory. PLoS One 9:e91530.
doi: 10.1371/journal.pone.0091530

Morinobu, S., Nibuya, M., and Duman, R. S. (1995). Chronic antidepressant
treatment down-regulates the induction of c-fos mRNA in response to
acute stress in rat frontal cortex. Neuropsychopharmacology 12, 221–228.
doi: 10.1038/sj.npp.1380254

Morinobu, S., Strausbaugh, H., Terwilliger, R., and Duman, R. S. (1997).
Regulation of c-Fos and NGF1-A by antidepressant treatments. Synapse

Frontiers in Behavioral Neuroscience | www.frontiersin.org 17 March 2017 | Volume 11 | Article 35

https://doi.org/10.1016/j.pbb.2008.03.019
https://doi.org/10.1186/1471-2202-10-95
https://doi.org/10.1186/1471-2202-10-95
https://doi.org/10.1038/mp.2009.117
https://doi.org/10.1038/mp.2009.117
https://doi.org/10.1007/s00429-014-0722-z
https://doi.org/10.1016/j.bbr.2015.05.055
https://doi.org/10.1126/science.1095760
https://doi.org/10.1074/jbc.270.17.9971
https://doi.org/10.1074/jbc.270.17.9971
https://doi.org/10.1016/j.clinph.2016.10.087
https://doi.org/10.1073/pnas.85.13.4691
https://doi.org/10.18632/oncotarget.5579
https://doi.org/10.1128/MCB.25.23.10286-10300.2005
https://doi.org/10.1093/emboj/cdg028
https://doi.org/10.1371/journal.pbio.1002282
https://doi.org/10.1038/sj.onc.1201834
https://doi.org/10.1038/sj.onc.1201834
https://doi.org/10.1128/mcb.9.4.1790
https://doi.org/10.1007/s11064-008-9687-8
https://doi.org/10.1016/j.neuroscience.2015.02.014
https://doi.org/10.1196/annals.1410.082
https://doi.org/10.1152/ajpheart.00651.2014
https://doi.org/10.1210/en.2008-0035
https://doi.org/10.1016/0169-328x(94)90207-0
https://doi.org/10.1016/0169-328x(94)90207-0
https://doi.org/10.1371/journal.pone.0025676
https://doi.org/10.1371/journal.pone.0025676
https://doi.org/10.1038/tp.2013.120
https://doi.org/10.1006/mcne.1993.1060
https://doi.org/10.1016/j.neures.2012.04.004
https://doi.org/10.1016/j.neures.2012.04.004
https://doi.org/10.1016/s0169-328x(01)00311-4
https://doi.org/10.1073/pnas.1605246113
https://doi.org/10.1126/science.3672127
https://doi.org/10.1126/science.3672127
https://doi.org/10.3389/fnmol.2015.00078
https://doi.org/10.1016/j.bbrc.2015.05.109
https://doi.org/10.1371/journal.pone.0091530
https://doi.org/10.1038/sj.npp.1380254
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

25, 313–320. doi: 10.1002/(SICI)1098-2396(199704)25:4<313::AID-SYN1>3.0.
CO;2-D

Mullin, M., Lightfoot, K., Clarke, R., Miller, M., Lahesmaa, R., and Cantrell, D.
(2007). The RhoA transcriptional program in pre-T cells. FEBS Lett. 581,
4309–4317. doi: 10.1016/j.febslet.2007.07.077

Näkki, R., Sharp, F. R., Sagar, S. M., and Honkaniemi, J. (1996). Effects of
phencyclidine on immediate early gene expression in the brain. J. Neurosci. Res.
45, 13–27. doi: 10.1002/(SICI)1097-4547(19960701)45:1<13::AID-JNR2>3.0.
CO;2-K

Navailles, S., Zimnisky, R., and Schmauss, C. (2010). Expression of glucocorticoid
receptor and early growth response gene 1 during postnatal development of two
inbred strains of mice exposed to early life stress. Dev. Neurosci. 32, 139–148.
doi: 10.1159/000293989

Northcutt, K. V., and Lonstein, J. S. (2009). Social contact elicits immediate-
early gene expression in dopaminergic cells of the male prairie vole extended
olfactory amygdala. Neuroscience 163, 9–22. doi: 10.1016/j.neuroscience.2009.
06.018

Novaes, L. S., Dos Santos, N. B., Batalhote, R. F. P., Malta, M. B., Camarini, R.,
Scavone, C., et al. (2017). Environmental enrichment protects against stress-
induced anxiety: role of glucocorticoid receptor, ERK and CREB signaling
in the basolateral amygdala. Neuropharmacology 113, 457–466. doi: 10.1016/j.
neuropharm.2016.10.026

O’Donovan, K. J., Tourtellotte, W. G., Millbrandt, J., and Baraban, J. M.
(1999). The EGR family of transcription-regulatory factors: progress at the
interface of molecular and systems neuroscience. Trends Neurosci. 22, 167–173.
doi: 10.1016/s0166-2236(98)01343-5

O’Keefe, J., and Dostrovsky, J. (1971). The hippocampus as a spatial map.
Preliminary evidence from unit activity in the freely-moving rat. Brain Res. 34,
171–175. doi: 10.1016/0006-8993(71)90358-1

Okada, R., Fujiwara, H., Mizuki, D., Araki, R., Yabe, T., and Matsumoto, K.
(2015). Involvement of dopaminergic and cholinergic systems in social
isolation-induced deficits in social affiliation and conditional fear memory
in mice. Neuroscience 299, 134–145. doi: 10.1016/j.neuroscience.2015.
04.064

Okada, R., Matsumoto, K., Tsushima, R., Fujiwara, H., and Tsuneyama, K.
(2014). Social isolation stress-induced fear memory deficit is mediated by
down-regulated neuro-signaling system and Egr-1 expression in the brain.
Neurochem. Res. 39, 875–882. doi: 10.1007/s11064-014-1283-5

Okuno, H. (2011). Regulation and function of immediate-early genes in the brain:
beyond neuronal activity markers. Neurosci. Res. 69, 175–186. doi: 10.1016/j.
neures.2010.12.007

Olsson, T., Hakånsson, A., and Seckl, J. R. (1997). Ketanserin selectively
blocks acute stress-induced changes in NGFI-A and mineralocorticoid
receptor gene expression in hippocampal neurons. Neuroscience 76, 441–448.
doi: 10.1016/s0306-4522(96)00432-0

Pace, T. W. W., Gaylord, R., Topczewski, F., Girotti, M., Rubin, B., and
Spencer, R. L. (2005). Immediate-early gene induction in hippocampus and
cortex as a result of novel experience is not directly related to the stressfulness
of that experience. Eur. J. Neurosci. 22, 1679–1690. doi: 10.1111/j.1460-9568.
2005.04354.x

Papanikolaou, N. A., Tillinger, A., Liu, X., Papavassiliou, A. G., and Sabban, E. L.
(2014). A systems approach identifies co-signaling molecules of early growth
response 1 transcription factor in immobilization stress. BMC Syst. Biol. 8:100.
doi: 10.1186/s12918-014-0100-8

Pavletich, N. P., and Pabo, C. O. (1991). Zinc finger-DNA recognition:
crystal structure of a Zif268-DNA complex at 2.1 A. Science 252, 809–817.
doi: 10.1126/science.2028256

Penke, Z., Morice, E., Veyrac, A., Gros, A., Chagneau, C., LeBlanc, P., et al. (2014).
Zif268/Egr1 gain of function facilitates hippocampal synaptic plasticity and
long-term spatial recognition memory. Philos. Trans. R. Soc. Lond. B Biol. Sci.
369:20130159. doi: 10.1098/rstb.2013.0159

Penner, M. R., Parrish, R. R., Hoang, L. T., Roth, T. L., Lubin, F. D.,
and Barnes, C. A. (2016). Age-related changes in Egr1 transcription and
DNA methylation within the hippocampus. Hippocampus 26, 1008–1020.
doi: 10.1002/hipo.22583

Pérez-Santiago, J., Diez-Alarcia, R., Callado, L. F., Zhang, J. X., Chana, G.,
White, C. H., et al. (2012). A combined analysis of microarray gene
expression studies of the human prefrontal cortex identifies genes implicated in

schizophrenia. J. Psychiatr. Res. 46, 1464–1474. doi: 10.1016/j.jpsychires.2012.
08.005

Plomin, R., Owen, M. J., and McGuffin, P. (1994). The genetic basis of
complex human behaviors. Science 264, 1733–1739. doi: 10.1126/science.
8209254

Poirier, R., Cheval, H., Mailhes, C., Garel, S., Charnay, P., Davis, S., et al. (2008).
Distinct functions of egr gene family members in cognitive processes. Front.
Neurosci. 2, 47–55. doi: 10.3389/neuro.01.002.2008

Pollak, D. D., Scharl, T., Leisch, F., Herkner, K., Villar, S. R., Hoeger, H.,
et al. (2005). Strain-dependent regulation of plasticity-related proteins in the
mouse hippocampus. Behav. Brain Res. 165, 240–246. doi: 10.1016/j.bbr.2005.
07.028

Qin, X., Jiang, Y., Tse, Y. C., Wang, Y., Wong, T. P., and Paudel, H. K. (2015). Early
growth response 1 (Egr-1) regulates N-methyl-d-aspartate receptor (NMDAR)-
dependent transcription of PSD-95 and α-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid receptor (AMPAR) trafficking in hippocampal
primary neurons. J. Biol. Chem. 290, 29603–29616. doi: 10.1074/jbc.M115.
668889

Ramirez, S., Liu, X., MacDonald, C. J., Moffa, A., Zhou, J., Redondo, R. L.,
et al. (2015). Activating positive memory engrams suppresses depression-like
behaviour. Nature 522, 335–339. doi: 10.1038/nature14514

Rapp, P. R., Rosenberg, R. A., and Gallagher, M. (1987). An evaluation of
spatial information processing in aged rats. Behav. Neurosci. 101, 3–12.
doi: 10.1037/0735-7044.101.1.3

Renaudineau, S., Poucet, B., Laroche, S., Davis, S., and Save, E. (2009). Impaired
long-term stability of CA1 place cell representation in mice lacking the
transcription factor zif268/egr1. Proc. Natl. Acad. Sci. U S A 106, 11771–11775.
doi: 10.1073/pnas.0900484106

Repunte-Canonigo, V., Lutjens, R., van der Stap, L. D., and Sanna, P. P. (2007).
Increased expression of protein kinase A inhibitor α (PKI-α) and decreased
PKA-regulated genes in chronic intermittent alcohol exposure. Brain Res. 1138,
48–56. doi: 10.1016/j.brainres.2006.09.115

Revest, J.-M., Di Blasi, F., Kitchener, P., Rougé-Pont, F., Desmedt, A., Turiault, M.,
et al. (2005). The MAPK pathway and Egr-1 mediate stress-related behavioral
effects of glucocorticoids. Nat. Neurosci. 8, 664–672. doi: 10.1038/nn1441

Revest, J.-M., Kaouane, N., Mondin, M., Le Roux, A., Rougé-Pont, F., Vallée, M.,
et al. (2010). The enhancement of stress-related memory by glucocorticoids
depends on synapsin-Ia/Ib. Mol. Psychiatry 1125, 1140–1151. doi: 10.1038/mp.
2010.40

Richardson, C. L., Tate, W. P., Mason, S. E., Lawlor, P. A., Dragunow, M., and
Abraham, W. C. (1992). Correlation between the induction of an immediate
early gene, zif/268 and long-term potentiation in the dentate gyrus. Brain Res.
580, 147–154. doi: 10.1016/0006-8993(92)90938-6

Riffo-Campos, Á. L., Castillo, J., Tur, G., González-Figueroa, P., Georgieva, E. I.,
Rodríguez, J. L., et al. (2015). Nucleosome-specific, time-dependent changes in
histone modifications during activation of the early growth response 1 (Egr1)
gene. J. Biol. Chem. 290, 197–208. doi: 10.1074/jbc.M114.579292

Robbins, M. J., Critchlow, H. M., Lloyd, A., Cilia, J., Clarke, J. D., Bond, B.,
et al. (2008). Differential expression of IEG mRNA in rat brain following acute
treatment with clozapine or haloperidol: a semi-quantitative RT-PCR study.
J. Psychopharmacol. 22, 536–542. doi: 10.1177/0269881107081521

Rolli-Derkinderen, M., Machavoine, F., Baraban, J. M., Grolleau, A., Beretta, L.,
and Dy, M. (2003). ERK and p38 inhibit the expression of 4E-BP1 repressor
of translation through induction of Egr-1. J. Biol. Chem. 278, 18859–18867.
doi: 10.1074/jbc.M211696200

Romens, S. E., McDonald, J., Svaren, J., and Pollak, S. D. (2015). Associations
between early life stress and gene methylation in children. Child Dev. 86,
303–309. doi: 10.1111/cdev.12270

Rusconi, F., Grillo, B., Ponzoni, L., Bassani, S., Toffolo, E., Paganini, L., et al.
(2016). LSD1 modulates stress-evoked transcription of immediate early genes
and emotional behavior. Proc. Natl. Acad. Sci. U S A 113, 3651–3656.
doi: 10.1073/pnas.1511974113

Russo, M. W., Matheny, C., and Milbrandt, J. (1993). Transcriptional activity of
the zinc finger protein NGFI-A is influenced by its interaction with a cellular
factor. Mol. Cell. Biol. 13, 6858–6865. doi: 10.1128/mcb.13.11.6858

Russo, M. W., Sevetson, B. R., and Milbrandt, J. (1995). Identification of NAB1,
a repressor of NGFI-A- and Krox20-mediated transcription. Proc. Natl. Acad.
Sci. U S A 92, 6873–6877. doi: 10.1073/pnas.92.15.6873

Frontiers in Behavioral Neuroscience | www.frontiersin.org 18 March 2017 | Volume 11 | Article 35

https://doi.org/10.1002/(SICI)1098-2396(199704)25:4<313::AID-SYN1>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1098-2396(199704)25:4<313::AID-SYN1>3.0.CO;2-D
https://doi.org/10.1016/j.febslet.2007.07.077
https://doi.org/10.1002/(SICI)1097-4547(19960701)45:1<13::AID-JNR2>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-4547(19960701)45:1<13::AID-JNR2>3.0.CO;2-K
https://doi.org/10.1159/000293989
https://doi.org/10.1016/j.neuroscience.2009.06.018
https://doi.org/10.1016/j.neuroscience.2009.06.018
https://doi.org/10.1016/j.neuropharm.2016.10.026
https://doi.org/10.1016/j.neuropharm.2016.10.026
https://doi.org/10.1016/s0166-2236(98)01343-5
https://doi.org/10.1016/0006-8993(71)90358-1
https://doi.org/10.1016/j.neuroscience.2015.04.064
https://doi.org/10.1016/j.neuroscience.2015.04.064
https://doi.org/10.1007/s11064-014-1283-5
https://doi.org/10.1016/j.neures.2010.12.007
https://doi.org/10.1016/j.neures.2010.12.007
https://doi.org/10.1016/s0306-4522(96)00432-0
https://doi.org/10.1111/j.1460-9568.2005.04354.x
https://doi.org/10.1111/j.1460-9568.2005.04354.x
https://doi.org/10.1186/s12918-014-0100-8
https://doi.org/10.1126/science.2028256
https://doi.org/10.1098/rstb.2013.0159
https://doi.org/10.1002/hipo.22583
https://doi.org/10.1016/j.jpsychires.2012.08.005
https://doi.org/10.1016/j.jpsychires.2012.08.005
https://doi.org/10.1126/science.8209254
https://doi.org/10.1126/science.8209254
https://doi.org/10.3389/neuro.01.002.2008
https://doi.org/10.1016/j.bbr.2005.07.028
https://doi.org/10.1016/j.bbr.2005.07.028
https://doi.org/10.1074/jbc.M115.668889
https://doi.org/10.1074/jbc.M115.668889
https://doi.org/10.1038/nature14514
https://doi.org/10.1037/0735-7044.101.1.3
https://doi.org/10.1073/pnas.0900484106
https://doi.org/10.1016/j.brainres.2006.09.115
https://doi.org/10.1038/nn1441
https://doi.org/10.1038/mp.2010.40
https://doi.org/10.1038/mp.2010.40
https://doi.org/10.1016/0006-8993(92)90938-6
https://doi.org/10.1074/jbc.M114.579292
https://doi.org/10.1177/0269881107081521
https://doi.org/10.1074/jbc.M211696200
https://doi.org/10.1111/cdev.12270
https://doi.org/10.1073/pnas.1511974113
https://doi.org/10.1128/mcb.13.11.6858
https://doi.org/10.1073/pnas.92.15.6873
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

Saffen, D. W., Cole, A. J., Worley, P. F., Christy, B. A., Ryder, K., and Baraban, J. M.
(1988). Convulsant-induced increase in transcription factor messenger RNAs
in rat brain. Proc. Natl. Acad. Sci. U S A 85, 7795–7799. doi: 10.1073/pnas.85.
20.7795

Salmaso, N., Stevens, H. E., McNeill, J., ElSayed, M., Ren, Q., Maragnoli, M. E.,
et al. (2016). Fibroblast growth factor 2 modulates hypothalamic pituitary axis
activity and anxiety behavior through glucocorticoid receptors. Biol. Psychiatry
80, 479–489. doi: 10.1016/j.biopsych.2016.02.026

Sarver, A. L., Li, L., and Subramanian, S. (2010). MicroRNA miR-183 functions as
an oncogene by targeting the transcription factor EGR1 and promoting tumor
cell migration. Cancer Res. 70, 9570–9580. doi: 10.1158/0008-5472.CAN-10-
2074

Saunderson, E. A., Spiers, H., Mifsud, K. R., Gutierrez-Mecinas, M., Trollope, A. F.,
Shaikh, A., et al. (2016). Stress-induced gene expression and behavior are
controlled by DNA methylation and methyl donor availability in the dentate
gyrus. Proc. Natl. Acad. Sci. U S A 113, 4830–4835. doi: 10.1073/pnas.
1524857113

Schippert, R., Burkhardt, E., Feldkaemper, M., and Schaeffel, F. (2007). Relative
axial myopia in Egr-1 (ZENK) knockout mice. Invest. Ophthalmol. Vis. Sci. 48,
11–17. doi: 10.1167/iovs.06-0851

Schreiber, S. S., Tocco, G., Shors, T. J., and Thompson, R. F. (1991).
Activation of immediate early genes after acute stress. Neuroreport 2, 17–20.
doi: 10.1097/00001756-199101000-00004

Sgambato, V., Pagès, C., Rogard, M., Besson, M. J., and Caboche, J. (1998).
Extracellular signal-regulated kinase (ERK) controls immediate early gene
induction on corticostriatal stimulation. J. Neurosci. 18, 8814–8825.

Shackman, J. E., and Pollak, S. D. (2014). Impact of physical maltreatment on the
regulation of negative affect and aggression. Dev. Psychopathol. 26, 1021–1033.
doi: 10.1017/S0954579414000546

Shackman, J. E., Shackman, A. J., and Pollak, S. D. (2007). Physical abuse amplifies
attention to threat and increases anxiety in children. Emotion 7, 838–852.
doi: 10.1037/1528-3542.7.4.838

Shires, K. L., and Aggleton, J. P. (2008). Mapping immediate-early gene activity in
the rat after place learning in a water-maze: the importance of matched control
conditions. Eur. J. Neurosci. 28, 982–996. doi: 10.1111/j.1460-9568.2008.
06402.x

Skupio, U., Tertil, M., Sikora, M., Golda, S., Wawrzczak-Bargiela, A., and
Przewlocki, R. (2015). Behavioral and molecular alterations in mice resulting
from chronic treatment with dexamethasone: relevance to depression.
Neuroscience 286, 141–150. doi: 10.1016/j.neuroscience.2014.11.035

Slade, J. P., and Carter, D. A. (2000). Cyclical expression of egr-1/NGFI-A in the
rat anterior pituitary: a molecular signal for ovulation? J. Neuroendocrinol. 12,
671–676. doi: 10.1046/j.1365-2826.2000.00512.x

Slattery, D. A., Morrow, J. A., Hudson, A. L., Hill, D. R., Nutt, D. J., and Henry, B.
(2005). Comparison of alterations in c-fos and Egr-1 (zif268) expression
throughout the rat brain following acute administration of different classes
of antidepressant compounds. Neuropsychopharmacology 30, 1278–1287.
doi: 10.1038/sj.npp.1300717

Srinivasan, R., Mager, G. M., Ward, R. M., Mayer, J., and Svaren, J. (2006).
NAB2 represses transcription by interacting with the CHD4 subunit of the
nucleosome remodeling and deacetylase (NuRD) complex. J. Biol. Chem. 281,
15129–15137. doi: 10.1074/jbc.M600775200

Stack, A., Carrier, N., Dietz, D., Hollis, F., Sorenson, J., and Kabbaj, M. (2010). Sex
differences in social interaction in rats: role of the immediate-early gene zif268.
Neuropsychopharmacology 35, 570–580. doi: 10.1038/npp.2009.163

Subburaju, S., Coleman, A. J., Ruzicka, W. B., and Benes, F. M. (2016).
Toward dissecting the etiology of schizophrenia: HDAC1 and DAXX regulate
GAD67 expression in an in vitro hippocampal GABA neuron model. Transl.
Psychiatry 6:e723. doi: 10.1038/tp.2015.224

Sukhatme, V. P., Cao, X. M., Chang, L. C., Tsai-Morris, C. H., Stamenkovich, D.,
Ferreira, P. C., et al. (1988). A zinc finger-encoding gene coregulated with c-fos
during growth and differentiation and after cellular depolarization. Cell 53,
37–43. doi: 10.1016/0092-8674(88)90485-0

Sun, Y., Luo, Z.-M., Guo, X.-M., Su, D.-F., and Liu, X. (2015). An updated role
of microRNA-124 in central nervous system disorders: a review. Front. Cell.
Neurosci. 9:193. doi: 10.3389/fncel.2015.00193

Svaren, J., Ehrig, T., Abdulkadir, S. A., Ehrengruber, M. U., Watson, M. A., and
Milbrandt, J. (2000). EGR1 target genes in prostate carcinoma cells identified

by microarray analysis. J. Biol. Chem. 275, 38524–38531. doi: 10.1074/jbc.
M005220200

Svaren, J., Sevetson, B. R., Apel, E. D., Zimonjic, D. B., Popescu, N. C., and
Milbrandt, J. (1996). NAB2, a corepressor of NGFI-A (Egr-1) and Krox20,
is induced by proliferative and differentiative stimuli. Mol. Cell. Biol. 16,
3545–3553. doi: 10.1128/mcb.16.7.3545

Sweatt, J. D. (2016). Neural plasticity and behavior–sixty years of conceptual
advances. J. Neurochem. 139, 179–199. doi: 10.1111/jnc.13580

Swirnoff, A. H., and Milbrandt, J. (1995). DNA-binding specificity of NGFI-A
and related zinc finger transcription factors. Mol. Cell. Biol. 15, 2275–2287.
doi: 10.1128/mcb.15.4.2275

Tamminga, C. A., Holcomb, H. H., Gao, X. M., and Lahti, A. C. (1995). Glutamate
pharmacology and the treatment of schizophrenia: current status and future
directions. Int. Clin. Psychopharmacol. 10, 29–37. doi: 10.1097/00004850-
199509000-00005

Thiriet, N., Aunis, D., and Zwiller, J. (2000). C-fos and egr-1 immediate-early gene
induction by cocaine and cocaethylene in rat brain: a comparative study. Ann.
N Y Acad. Sci. 914, 46–57. doi: 10.1111/j.1749-6632.2000.tb05182.x

Tonegawa, S., Pignatelli, M., Roy, D. S., and Ryan, T. J. (2015). Memory engram
storage and retrieval. Curr. Opin. Neurobiol. 35, 101–109. doi: 10.1016/j.conb.
2015.07.009

Topilko, P., Schneider-Maunoury, S., Levi, G., Trembleau, A., Gourdji, D.,
Driancourt, M. A., et al. (1998). Multiple pituitary and ovarian defects
in Krox-24 (NGFI-A, Egr-1)-targeted mice. Mol. Endocrinol. 12, 107–122.
doi: 10.1210/me.12.1.107

Trent, S., Barnes, P., Hall, J., and Thomas, K. L. (2015). Rescue of
long-term memory after reconsolidation blockade. Nat. Commun. 6:7897.
doi: 10.1038/ncomms8897

Tsai, J. C., Liu, L., Cooley, B. C., DiChiara, M. R., Topper, J. N., and
Aird, W. C. (2000). The Egr-1 promoter contains information for constitutive
and inducible expression in transgenic mice. FASEB J. 14, 1870–1872.
doi: 10.1096/fj.99-1072fje

Tur, G., Georgieva, E. I., Gagete, A., López-Rodas, G., Rodríguez, J. L., and
Franco, L. (2010). Factor binding and chromatin modification in the promoter
of murine Egr1 gene upon induction. Cell. Mol. Life Sci. 67, 4065–4077.
doi: 10.1007/s00018-010-0426-3

Tyan, S.-W., Tsai, M.-C., Lin, C.-L., Ma, Y.-L., and Lee, E. H. Y. (2008). Serum-
and glucocorticoid-inducible kinase 1 enhances zif268 expression through
the mediation of SRF and CREB1 associated with spatial memory formation.
J. Neurochem. 105, 820–832. doi: 10.1111/j.1471-4159.2007.05186.x

Umemoto, S., Kawai, Y., and Senba, E. (1994). Differential regulation of IEGs
in the rat PVH in single and repeated stress models. Neuroreport 6, 201–204.
doi: 10.1097/00001756-199412300-00051

Umemoto, S., Kawai, Y., Ueyama, T., and Senba, E. (1997). Chronic glucocorticoid
administration as well as repeated stress affects the subsequent acute
immobilization stress-induced expression of immediate early genes but not
that of NGFI-A. Neuroscience 80, 763–773. doi: 10.1016/S0306-4522(97)
00050-X

Veyrac, A., Besnard, A., Caboche, J., Davis, S., and Laroche, S. (2014). The
transcription factor Zif268/Egr1, brain plasticity and memory. Prog. Mol. Biol.
Transl. Sci. 122, 89–129. doi: 10.1016/B978-0-12-420170-5.00004-0

Virolle, T., Krones-Herzig, A., Baron, V., De Gregorio, G., Adamson, E. D., and
Mercola, D. (2003). Egr1 promotes growth and survival of prostate cancer
cells. Identification of novel Egr1 target genes. J. Biol. Chem. 278, 11802–11810.
doi: 10.1074/jbc.M210279200

Wang, B., Guo, J., Feng, L., Suen, C.-W., Fu, W.-M., Zhang, J.-F., et al. (2016).
MiR124 suppresses collagen formation of human tendon derived stem cells
through targeting egr1. Exp. Cell Res. 347, 360–366. doi: 10.1016/j.yexcr.2016.
08.018

Wang, W., Zhou, D., Shi, X., Tang, C., Xie, X., Tu, J., et al. (2010). Global
Egr1-miRNAs binding analysis in PMA-induced K562 cells using ChIP-Seq.
J. Biomed. Biotechnol. 2010:11. doi: 10.1155/2010/867517

Watanabe, Y., Stone, E., and McEwen, B. S. (1994). Induction and habituation of
c-fos and zif/268 by acute and repeated stressors. Neuroreport 5, 1321–1324.
doi: 10.1097/00001756-199406270-00006

Watson, M. A., and Milbrandt, J. (1990). Expression of the nerve growth factor-
regulated NGFI-A and NGFI-B genes in the developing rat. Development 110,
173–183.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 19 March 2017 | Volume 11 | Article 35

https://doi.org/10.1073/pnas.85.20.7795
https://doi.org/10.1073/pnas.85.20.7795
https://doi.org/10.1016/j.biopsych.2016.02.026
https://doi.org/10.1158/0008-5472.CAN-10-2074
https://doi.org/10.1158/0008-5472.CAN-10-2074
https://doi.org/10.1073/pnas.1524857113
https://doi.org/10.1073/pnas.1524857113
https://doi.org/10.1167/iovs.06-0851
https://doi.org/10.1097/00001756-199101000-00004
https://doi.org/10.1017/S0954579414000546
https://doi.org/10.1037/1528-3542.7.4.838
https://doi.org/10.1111/j.1460-9568.2008.06402.x
https://doi.org/10.1111/j.1460-9568.2008.06402.x
https://doi.org/10.1016/j.neuroscience.2014.11.035
https://doi.org/10.1046/j.1365-2826.2000.00512.x
https://doi.org/10.1038/sj.npp.1300717
https://doi.org/10.1074/jbc.M600775200
https://doi.org/10.1038/npp.2009.163
https://doi.org/10.1038/tp.2015.224
https://doi.org/10.1016/0092-8674(88)90485-0
https://doi.org/10.3389/fncel.2015.00193
https://doi.org/10.1074/jbc.M005220200
https://doi.org/10.1074/jbc.M005220200
https://doi.org/10.1128/mcb.16.7.3545
https://doi.org/10.1111/jnc.13580
https://doi.org/10.1128/mcb.15.4.2275
https://doi.org/10.1097/00004850-199509000-00005
https://doi.org/10.1097/00004850-199509000-00005
https://doi.org/10.1111/j.1749-6632.2000.tb05182.x
https://doi.org/10.1016/j.conb.2015.07.009
https://doi.org/10.1016/j.conb.2015.07.009
https://doi.org/10.1210/me.12.1.107
https://doi.org/10.1038/ncomms8897
https://doi.org/10.1096/fj.99-1072fje
https://doi.org/10.1007/s00018-010-0426-3
https://doi.org/10.1111/j.1471-4159.2007.05186.x
https://doi.org/10.1097/00001756-199412300-00051
https://doi.org/10.1016/S0306-4522(97)00050-X
https://doi.org/10.1016/S0306-4522(97)00050-X
https://doi.org/10.1016/B978-0-12-420170-5.00004-0
https://doi.org/10.1074/jbc.M210279200
https://doi.org/10.1016/j.yexcr.2016.08.018
https://doi.org/10.1016/j.yexcr.2016.08.018
https://doi.org/10.1155/2010/867517
https://doi.org/10.1097/00001756-199406270-00006
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive


Duclot and Kabbaj EGR1 Roles in Brain Plasticity

Weaver, I. C. G. (2007). Epigenetic programming by maternal behavior and
pharmacological intervention. Nature versus nurture: let’s call the whole thing
off. Epigenetics 2, 22–28. doi: 10.4161/epi.2.1.3881

Weaver, I. C. G., D’Alessio, A. C., Brown, S. E., Hellstrom, I. C., Dymov, S.,
Sharma, S., et al. (2007). The transcription factor nerve growth factor-inducible
protein a mediates epigenetic programming: altering epigenetic marks by
immediate-early genes. J. Neurosci. 27, 1756–1768. doi: 10.1523/JNEUROSCI.
4164-06.2007

Wei, K., Xu, Y., Zhao, Z., Wu, X., Du, Y., Sun, J., et al. (2016). Icariin alters
the expression of glucocorticoid receptor, FKBP5 and SGK1 in rat brains
following exposure to chronic mild stress. Int. J. Mol. Med. 38, 337–344.
doi: 10.3892/ijmm.2016.2591

Wheeler, A. L., Creed, M. C., Voineskos, A. N., and Nobrega, J. N. (2014).
Changes in brain functional connectivity after chronic haloperidol in
rats: a network analysis. Int. J. Neuropsychopharmacol. 17, 1129–1138.
doi: 10.1017/S1461145714000042

Wisden, W., Errington, M. L., Williams, S., Dunnett, S. B., Waters, C.,
Hitchcock, D., et al. (1990). Differential expression of immediate early genes
in the hippocampus and spinal cord. Neuron 4, 603–614. doi: 10.1016/0896-
6273(90)90118-y

Wu, S. Y., Rupaimoole, R., Shen, F., Pradeep, S., Pecot, C. V., Ivan, C., et al. (2016).
A miR-192-EGR1-HOXB9 regulatory network controls the angiogenic switch
in cancer. Nat. Commun. 7:11169. doi: 10.1038/ncomms11169

Xie, L., Korkmaz, K. S., Braun, K., and Bock, J. (2013). Early life stress-induced
histone acetylations correlate with activation of the synaptic plasticity genes
Arc and Egr1 in the mouse hippocampus. J. Neurochem. 125, 457–464.
doi: 10.1111/jnc.12210

Xu, S., and Kang, U. G. (2014). Cocaine induces ubiquitination of Egr-1
in the rat dorsal striatum. Neuroreport 25, 1362–1367. doi: 10.1097/WNR.
0000000000000273

Xu, Y., Pan, J., Sun, J., Ding, L., Ruan, L., Reed, M., et al. (2015). Inhibition
of phosphodiesterase 2 reverses impaired cognition and neuronal remodeling
caused by chronic stress. Neurobiol. Aging 36, 955–970. doi: 10.1016/j.
neurobiolaging.2014.08.028

Yagi, S., Chow, C., Lieblich, S. E., and Galea, L. A. M. (2016). Sex and strategy use
matters for pattern separation, adult neurogenesis and immediate early gene
expression in the hippocampus. Hippocampus 26, 87–101. doi: 10.1002/hipo.
22493

Yamada, K., Gerber, D. J., Iwayama, Y., Ohnishi, T., Ohba, H., Toyota, T., et al.
(2007). Genetic analysis of the calcineurin pathway identifies members of the
EGR gene family, specifically EGR3, as potential susceptibility candidates in
schizophrenia. Proc. Natl. Acad. Sci. U S A 104, 2815–2820. doi: 10.1073/pnas.
0610765104

Yang, Y., Shu, X., Liu, D., Shang, Y., Wu, Y., Pei, L., et al. (2012). EPAC null
mutation impairs learning and social interactions via aberrant regulation of
miR-124 and Zif268 translation. Neuron 73, 774–788. doi: 10.1016/j.neuron.
2012.02.003

Yang, S. H., Vickers, E., Brehm, A., Kouzarides, T., and Sharrocks, A. D. (2001).
Temporal recruitment of the mSin3A-histone deacetylase corepressor complex
to the ETS domain transcription factor Elk-1. Mol. Cell. Biol. 21, 2802–2814.
doi: 10.1128/mcb.21.8.2802-2814.2001

Ying, S.-W., Futter, M., Rosenblum, K., Webber, M. J., Hunt, S. P., Bliss, T. V. P.,
et al. (2002). Brain-derived neurotrophic factor induces long-term potentiation
in intact adult hippocampus: requirement for ERK activation coupled to CREB
and upregulation of Arc synthesis. J. Neurosci. 22, 1532–1540.

Yu, J., de Belle, I., Liang, H., and Adamson, E. D. (2004). Coactivating factors
p300 and CBP are transcriptionally crossregulated by Egr1 in prostate cells,
leading to divergent responses. Mol. Cell 15, 83–94. doi: 10.1016/j.molcel.2004.
06.030

Yu, G., Wang, L.-G., and He, Q.-Y. (2015). ChIPseeker: an R/Bioconductor
package for ChIP peak annotation, comparison and visualization.
Bioinformatics 31, 2382–2383. doi: 10.1093/bioinformatics/btv145

Yu, J., Zhang, S. S., Saito, K., Williams, S., Arimura, Y., Ma, Y., et al.
(2009). PTEN regulation by Akt-EGR1-ARF-PTEN axis. EMBO J. 28, 21–33.
doi: 10.1038/emboj.2008.238

Zhang, T.-Y., Hellstrom, I. C., Bagot, R. C., Wen, X., Diorio, J., and
Meaney, M. J. (2010). Maternal care and DNA methylation of a glutamic acid
decarboxylase 1 promoter in rat hippocampus. J. Neurosci. 30, 13130–13137.
doi: 10.1523/JNEUROSCI.1039-10.2010

Zhang, F., Lin, M., Abidi, P., Thiel, G., and Liu, J. (2003). Specific interaction
of Egr1 and c/EBPβ leads to the transcriptional activation of the human
low density lipoprotein receptor gene. J. Biol. Chem. 278, 44246–44254.
doi: 10.1074/jbc.M305564200

Zhang, J., Xie, S., Ma, W., Teng, Y., Tian, Y., Huang, X., et al. (2013). A newly
identified microRNA, mmu-miR-7578, functions as a negative regulator
on inflammatory cytokines tumor necrosis factor-α and interleukin-6 via
targeting Egr1 in vivo. J. Biol. Chem. 288, 4310–4320. doi: 10.1074/jbc.M112.
351197

Zhu, H.-Y., Bai, W.-D., Wang, H.-T., Xie, S.-T., Tao, K., Su, L.-L., et al.
(2016). Peroxisome proliferator-activated receptor-γ agonist inhibits collagen
synthesis in human keloid fibroblasts by suppression of early growth
response-1 expression through upregulation of miR-543 expression. Am.
J. Cancer Res. 6, 1358–1370.

Ziółkowska, B., Gieryk, A., Solecki, W., and Przewłocki, R. (2015). Temporal
and anatomic patterns of immediate-early gene expression in the forebrain of
C57BL/6 and DBA/2 mice after morphine administration. Neuroscience 284,
107–124. doi: 10.1016/j.neuroscience.2014.09.069
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