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Abstract Injury to the nervous system induces localized
damage in neural structures and neuronal death through the
primary insult, as well as delayed atrophy and impaired
plasticity of the delicate dendritic fields necessary for
interneuronal communication. Excitotoxicity and other sec-
ondary biochemical events contribute to morphological
changes in neurons following injury. Evidence suggests that
various transcription factors are involved in the dendritic
response to injury and potential therapies. Transcription
factors play critical roles in the intracellular regulation of
neuronal morphological plasticity and dendritic growth and
patterning. Mounting evidence supports a crucial role for
epigenetic modifications via histone deacetylases, histone
acetyltransferases, and DNA methyltransferases that modify
gene expression in neuronal injury and repair processes.
Gene regulation through epigenetic modification is of great
interest in neurotrauma research, and an early picture is
beginning to emerge concerning how injury triggers intra-
cellular events that modulate such responses. This review
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provides an overview of injury-mediated influences on
transcriptional regulation through epigenetic modification,
the intracellular processes involved in the morphological
consequences of such changes, and potential approaches to
the therapeutic manipulation of neuronal epigenetics for
regulating gene expression to facilitate growth and signaling
through dendritic arborization following injury.
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Introduction

The plasticity of dendritic growth and response to injury
are surprisingly understudied areas, while the intrinsic and
extrinsic factors that affect dendritic growth and targeting
during development are more fully understood. Upon
injury to the adult central nervous system (CNS) many
aspects of development are reintroduced, including the
release of glial and neuronal neurotrophic factors [1, 2],
morphological and physiological cellular responses to
micro-environmental changes, and the structural reorgani-
zation of neuronal networks, that provide means of
recovery of lost or limited function after injury. At the most
basic level, all cells in the CNS respond to extrinsic cues
through intracellular signaling cascades that influence cell-
specific genes involved in these cellular responses to injury
[3]. The involvement of epigenetic changes within neurons,
and how they affect neuronal morphology and repair after
injury, are now of great scientific interest.

Transcription factors are essential for the initiation of
target gene transcription for the further production of
transcription factors or the translation of other genes that
play roles in the retraction, regrowth, and reorganization of
dendritic branches [4-6]. Much of what we know about the
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roles transcription factors play in these processes stem
from limited studies on the actions of a handful of key
factors. Likewise, the injury-induced plasticity of neuronal
extensions is often studied in the context of cellular
responses to extracellular events and biochemical interac-
tions that influence neuronal behavior through intracellular
signaling cascades and changes in gene expression through
epigenetic modulation.

Following CNS injury, the primary mechanical insult and
especially the temporo-spatial spread of secondary bio-
chemical inflammatory, oxidative, and other events, cause
glial, vascular, and neuronal damage and death surrounding
the injury site, [7-9] and induce surviving cells to produce
and release a variety of cytokines, chemokines, neurotrans-
mitters, and trophic factors [10—12]. These released agents
signal local cells to trigger a variety of responses to the
changing microenvironment induced by injury. Glia and
neurons secrete powerful trophic factors like glial cell line-
derived neurotrophic factor [2], brain-derived neurotrophic
factor (BDNF) [12], and nerve growth factor (NGF) [1].
Upon production and secretion into the extracellular matrix,
these factors act primarily locally on receptors bound within
the membranes of the neuronal soma and dendrites.

Influence of Injury on Dendritic Morphology
and Structural Dynamics

After injury to the CNS, local neurons may undergo initial,
necrotic, or delayed programmed cell death in response to
the primary insult and secondary injury processes. In
addition, neurons that do not ultimately die may undergo
extensive morphological alterations including dendritic and
somatic atrophy [13-16], as well as synaptic and dendritic
remodeling [17].

By 1 week after thoracic spinal cord injury (SCI), neu-
rons in the cord show atrophic dendritic arbors in addition
to reduced soma size [18]. Several weeks following CNS
injury, surviving neurons continue to exhibit the atrophic
attributes of reduced dendritic length [19] and soma area.
Loss of afferent input to neurons as a result of injury may
be the cause of dendritic atrophy following SCI [19],
though intracellular signaling and cellular degradation
pathways like autophagy are known to be acutely activated
[20] and may result in morphological changes.

Transcription Factor Involvement in Dendritic
Plasticity

Research over the past decade has uncovered many
mechanisms by which dendrites grow and dendritic fields
are maintained. Different neuronal types exhibit different
morphologic orientations of dendritic patterning likely
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based on their location, local microenvironment, and
function within the CNS. This knowledge is important for
understanding the dendritic response to injury, as well as
appreciating particular responses to pharmacological or
other agents aimed at modulating neuronal morphology
and plasticity to improve repair and recovery in trauma and
disease. Investigations into the genetic influence and types
of transcription factors that regulate the intrinsic capacity
of neurons to grow and respond to extrinsic stimuli have
been pivotal to broadening knowledge of these topics.

Much work in answering basic questions regarding
transcription factor control over neuronal morphological
plasticity has involved studies using Drosophila as a
model, especially concerning dendritic regulation. As the
Drosophila nervous system is simple compared to verte-
brates, primary transcriptional mediators of neuronal fate
and dendritic patterning have been successfully identified.
The development of subclasses of multipolar dendritic
neurons is controlled by a combination of key transcrip-
tional regulators. These dendritic arborization (da) neurons
appear to be coordinated in development to some extent by
the level of cut gene expression [21]. Cut is a home-
odomain protein and transcription factor involved in reg-
ulating the complexity of dendritic arbors [21]. Neurons
with small and non-complex dendritic arbors express no
Cut (Class I) or low levels of Cut (Class II). Higher
expression levels of Cut result in increasingly greater
complexity of dendritic fields (Classes III and IV) [22, 23].
The mammalian version of Cut, known as CCAAT-dis-
placement protein (CDP), is interchangeable with Cut in
Drosophila neurons with similar results [22]. CDP, also
known as Cuxl, is located in mature cortical pyramidal
neurons among other neurons of the mammalian CNS [24],
where it is suggested to modulate the post-mitotic mor-
phological characteristics of neurons including dendritic
patterning. Cut may stimulate the development of actin-
rich filopodia-like extensions that may contribute to den-
dritic branching dynamics. Part of this influence could stem
from its inhibition of p27Kipl expression and modulation
of RhoA signaling [25].

Another transcription factor studied in Drosophila that
is conserved in mammals is the protein Abrupt. Abrupt is a
BTB-zinc finger protein of the Knot/Collier family of
proteins that contributes to the transcriptional regulation of
dendritic arborization in class I da neurons [26-28].
Specifically, Abrupt dose-dependently diminishes dendritic
branching [27], thereby likely coordinating with Cut to
establish the class I-specific lack of a dendritic arbor in
post-mitotic neurons. However, any role of potential
mammalian homologs of Abrupt remains unclear. Another
transcription factor that influences dendritic complexity in
Drosophila, Spineless, has a mammalian homolog, aryl-
hydrocarbon (dioxin) receptor (AHR); however, AHR does
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not appear to affect dendritic development in mammalian
neurons the way it does in Drosophila [29].

Though somewhat less understood, other transcription
factors play known roles in the dendritic patterning of
mammalian neurons. Evidence suggests that the basic
helix-loop-helix transcription factors neurogenin-2 and
NeuroD affect dendritic morphological organization in
cortical pyramidal neurons and granule neurons, respec-
tively [30-32]. Others, such as activating transcription
factor-3 (ATF-3) and signal transduction and transcription-
3 (STAT?3) are better characterized and induce a variety of
responses in neurons during development and in response
to injury and treatment.

ATF-3 is a transcription repression protein, targeted by
neuronal cyclic AMP-response element binding (CREB)
protein signaling, that promotes neuroprotection and pre-
vents the dendritic damage caused by neurotoxicity and the
oxygen-glucose starvation induced by ischemic injury
[33, 34]. It is known that ATF-3 regulates gene expression
through dimerizing or interacting with other transcription
factors in the leucine zipper family like Fos/Jun [35, 36],
which allows binding to Apl and CRE/ATF promoters
[37, 38]. Upon injury, ATF-3 is upregulated in many
neurons in the CNS [39, 40] and peripheral nervous system
[41, 42]. Upon overexpression, ATF-3 stimulates enhanced
neurite outgrowth in vitro, suggesting that the transcription
factor increases growth plasticity in neurons, although the
exact transcriptional mechanism remains unclear. Some
genes regulated by ATF-3 in neuronal cells include heat
shock protein 27 (Hsp27) [43] and c-Jun [38], the latter of
which is involved in ATF-3-mediated neurite growth [44].
It could be that ATF-3 acts in concert with other tran-
scription factors and modulates the expression of various
genes to stimulate such neuronal responses. The mecha-
nisms by which ATF-3 regulates neuronal responses to
injury and regrowth require further study.

STAT3, among other members of the STAT transcrip-
tion factor family, isalso induced by injury to the nervous
system [45, 46]. In vitro and in vivo evidence suggests that
activation of STAT3 by phosphorylation at Tyr 705 is
protective in injured neurons [45, 46]. Phosphorylation of
STAT3 and other STAT proteins occurs primarily through
the activation of Janus kinases (JAKs) by cell receptor
binding by neurotransmitters, hormones, neurotrophic
factors, or other extracellular signaling proteins. A primary
cellular function for JAK-STAT signaling is to influence
gene expression [47]. Upon activation, JAKs are phos-
phorylated and this leads to the phosphorylation and
dimerization of STAT proteins. STAT dimers localize to
the nucleus, bind DNA, and serve in the regulation of gene
transcription. Among the many physiological functions of
JAK-STAT signaling are cell survival [48, 49], axon
growth [50], differentiation, and proliferation [51, 52].

After CNS injury, JAK-STAT signaling and STAT3
expression appear to play roles in neuronal plasticity and
regrowth. Specifically, upon neurite damage, STAT3
expression and activity increase in regenerating neurons
[53]. STAT3 activation is also involved in neuronal dif-
ferentiation and neurite outgrowth in the presence of
trophic factors, including NGF and BDNF [54]. STAT3
activation by Trk receptor-activation by neurotrophins may
be a point of interaction between multiple intracellular
signaling pathways, including phosphatidylinositol-3-
kinase (PI3K) and extracellular-related kinase (Erk) in
addition to JAK signaling [54].

Epigenetic Modifications Following Central
Nervous System Injury

In normal CNS development and function, appropriate
gene expression through epigenetic regulation is of great
consequence. Even minor fluctuations in neuronal activity
can, and may be necessary, to impart extended modifica-
tion of gene expression [55]. As such, when insulted by
trauma or through other means, dramatic changes in
intraneuronal processes occur that can result in chronic
dysregulation of function and altered neuron metabolism,
and can instigate necrotic and programmed cell death. The
term “epigenetics” is traditionally applied to the system of
regulation of heritable changes of gene expression separate
from those of DNA itself. However, epigenetics now covers
a broad set of processes and events that regulate chromatin
structure and function. Non-replicating neurons are unique
in that epigenetic modifications are not inherited. There-
fore, the specific term ‘“neuroepigenetics” has been sug-
gested to cover such epigenetic events that occur within the
CNS [56].

After injury to the brain or spinal cord, projections of
neurons involved in neuron-neuron interaction and com-
munication as well as the surrounding glia are lost or
damaged. In cells that survive the initial trauma, a complex
orchestration of events involving histone-modifying
enzymes and transcription factors unfold to mediate drastic
changes in gene expression that allow for the specific cell
type to respond to temporal changes in tissue pathology
post-injury. Chromatin remodeling is highly important in
the regulation of neuronal degeneration, plasticity, and
regrowth by controlling critical transcriptional processes in
neurons and glia [57-59]. In general, at least 8 major
epigenetic modifications affect chromatin remodeling in
cells (Fig. 1).

Some of the best-studied enzyme-mediated epigenetic
responses include histone lysine acetylation and deacety-
lation [60]. The acetylation of lysine residues on histone
N-termini is accomplished via the activity of histone acetyl
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Fig. 1 Cartoon of general
cellular epigenetic
modifications and
transcriptional outcomes.
Examples of histone lysine
acetylation and methylation
sites associated with
transcriptional regulation are
labeled in red.
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transferases (HATs). Histone acetylation by HATs neu-
tralizes the positive charges on histone tails that promotes
chromatin unfolding and enhances access of the tran-
scription factors involved in gene regulation. Alternatively,
histone deacetylases (HDACs) eliminate these acetyl
groups, compress chromatin, and repress transcription. As
described in a recent review by Lv et al. [61], overall spinal
cord levels of acetylation are downregulated in rat models
of SCI, and giving valproic acid (VPA), a class I HDAC
inhibitor, increases acetylation and enhances the recovery
of function [61-63]. Whether or not these effects of VPA
are the result of the direct influence on chromatin modifi-
cation is unclear, as VPA modulates various intracellular
signaling pathways and has its own neuroprotective effects
[64]. Nevertheless, the evidence suggests that epigenetic
modulation through increased histone acetylation has a
positive influence on the functional ability and other effects
of various cellular events in animal models of SCIL.

The role of Class II HDACsS, including HDAC4, 5, 6,
and 7, is less understood. However, research suggests that
specific Class I HDACs have a positive impact on specific
neuronal functions and synaptic plasticity. Knock-out of
HDAC4 in mice reduces hippocampal neuron functions
and synaptic plasticity, negatively impacting learning and
memory [65]. Interestingly, HDACS5 knock-out doesnot
have similar effects, suggesting HDAC-specific influences
on neuronal behavior and morphology. Such findings have
important consequences for the development and applica-
tion of therapeutics targeting HDAC activity and epige-
netic regulation. It would appear that broadly targeting
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HDAC inhibition after CNS injury should be cautioned
against, as increased activity in some HDACS, such as
those in Class I, may be detrimental while some Class II
HDACSs may prove beneficial when active in certain neu-
ronal populations. As Class II HDACs are known to be
activated via Ca®" signaling in neurons, and such signaling
is a well-understood process in neuronal responses to brain
and spinal cord injury, a better understanding of HDACs
and other epigenetic modulators is needed for optimal
therapeutic development for modifying such events under
these pathological conditions.

Another prominent epigenetic alteration involves direct
DNA modification by chemical methylation [66]. DNA
methyltransferases (Dnmts) are responsible for DNA
methylation through methyl group transfer from S-adenyl
methionine to a cytosine residue to form 5-methylcytosine.
During DNA replication, Dnmt1 regulates transfer of the
DNA methylation pattern from the parent DNA strand to
the new daughter strand. Other Dnmts, Dnmt3a and
Dnmt3b are known as de novo Dnmts as they set in place
new patterns of methylation of unmodified DNA [67]. In
mature post-mitotic cells, such as CNS neurons, Dnmt
expression is downregulated but still expressed, which
suggests a role in CNS neuronal functions [68, 69]. In fact,
some of the highest DNA methylation levels occur in brain
tissue [67].

Crosstalk between DNA methylation mechanisms and
histone modifications also occur in regulating transcription.
As noted earlier, epigenetic modification of histones that
cause loosening of histone-associated DNA, such as



Y. Wang et al.: Transcriptional and Epigenetic Regulation in Dendritic Plasticity 89

acetylation of the N-terminus of histone tails, enhance
transcriptional access by transcription proteins and
machinery, and Dnmts can interact with histone-modifying
enzymes to repress the expression of genes. For example,
Dnmtl and Dnmt3a have been observed to interact with
and bind the histone methyltransferase SUV39H1 that
methylates histone 3 and lysine 9 (H3K9) and reduces gene
expression [70]. It has also been shown that Dnmtl and
Dnmt3b bind HDACS to repress transcription in associated
DNA regions through enhanced DNA compaction and by
repressing access by transcriptional proteins [71]. Overall,
the relationship between Dnmts and histone-modifying
enzymes generally results in the transcriptional repression
of specific DNA regions.

Experimental traumatic brain injury (TBI) modifies the
distribution and expression of Dnmtl, as well as DNA
methylation at both the cellular and organ levels [72, 73]. A
recent study suggests that DNA hypomethylation and
hypermethylation changes occur in both neurons and glia.
These changes appear to be dependent on specific DNA
regions, and thus the gene regions with which the methy-
lation patterns are associated. In specific neuronal popu-
lations, epigenetic changes in Dnmt expression and DNA
methylation as well as HDAC expression have been doc-
umented, which suggest subpopulation-specific neuronal
responses to blast-type brain injury [72, 74]. Blast-injury,
among other forms of experimental TBI, causes mild forms
of brain damage and diffuse axonal injury. A recent study
has shown that controlled cortical impact injury causes
local as well as widespread cortical neuronal dendrite
degeneration and loss [75]. The mechanisms underlying
such events are not well understood, but may, at least in
part, result from intracellular transcriptional modulation
due to epigenetic changes induced by injury.

Additional extrinsic factors in the CNS may also influ-
ence neurite plasticity, both during development and fol-
lowing injury. Recent research has demonstrated an
increase in Nogo-A, a myelin-associated molecule, fol-
lowing mild TBI [76]. Nogo-A is best known for its inhi-
bitory effects on axonal and dendritic arbor growth and
plasticity [77, 78]. The upregulation of Nogo-A has been
implicated in the inhibition of axonal arborization in a
stroke model of brain injury [79]. Its action in these models
may serve to stabilize hippocampal dendrites and axons
following insult [80]. Nogo-A exerts its effects through
binding and stimulating intracellular signaling events
through Nogo receptors (NgRs) [81]. Evidence suggests
that NgRs also play a role in dendritic plasticity, recent
research showing that loss of NgR2 modifies the dendritic
spine morphology of pyramidal CA1 neurons [82], which
can be damaged following TBI. NgRs act to modify
cytoskeletal organization via activation of the RhoA family
of GTPases [83]. These GTPases, especially Racl, are

known to play roles in dendritic plasticity mediated
through epigenetic modifications [84, 85]. Racl controls
dendritic spine plasticity under normal conditions through
cofilin interaction and the modulation of actin polymer-
ization within the spines, and reduction in Racl by epi-
genetic changes, likely through H3K9 and H3K27
methylation [86], increases plasticity by dysregulating this
process [85]. Given that Nogo can influence such down-
stream processes, future research into the influence of
Nogo expression and activity on epigenetic modifications
in injured neurons will be an area of particular interest.

Cell Signaling, Epigenetics, and Transcription
Factors Involved in Dendrite Morphology
and Function

Of the various transcription factors that play roles in neu-
ronal structural stability, degeneration, and repair, only a
few have been studied in the context of epigenetic modi-
fication-mediated effects on dendritic morphology. In
particular, the events surrounding intracellular signaling
cascades and transcription factor modulation have received
the greatest emphasis. Due to the long history of assess-
ment of their influence on neuronal morphology and
behavior in normal and pathologic conditions, neu-
rotrophins have often been used in and linked to research
on the progression and outcome of transcriptional and
epigenetic events that affect dendritic plasticity in neuronal
populations.

A prime example, BDNF, has long been associated with
neuritogenesis and dendritic plasticity [87, 88]. In addition,
BDNF exhibits extensive transcriptional control throughout
neurons and locally within the dendrites and spines, which
can have important effects on dendritic and synaptic plas-
ticity [89]. BDNF enhances the growth of proximal den-
drites through transcriptional modulation by CREB [90].
MAPK signaling appears to be important in the activity of
BDNEF in this context. BDNF also regulates the transcrip-
tion of immediate-early genes in central neurons and
CCAAT/enhancer binding protein (C/EBP)-NeuroD tran-
scription factors, which influence dendritic differentiation
[91] (Fig. 2). Knock-down of TrkB/C or C/EBP retards
dendritic maturation, indicating that BDNF signaling via
this transcriptional mechanism is critical for the proper
development of dendritic arbors [91].

Conversely, endogenous transcriptional regulation can
also influence BDNF expression and local physiological and
morphological effects on neurons. Endogenous BDNF is
known to play a role in the regulation of pro-growth and
plasticity programs within normal, injured, and developing
neurons [92, 93]. Recent research has shown that the epi-
genetic chromodomain protein and transcription corepressor
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Fig. 2 Examples of extrinsic and intracellular transcriptional regu-
lation of neurotrophic influence on dendritic morphology. (1) BDNF
can signal through MAPK and other mechanisms to promote
transcription of immediate-early (IE) genes, and transcription factors

chromodomain Y-like (CDYL) protein negatively regulates
the transcription and expression of BDNF, which directly
influences the extent of dendrite morphological change [94].
Evidence suggests that CDYL interacts with the catalytic
subunit EZH2 of the partner factor, polycombrepressive
complex 2, to recruit H3K27 methyltransferase to the BDNF
promoter to mediate this inhibition (Fig. 2). Like other
epigenetic methylation processes, this series of events leads
to reduced BDNF transcription and expression. Other recent
studies have demonstrated that acetylation at lysine 9 of
histone 3 by the HAT p300/CBP-associated factor (P/CAF)
near the promoter of the bdnf gene increases its expression,
and this action is associated with a regenerative response in
injured neurons [95]. Supporting such a role, pharmaco-
logical inhibition of HDAC: is followed by a concomitant
elevation in P/CAF activity, leading to increased neurite
outgrowth [96]. Aside from the influences of direct insult on
neurons, specific activity-associated dendritic plasticity,
such as that suggested to occur during post-traumatic stress
disorder, can also be induced in neurons by epigenetic
modifications that alter BDNF expression [97]. Taken
together, neuronal transcriptional regulation both by and of
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such as NeuroD to mediate dendrite morphological plasticity. (2)
Transcriptional regulation through epigenetic modulation of BDNF
that could influence dendritic plasticity.

BDNF are likely important for overall dendritic growth,
maturation, and plasticity.

Aside from the influence of neurotrophins on tran-
scriptional effects involved in dendritic plasticity under
stress, other studies have focused on the link between
intracellular signaling pathways, transcriptional regulation,
and epigenetic modification. Still, the evidence available in
the literature linking epigenetics to neurite growth and
plasticity is limited. Some evidence suggests that epige-
netic factor interactions can regulate the post-translational
modification of proteins such as histones, which can impact
neurite properties and processes.

DNA methylation in the brain is elevated following
ischemia, while downregulating Dnmt1 and reducing DNA
methylation appear to confer neuroprotective benefits
under these conditions [98, 99]. Application of the neu-
rotrophin NGF stimulates neurite outgrowth from rat
pheochromocytoma (PC12) cells via Dnmt3b recruitment
of HDAC to the T-cadherin promoter [100]. As T-cadherin
negatively controls neurite growth, this reduces T-cadherin
expression and promotes neurite growth [101]. As such, it
appears that Dnmts can influence histone post-translational
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modification and subsequently, neurite outgrowth; how-
ever, more details and broader implications of such pos-
sibilities require further investigation in the context of
in vivo neural injury models.

After SCI, the levels of Dnmt3a, Dnmt3b, and DNA
methylation are decreased in the spinal cord, but are ele-
vated by administration of folic acid, a promoter of neurite
growth and a source of methyl groups for Dnmts [102].
This indicates that folic acid-mediated regeneration may
occur through DNA methylation. The mechanism under-
lying this requires further research. Other evidence also
suggests a possible role for elevated DNA methylation
mediated by folic acid following SCI; this lends support to
a proposed mechanism of epigenetic hypermethylation-
mediated neuronal regeneration [103]. This is interesting,
as DNA hypermethylation is mainly linked to the repres-
sion of gene expression.

Whole tissues were used in the in vivo studies above,
which means that the observed methylation outcomes could
have resulted from glial cells rather than neurons. As glia and
immune cells are prime players in CNS injury responses,
DNA methylation in such cells could influence damage from
inflammation and the immune response and the reduced
ability of neurons to regenerate [104]. Also, such results
could be explained by a spatiotemporal difference between
brain and spinal cord neuronal responses to differing injuries.
Such variables need to be investigated further to better
clarify the role of glial cells, and injury- and tissue-specific
neuronal responses in modulating epigenetic events that
affect axon and neurite outgrowth. As discussed, transcrip-
tion factors require access to gene promoters to function in
gene expression regulation, and many are known to be
directly or indirectly involved in dendrite and neurite plas-
ticity. Epigenetic changes that result from injury or thera-
peutic modalities certainly impact the ability of transcription
factors to access and influence gene expression, and affect
feedback and feed-forward mechanisms for further tran-
scription factor and neurotrophin production that can pro-
mote dendrite and synaptic plasticity. The coming years will
yield exciting results that will expand our understanding of
how these varying complex processes in the nervous system
interact to influence the dynamics of dendrite plasticity in
neural injury and disease, and as importantly, how these
dynamics can be accounted for in optimizing therapeutic
development and application.

Conclusions and Future Directions

As shown in this review, understanding the gene expres-
sion and transcription factor responses of neurons to injury
and neurotrophic therapy could help optimize such treat-
ments by providing a foundation for predicting upstream

translational and post-translational events that could lead to
effective dendritic plasticity and establish functional
interneuronal signaling after CNS injury. In many ways,
our understanding of the dendritic responses to injury and
treatment is relatively immature compared to that available
on neuroprotection and axonal regeneration. This is espe-
cially true concerning the epigenetic modulation and reg-
ulation of gene transcription and the specific influences of
these events in neurons, as well as in glial cells that may
affect neuronal morphology following CNS injury. In the
coming years, a clearer picture of key epigenetic and
transcriptional events and regulators will unfold, and this
will help to connect our understanding of trophic signaling
in neurons and the intracellular signaling cascades that help
modulate cytoskeletal and morphological plasticity in
affected neurons after CNS injury. During this period, the
development of new ideas and potential methods of treat-
ment, including small-molecule mimetics of neurotrophins,
may improve the efficacy of inducing neuronal dendritic
arborization and protection against dendritic atrophy. The
study of dendritic plasticity in the CNS following injury
and treatment has come a long way in the last few decades,
but still has some way to go until we can effectively use the
knowledge for therapeutic means.

Acknowledgements This review was supported by the National
Natural Science Foundation of China (81371362 and 81374007) and
the Natural Science Foundation of Heilongjiang Province, China
(H201491), Scientific Project of Health and Family Planning Com-
mission of Heilongjiang Province, China (2014211, 2016357), Sci-
entific Project of Mudanjiang Medical College, China (25201310,
25201331). We would like to thank Clarity Manuscript Consultant
LLC (Indianapolis) for their assistance in language editing.

References

1. Bakhit C, Armanini M, Wong WL, Bennett GL, Wrathall JR.
Increase in nerve growth factor-like immunoreactivity and
decrease in choline acetyltransferase following contusive spinal
cord injury. Brain Res 1991, 554: 264-271.

2. Wang J, Yang Z, Liu C, Zhao Y, Chen Y. Activated microglia
provide a neuroprotective role by balancing glial cell-line
derived neurotrophic factor and tumor necrosis factor-alpha
secretion after subacute cerebral ischemia. Int J Mol Med 2013,
31: 172-178.

3. Heiser JH, Schuwald AM, Sillani G, Ye L, Muller WE, Leuner
K. TRPC6 channel-mediated neurite outgrowth in PC12 cells
and hippocampal neurons involves activation of RAS/MEK/
ERK, PI3K, and CAMKIV signaling. J] Neurochem 2013, 127:
303-313.

4. Gu X, Meng S, Liu S, Jia C, Fang Y, Li S, ef al. miR-124
represses ROCK1 expression to promote neurite elongation
through activation of the PI3K/Akt signal pathway. J Mol
Neurosci 2014, 52: 156-165.

5.Jin Y, Sui HJ, Dong Y, Ding Q, Qu WH, Yu SX, et al. Ator-
vastatin enhances neurite outgrowth in cortical neurons in vitro
via up-regulating the Akt/mTOR and Akt/GSK-3beta signaling
pathways. Acta Pharmacol Sin 2012, 33: 861-872.

@ Springer



92

Neurosci. Bull. February, 2017, 33(1):85-94

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Hafner A, Obermajer N, Kos J. gamma-Enolase C-terminal

peptide promotes cell survival and neurite outgrowth by acti-
vation of the PI3K/Akt and MAPK/ERK signalling pathways.
Biochem J 2012, 443: 439-450.

. Farooque M, Isaksson J, Jackson DM, Olsson Y. Clomethiazole

(ZENDRA, CMZ) improves hind limb motor function and
reduces neuronal damage after severe spinal cord injury in rat.
Acta Neuropathol 1999, 98: 22-30.

. Ek CJ, Habgood MD, Callaway JK, Dennis R, Dziegielewska

KM, Johansson PA, et al. Spatio-temporal progression of grey
and white matter damage following contusion injury in rat spinal
cord. PLoS One 2010, 5: €12021.

. Tator CH, Fehlings MG. Review of the secondary injury theory

of acute spinal cord trauma with emphasis on vascular mecha-
nisms. J Neurosurg 1991, 75: 15-26.

Pineau I, Lacroix S. Proinflammatory cytokine synthesis in the
injured mouse spinal cord: multiphasic expression pattern and
identification of the cell types involved. J Comp Neurol 2007,
500: 267-285.

Rice T, Larsen J, Rivest S, Yong VW. Characterization of the
early neuroinflammation after spinal cord injury in mice.
J Neuropathol Exp Neurol 2007, 66: 184—195.

Trang T, Beggs S, Salter MW. Brain-derived neurotrophic factor
from microglia: a molecular substrate for neuropathic pain.
Neuron Glia Biol 2011, 7: 99-108.

. Bernstein JJ, Wacker W, Standler N. Spinal motoneuron den-

dritic alteration after spinal cord hemisection in the rat. Exp
Neurol 1984, 83: 548-554.

Standler NA, Bernstein JJ. Dendritic alteration of spinal
motoneurons after ablation of somatomotor cortex. Exp Neurol
1984, 83: 264-273.

Walker CL, Xu XM. PTEN inhibitor bisperoxovanadium pro-
tects oligodendrocytes and myelin and prevents neuronal atro-
phy in adult rats following cervical hemicontusive spinal cord
injury. Neurosci Lett 2014, 573: 64—68.

Gazula VR, Roberts M, Luzzio C, Jawad AF, Kalb RG. Effects
of limb exercise after spinal cord injury on motor neuron den-
drite structure. Journal of Comparative Neurology 2004, 476:
130-145.

Hebbeler SL, Sengelaub DR. Development of a sexually
dimorphic neuromuscular system in male rats after spinal tran-
section: morphologic changes and implications for estrogen sites
of action. J Comp Neurol 2003, 467: 80-96.

Krenz NR, Weaver LC. Changes in the morphology of sympa-
thetic preganglionic neurons parallel the development of auto-
nomic dysreflexia after spinal cord injury in rats. Neurosci Lett
1998, 243: 61-64.

Byers JS, Huguenard AL, Kuruppu D, Liu NK, Xu XM, Sen-
gelaub DR. Neuroprotective effects of testosterone on
motoneuron and muscle morphology following spinal cord
injury. J Comp Neurol 2012, 520: 2683-2696.

Walker CL, Walker MJ, Liu NK, Risberg EC, Gao X, Chen J,
et al. Systemic bisperoxovanadium activates Akt/mTOR, redu-
ces autophagy, and enhances recovery following cervical spinal
cord injury. PLoS One 2012, 7: e30012.

Grueber WB, Jan LY, Jan YN. Tiling of the Drosophila epi-
dermis by multidendritic sensory neurons. Development 2002,
129: 2867-2878.

Grueber WB, Jan LY, Jan YN. Different levels of the home-
odomain protein cut regulate distinct dendrite branching patterns
of Drosophila multidendritic neurons. Cell 2003, 112: 805-818.
Grueber WB, Jan YN. Dendritic development: lessons from
Drosophila and related branches. Curr Opin Neurobiol 2004, 14:
74-82.

Nieto M, Monuki ES, Tang H, Imitola J, Haubst N, Khoury SJ,
et al. Expression of Cux-1 and Cux-2 in the subventricular zone

@ Springer

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

and upper layers II-IV of the cerebral cortex. J Comp Neurol
2004, 479: 168-180.

Li N, Zhao CT, Wang Y, Yuan XB. The transcription factor
Cuxl regulates dendritic morphology of cortical pyramidal
neurons. PLoS One 2010, 5: €10596.

Sugimura K, Satoh D, Estes P, Crews S, Uemura T. Develop-
ment of morphological diversity of dendrites in Drosophila by
the BTB-zinc finger protein abrupt. Neuron 2004, 43: 809-822.
Li W, Wang F, Menut L, Gao FB. BTB/POZ-zinc finger protein
abrupt suppresses dendritic branching in a neuronal subtype-
specific and dosage-dependent manner. Neuron 2004, 43:
823-834.

Crozatier M, Vincent A. Control of multidendritic neuron dif-
ferentiation in Drosophila: the role of Collier. Dev Biol 2008,
315: 232-242.

Hahn ME. Aryl hydrocarbon receptors: diversity and evolution.
Chem Biol Interact 2002, 141: 131-160.

Hand R, Bortone D, Mattar P, Nguyen L, Heng JI, Guerrier S,
et al. Phosphorylation of Neurogenin2 specifies the migration
properties and the dendritic morphology of pyramidal neurons in
the neocortex. Neuron 2005, 48: 45-62.

Gaudilliere B, Konishi Y, de la Iglesia N, Yao G, Bonni A.
A CaMKII-NeuroD signaling pathway specifies dendritic mor-
phogenesis. Neuron 2004, 41: 229-241.

Gao Z, Ure K, Ables JL, Lagace DC, Nave KA, Goebbels S,
et al. Neurodl is essential for the survival and maturation of
adult-born neurons. Nat Neurosci 2009, 12: 1090-1092.

Zhang SJ, Buchthal B, Lau D, Hayer S, Dick O, Schwaninger M,
et al. A signaling cascade of nuclear calcium-CREB-ATF3
activated by synaptic NMDA receptors defines a gene repression
module that protects against extrasynaptic NMDA receptor-in-
duced neuronal cell death and ischemic brain damage. J Neu-
rosci 2011, 31: 4978-4990.

Ahlgren H, Bas-Orth C, Freitag HE, Hellwig A, Ottersen OP,
Bading H. The nuclear calcium signaling target, activating
transcription factor 3 (ATF3), protects against dendrotoxicity
and facilitates the recovery of synaptic transmission after an
excitotoxic insult. J Biol Chem 2014, 289: 9970-9982.

Hsu JC, Bravo R, Taub R. Interactions among LRF-1, JunB,
c-Jun, and c-Fos define a regulatory program in the G1 phase of
liver regeneration. Mol Cell Biol 1992, 12: 4654-4665.

Hai T, Curran T. Cross-family dimerization of transcription
factors Fos/Jun and ATF/CREB alters DNA binding specificity.
Proc Natl Acad Sci U S A 1991, 88: 3720-3724.

Hai T, Wolfgang CD, Marsee DK, Allen AE, Sivaprasad U.
ATF3 and stress responses. Gene Expr 1999, 7: 321-335.

Hai T, Hartman MG. The molecular biology and nomenclature
of the activating transcription factor/cAMP responsive element
binding family of transcription factors: activating transcription
factor proteins and homeostasis. Gene 2001, 273: 1-11.
Francis JS, Dragunow M, During MJ. Over expression of ATF-3
protects rat hippocampal neurons from in vivo injection of
kainic acid. Brain Res Mol Brain Res 2004, 124: 199-203.
Ohba N, Maeda M, Nakagomi S, Muraoka M, Kiyama H.
Biphasic expression of activating transcription factor-3 in neu-
rons after cerebral infarction. Brain Res Mol Brain Res 2003,
115: 147-156.

Tsujino H, Kondo E, Fukuoka T, Dai Y, Tokunaga A, Miki K,
et al. Activating transcription factor 3 (ATF3) induction by
axotomy in sensory and motoneurons: A novel neuronal marker
of nerve injury. Mol Cell Neurosci 2000, 15: 170-182.
Seijffers R, Allchorne AJ, Woolf CJ. The transcription factor
ATF-3 promotes neurite outgrowth. Mol Cell Neurosci 2006,
32: 143-154.

Nakagomi S, Suzuki Y, Namikawa K, Kiryu-Seo S, Kiyama H.
Expression of the activating transcription factor 3 prevents c-Jun



Y. Wang et al.: Transcriptional and Epigenetic Regulation in Dendritic Plasticity 93

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

N-terminal kinase-induced neuronal death by promoting heat
shock protein 27 expression and Akt activation. J Neurosci
2003, 23: 5187-5196.

Pearson AG, Gray CW, Pearson JF, Greenwood JM, During MJ,
Dragunow M. ATF3 enhances c-Jun-mediated neurite sprouting.
Brain Res Mol Brain Res 2003, 120: 38—45.

Park KW, Lin CY, Lee YS. Expression of suppressor of cyto-
kine signaling-3 (SOCS3) and its role in neuronal death after
complete spinal cord injury. Exp Neurol 2014, 261: 65-75.
Park KW, Nozell SE, Benveniste EN. Protective role of STAT3
in NMDA and glutamate-induced neuronal death: negative
regulatory effect of SOCS3. PLoS One 2012, 7: e50874.
Nicolas CS, Amici M, Bortolotto ZA, Doherty A, Csaba Z,
Fafouri A, et al. The role of JAK-STAT signaling within the
CNS. JAKSTAT 2013, 2: €22925.

Schindler C, Levy DE, Decker T. JAK-STAT signaling: from
interferons to cytokines. J Biol Chem 2007, 282: 20059-20063.
Fontaine RH, Cases O, Lelievre V, Mesples B, Renauld JC,
Loron G, et al. IL-9/IL-9 receptor signaling selectively protects
cortical neurons against developmental apoptosis. Cell Death
Differ 2008, 15: 1542-1552.

Smith PD, Sun F, Park KK, Cai B, Wang C, Kuwako K, et al.
SOCS3 deletion promotes optic nerve regeneration in vivo.
Neuron 2009, 64: 617-623.

Turnley AM, Faux CH, Rietze RL, Coonan JR, Bartlett PF.
Suppressor of cytokine signaling 2 regulates neuronal differen-
tiation by inhibiting growth hormone signaling. Nat Neurosci
2002, 5: 1155-1162.

Kim YH, Chung JI, Woo HG, Jung YS, Lee SH, Moon CH,
et al. Differential regulation of proliferation and differentiation
in neural precursor cells by the Jak pathway. Stem Cells 2010,
28: 1816-1828.

Schwaiger FW, Hager G, Schmitt AB, Horvat A, Hager G, Streif
R, et al. Peripheral but not central axotomy induces changes in
Janus kinases (JAK) and signal transducers and activators of
transcription (STAT). Eur J Neurosci 2000, 12: 1165-1176.
Ng YP, Cheung ZH, Ip NY. STAT3 as a downstream mediator
of Trk signaling and functions. J Biol Chem 2006, 281:
15636-15644.

Graff J, Kim D, Dobbin MM, Tsai LH. Epigenetic regulation of
gene expression in physiological and pathological brain pro-
cesses. Physiol Rev 2011, 91: 603—-649.

Sweatt JD. The emerging field of neuroepigenetics. Neuron
2013, 80: 624-632.

Peleg S, Sananbenesi F, Zovoilis A, Burkhardt S, Bahari-Javan
S, Agis-Balboa RC, et al. Altered histone acetylation is asso-
ciated with age-dependent memory impairment in mice. Science
2010, 328: 753-756.

Konsoula Z, Barile FA. Epigenetic histone acetylation and
deacetylation mechanisms in experimental models of neurode-
generative disorders. J Pharmacol Toxicol Methods 2012, 66:
215-220.

Trakhtenberg EF, Goldberg JL. Epigenetic regulation of axon
and dendrite growth. Front Mol Neurosci 2012, 5: 24.
Kouzarides T. Chromatin modifications and their function. Cell
2007, 128: 693-705.

Lv L, Sun Y, Han X, Xu CC, Tang YP, Dong Q. Valproic acid
improves outcome after rodent spinal cord injury: potential roles
of histone deacetylase inhibition. Brain Res 2011, 1396: 60-68.
Lv L, Han X, Sun Y, Wang X, Dong Q. Valproic acid improves
locomotion in vivo after SCI and axonal growth of neurons
in vitro. Exp Neurol 2012, 233: 783-790.

Lee JY, Kim HS, Choi HY, Oh TH, Ju BG, Yune TY. Valproic
acid attenuates blood-spinal cord barrier disruption by inhibiting
matrix metalloprotease-9 activity and improves functional

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

recovery after spinal cord injury. J Neurochem 2012, 121:
818-829.

Monti B, Polazzi E, Contestabile A. Biochemical, molecular and
epigenetic mechanisms of valproic acid neuroprotection. Curr
Mol Pharmacol 2009, 2: 95-109.

Kim MS, Akhtar MW, Adachi M, Mahgoub M, Bassel-Duby R,
Kavalali ET, et al. An essential role for histone deacetylase 4 in
synaptic plasticity and memory formation. J Neurosci 2012, 32:
10879-10886.

Kumar S, Cheng X, Klimasauskas S, Mi S, Posfai J, Roberts RJ,
et al. The DNA (cytosine-5) methyltransferases. Nucleic Acids
Res 1994, 22: 1-10.

Moore DL, Goldberg JL. Multiple transcription factor families
regulate axon growth and regeneration. Dev Neurobiol 2011, 71:
1186-1211.

Goto K, Numata M, Komura JI, Ono T, Bestor TH, Kondo H.
Expression of DNA methyltransferase gene in mature and
immature neurons as well as proliferating cells in mice. Dif-
ferentiation 1994, 56: 39-44.

Feng J, Chang H, Li E, Fan G. Dynamic expression of de novo
DNA methyltransferases Dnmt3a and Dnmt3b in the central
nervous system. J Neurosci Res 2005, 79: 734-746.

Fuks F, Hurd PJ, Deplus R, Kouzarides T. The DNA methyl-
transferases associate with HP1 and the SUV39HI1 histone
methyltransferase. Nucleic Acids Res 2003, 31: 2305-2312.
Fuks F, Burgers WA, Brehm A, Hughes-Davies L, Kouzarides
T. DNA methyltransferase Dnmtl associates with histone
deacetylase activity. Nat Genet 2000, 24: 88-91.

Bailey ZS, Grinter MB, De La Torre Campos D, VandeVord PJ.
Blast induced neurotrauma causes overpressure dependent
changes to the DNA methylation equilibrium. Neurosci Lett
2015, 604: 119-123.

Haghighi F, Ge Y, Chen S, Xin Y, Umali MU, De Gasperi R,
et al. Neuronal DNA Methylation Profiling of Blast-Related
Traumatic Brain Injury. J Neurotrauma 2015, 32: 1200-1209.
Bailey ZS, Sujith Sajja VS, Hubbard WB, VandeVord PJ. Blast
Induced Neurotrauma Leads To Changes In The Epigenome.
Biomed Sci Instrum 2015, 51: 423-430.

Winston CN, Chellappa D, Wilkins T, Barton DJ, Washington
PM, Loane DJ, et al. Controlled cortical impact results in an
extensive loss of dendritic spines that is not mediated by injury-
induced amyloid-beta accumulation. J Neurotrauma 2013, 30:
1966-1972.

Mychasiuk R, Hehar H, Ma I, Kolb B, Esser MJ. The devel-
opment of lasting impairments: a mild pediatric brain injury
alters gene expression, dendritic morphology, and synaptic
connectivity in the prefrontal cortex of rats. Neuroscience 2015,
288: 145-155.

GrandPre T, Nakamura F, Vartanian T, Strittmatter SM. Iden-
tification of the Nogo inhibitor of axon regeneration as a
Reticulon protein. Nature 2000, 403: 439-444.

Bongiorno D, Petratos S. Molecular regulation of Nogo-A in
neural cells: Novel insights into structure and function. Int J
Biochem Cell Biol 2010, 42: 1072-1075.

Cheatwood JL, Emerick AJ, Schwab ME, Kartje GL. Nogo-A
expression after focal ischemic stroke in the adult rat. Stroke
2008, 39: 2091-2098.

Zagrebelsky M, Schweigreiter R, Bandtlow CE, Schwab ME,
Korte M. Nogo-A stabilizes the architecture of hippocampal
neurons. J Neurosci 2010, 30: 13220-13234.

Akbik F, Cafferty WB, Strittmatter SM. Myelin associated
inhibitors: a link between injury-induced and experience-de-
pendent plasticity. Exp Neurol 2012, 235: 43-52.

Borrie SC, Sartori SB, Lehmann J, Sah A, Singewald N,
Bandtlow CE. Loss of Nogo receptor homolog NgR2 alters

@ Springer



94

Neurosci. Bull. February, 2017, 33(1):85-94

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

spine morphology of CAl neurons and emotionality in adult
mice. Front Behav Neurosci 2014, 8: 175.

Nikolic M. The role of Rho GTPases and associated kinases in
regulating neurite outgrowth. Int J Biochem Cell Biol 2002, 34:
731-745.

Duman RS. Remodeling chromatin and synapses in depression.
Nat Med 2013, 19: 267.

Golden SA, Christoffel DJ, Heshmati M, Hodes GE, Magida J,
Davis K, et al. Epigenetic regulation of RAC1 induces synaptic
remodeling in stress disorders and depression. Nat Med 2013,
19: 337-344.

Wilkinson MB, Xiao G, Kumar A, LaPlant Q, Renthal W,
Sikder D, et al. Imipramine treatment and resiliency exhibit
similar chromatin regulation in the mouse nucleus accumbens in
depression models. J Neurosci 2009, 29: 7820-7832.
McAllister AK, Katz LC, Lo DC. Opposing roles for endoge-
nous BDNF and NT-3 in regulating cortical dendritic growth.
Neuron 1997, 18: 767-778.

Schwartz PM, Borghesani PR, Levy RL, Pomeroy SL, Segal
RA. Abnormal cerebellar development and foliation in BDNF-/-
mice reveals a role for neurotrophins in CNS patterning. Neuron
1997, 19: 269-281.

Leal G, Comprido D, Duarte CB. BDNF-induced local protein
synthesis and synaptic plasticity. Neuropharmacology 2014, 76
Pt C: 639-656.

Kwon M, Fernandez JR, Zegarek GF, Lo SB, Firestein BL.
BDNF-promoted increases in proximal dendrites occur via
CREB-dependent transcriptional regulation of cypin. J Neurosci
2011, 31: 9735-9745.

Calella AM, Nerlov C, Lopez RG, Sciarretta C, von Bohlen und
Halbach O, Bereshchenko O, et al. Neurotrophin/Trk receptor
signaling mediates C/EBPalpha, -beta and NeuroD recruitment
to immediate-early gene promoters in neuronal cells and
requires C/EBPs to induce immediate-early gene transcription.
Neural Dev 2007, 2: 4.

Geremia NM, Pettersson LM, Hasmatali JC, Hryciw T,
Danielsen N, Schreyer DJ, et al. Endogenous BDNF regulates
induction of intrinsic neuronal growth programs in injured
sensory neurons. Exp Neurol 2010, 223: 128-142.

Mattson MP. Glutamate and neurotrophic factors in neuronal
plasticity and disease. Ann N 'Y Acad Sci 2008, 1144: 97-112.

@ Springer

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Qi C, Liu S, Qin R, Zhang Y, Wang G, Shang Y, et al. Coor-
dinated regulation of dendrite arborization by epigenetic factors
CDYL and EZH2. J Neurosci 2014, 34: 4494-4508.
Puttagunta R, Tedeschi A, Soria MG, Hervera A, Lindner R,
Rathore KI, et al. PCAF-dependent epigenetic changes promote
axonal regeneration in the central nervous system. Nat Commun
2014, 5: 3527.

Gaub P, Tedeschi A, Puttagunta R, Nguyen T, Schmandke A, Di
Giovanni S. HDAC inhibition promotes neuronal outgrowth and
counteracts growth cone collapse through CBP/p300 and
P/CAF-dependent p53 acetylation. Cell Death Differ 2010, 17:
1392-1408.

Bennett MR, Lagopoulos J. Stress and trauma: BDNF control of
dendritic-spine formation and regression. Prog Neurobiol 2014,
112: 80-99.

Endres M, Meisel A, Biniszkiewicz D, Namura S, Prass K,
Ruscher K, et al. DNA methyltransferase contributes to delayed
ischemic brain injury. J Neurosci 2000, 20: 3175-3181.
Qureshi IA, Mehler MF. Emerging role of epigenetics in stroke:
part 1: DNA methylation and chromatin modifications. Arch
Neurol 2010, 67: 1316-1322.

Fredette BJ, Miller J, Ranscht B. Inhibition of motor axon
growth by T-cadherin substrata. Development 1996, 122:
3163-3171.

Bai S, Ghoshal K, Jacob ST. Identification of T-cadherin as a
novel target of DNA methyltransferase 3B and its role in the
suppression of nerve growth factor-mediated neurite outgrowth
in PC12 cells. J Biol Chem 2006, 281: 13604-13611.

Iskandar BJ, Rizk E, Meier B, Hariharan N, Bottiglieri T, Fin-
nell RH, et al. Folate regulation of axonal regeneration in the
rodent central nervous system through DNA methylation. J Clin
Invest 2010, 120: 1603-1616.

Yamauchi J, Miyamoto Y, Murabe M, Fujiwara Y, Sanbe A,
Fujita Y, et al. Gadd45a, the gene induced by the mood stabi-
lizer valproic acid, regulates neurite outgrowth through JNK and
the substrate paxillin in N1E-115 neuroblastoma cells. Exp Cell
Res 2007, 313: 1886-1896.

Trakhtenberg EF, Goldberg JL. Immunology. Neuroimmune
communication. Science 2011, 334: 47-48.



	Transcriptional and Epigenetic Regulation in Injury-Mediated Neuronal Dendritic Plasticity
	Abstract
	Introduction
	Influence of Injury on Dendritic Morphology and Structural Dynamics
	Transcription Factor Involvement in Dendritic Plasticity
	Epigenetic Modifications Following Central Nervous System Injury
	Cell Signaling, Epigenetics, and Transcription Factors Involved in Dendrite Morphology and Function
	Conclusions and Future Directions
	Acknowledgements
	References




