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Abstract

An enduring deficit in neurogenesis largely contributes to the development of severe post-traumatic psychiatric disorders

such as anxiety, depression, and memory impairment following traumatic brain injury (TBI); however, the mechanism

remains obscure. Here we have shown that an imbalance in the generation of c-aminobutyric acid (GABA)ergic and

glutamatergic neurons due to aberrant induction of vesicular glutamate transporter 1 (vGlut1)-positive glutamatergic cells

is responsible for impaired neuronal differentiation in the hippocampus following TBI. To elucidate the molecular

mechanism, we found that TBI activates a transcription factor, Pax3, by increasing its acetylation status, and subsequently

induces Ngn2 transcription. This event, in turn, augments the vGlut1-expressing glutamatergic neurons and accumulation

of excess glutamate in the hippocampus that can affect neuronal differentiation.

In our study the acetylation of Pax3 was increased due to loss of its interaction with a deacetylase, histone deacetylase 4

(HDAC4), which was downregulated after TBI. TBI-induced activation of GSK3b was responsible for the degradation of

HDAC4. We also showed that overexpression of HDAC4 before TBI reduces Pax3 acetylation by restoring an interaction

between HDAC4 and Pax3 in the hippocampus. This event prevents the aberrant induction of vGlut1-positive glutama-

tergic neurons by decreasing the Ngn2 level and subsequently reinforces the balance between GABAergic and gluta-

matergic neurons following TBI. Further, we found that overexpression of HDAC4 in the hippocampus improves anxiety,

depressive-like behavior, and memory functions following TBI.
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Introduction

Traumatic brain injury (TBI) is one of the primary causes of

mortality, and it affects more than 2.5 million people each

year.1–4 Along with physical disabilities, a substantial number of

TBI survivors experience TBI-related chronic neuropsychological

conditions, including depression, anxiety, and memory loss, which

can impede quality of life and cause long-term economic burden.5–9

Approximately 30% of patients suffering from mild or moderate

TBI develop symptoms of depression within 1 year after injury, and

this percentage rises to approximately 60% within a few years after

injury.10–12

A compelling number of studies have suggested that neuro-

genesis, a dynamic process in the adult hippocampus, is essential

for memory formation13,14 and its proper homeostasis is sufficient

to reduce anxiety and depression-like behaviors.15–17 Most research

on adult neurogenesis has focused on the dentate gyrus (DG) area of

the hippocampus, where neural stem cells (NSC) generate neural

progenitor cells that differentiate into a neural lineage, which is

critical to producing new granular neurons.18–20 An aberration in

neuronal function in the DG affects the overall process of neuro-

genesis and results in impairment of memory function, contextual

fear conditioning, and anxiety and depressive-like behavior.13,21

At the molecular level, neurogenesis is regulated by the acti-

vation of numerous transcription factors, including the basic helix-

loop-helix (bHLH) family of transcription factors, which determine

the fate of newly born cells during neurogenesis.22–25 Among these

factors, a bHLH transcription factor, Ngn2, differentially regulates

the balance between progenitor maintenance and differentia-

tion26–29 and specifies both the glutamatergic fate26,28,30 and the

c-aminobutyric acid (GABA)ergic fate of newly generated neu-

rons.27,31 Glutamate is the primary excitatory neurotransmitter in

the brain, whereas GABA is the principal inhibitory neurotrans-

mitter. The balance of glutamatergic and GABAergic tone is cru-

cial to normal neurological function. In some disease models

associated with excitotoxicity, there is an increased expression of

the vesicular glutamate transporter (vGlut) including vGlut132–34

that results in increased glutamate release and toxicity.35–38 Ngn2
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can transcribe vGlut, which is responsible for packaging glutamate

into synaptic vesicles. Further, expression of Ngn2 can be regulated

by a transcription factor, Pax3, and the functions of Pax3 have

mostly been deciphered in developing brain and regenerative

myogenesis. The activation of Pax3 mostly depends on its status of

acetylation39,40; however, the role of Pax3 in adult neurogenesis

has not been elucidated yet.

Acetylation of histone and non-histone proteins can be regulated

by several deacetylases including a class II HDAC, histone dea-

cetylase 4 (HDAC4), which controls synaptic plasticity, as well as

learning and memory.41,42 Particularly, HDAC4 is implicated in

controlling gene expression necessary for diverse cellular functions

by mediating the transcriptional repression or interaction with

proteins involved in the regulation of gene transcription, cell

growth, survival, and proliferation.43 HDAC4 serves as a nuclear

co-repressor through the formation of multi-subunit complexes

with other proteins44,45 that regulate expression of genes in the

brain.45,46 A selective loss of Hdac4 in the brain results in im-

pairments in hippocampal-dependent learning and memory and

long-term synaptic plasticity44; however, the molecular mechanism

remains to be clarified.

In the present study, we found that aberrant activation of the

Pax3-Ngn2 signaling pathway due to loss of HDAC4 led to over-

production of vGlut1-positive glutamatergic neurons and disrupted

the balance of glutamatergic and GABAergic neurons upon TBI.

The excess glutamate resulting from this cascade affects neuronal

differentiation. Overexpression of HDAC4 can restore the balance

and rescue the neurobehavioral abnormalities in the hippocampus if

administered before TBI.

Methods

TBI procedure

The Committee on Animal Use for Research and Education at
the University of Pittsburgh approved all animal studies, in com-
pliance with National Institutes of Health guidelines. The proce-
dures were conducted based on our previously published
protocol.47–50 Briefly, 8–12-week-old adult male or female
C57BL/6 mice ( Jackson Laboratory) were anesthetized and sub-
jected to sham or controlled cortical impact (CCI) injury. Mice
were placed in a stereotaxic frame (Leica Impact One Controlled
Impact Device #39463920 for CCI, Leica Microsystems) and mice
were impacted at 4.5 m/sec with a 20-msec dwell time and 1.2-mm
depression using a 3 mm in diameter convex tip, mimicking a
moderate TBI. Sham-operated mice underwent identical surgical
procedures but were not impacted. In another set of experiments,
mice were treated with lithium (5mg/kg; intraperitoneal injection)
immediately after TBI and treatment continued up to 3 days once
per day. Then peri-contusional hippocampus was isolated after 72 h
to carry out biochemical studies as described below.

Western blot and co-immunoprecipitation

The peri-contusional hippocampus was isolated and hippocam-
pal lysates were prepared as described before to perform western
blot and co-immunoprecipitation (Co-IP).47–50 Blots were incu-
bated overnight at 4�C in the primary antibody Doublecortin (Dcx)
(Santa Cruz Biotechology, 1:500 dilution), Ngn2 (Santa Cruz
Biotechnology, 1:500 dilution), Mash1 (Santa Cruz Biotechnology,
1:500 dilution), vGlut1 (Santa Cruz Biotechnology, 1:500 dilu-
tion), HDAC4 (Santa Cruz Biotechnology, 1:500 dilution), and
Actin (Sigma-Aldrich, 1:5000 dilution) followed by incubation
with a LicorIRDye secondary antibody at room temperature. Blots
were visualized using a Li-Cor Odyssey system and ImageJ soft-
ware determined the intensity of each band, and the changes in the

band intensity were represented as the fold change as described
previously.47–50 For Co-IP, hippocampus collected from all sets of
experiments was homogenized in lysis buffer (50 mm Tris, pH 7.4,
150 mM NaCl, 0.5% [v/v] Tween-20, 50 mM Tris [pH 7.5], 1 mM
ethylenediaminetetraacetic acid (EDTA) with protease and phos-
phatase inhibitor) by passage through a 26-gauge needle, and
400 lg of the total protein for each sample was incubated overnight
with either Pax3 (1:100) or NRF1 (1:100) antibody. The immune
precipitates were resolved and analyzed by western blotting with
either the HDAC4 antibody or acetyl-lysine antibody.

Immunohistochemistry

The immunohistochemistry (IHC) was performed per our
method as described previously.47–50 Seventy-two hour TBI brain
samples were subjected to cryosectioning (20-lm thickness) and
for immunofluorescence analysis sections were incubated 10 min at
room temperature with 0.1% Triton X-100 in phosphate buffered
saline (PBS), followed by overnight incubation at 4�C with the
primary antibody against Dcx (1:100; Cell Signaling Technology),
Mash1 (1:100; Santa Cruz Biotechnology), vGlut1 (1:100; Santa
Cruz Biotechology), Flag (1:300, Abcam), or Ngn2 (1:100; Santa
Cruz Biotechology). Sections were then washed three times with
PBS and incubated with the appropriate Alexa Fluor-tagged sec-
ondary antibody for 2 h at room temperature in the dark. Sections
were then washed three times with PBS and mounted with Prolong
Glodantifade mounting media with DAPI (Invitrogen). Imaging
was performed with the help of an Olympus fluorescent microscope
(IX83).

Glutamate assay

Amounts of glutamate released during TBI were measured with
an Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit
(Molecular Probes, Eugene, OR) as described before51 with mod-
ifications. Briefly, 50 lL of brain tissue lysate were mixed with
50 lL of a reaction buffer containing Amplex red, glutamate oxi-
dase, glutamate pyruvate transaminase, alanine, and horseradish
peroxidase. After incubation at 37�C for 30 min, the fluorescence of
the reaction mixture emitted at 590 nm was measured every 10 min
with a fluorescence microplate reader (Synergy H1 Hybrid Multi-
Mode Microplate Reader) at an excitation wavelength of 555 nm.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was per-
formed per our previously published method47–50 using the ChIP
Assay Kit from Millipore. Briefly, after sonication, 72-h post-TBI
ipsilateral hippocampal lysates containing soluble chromatin were
incubated overnight with an anti-Pax3 antibody (1:100; Santa Cruz
Biotechnology). The eluates were used as templates in polymerase
chain reaction (PCR) using the primers 5¢-ggcagatctgattgttttct-3¢
and 5¢-gcagctcgcccgagtctcgt3¢ (Invitrogen). The expected DNA
fragment that was amplified is in the Ngn2 promoter region en-
compassing the Pax3 binding site.

In vivo transfection of HDAC4 in the dentate gyrus

Polyethyleneimine (PEI) complexes including Flag-HDAC4
(Flag-HDAC4 insert was in the pcDNA3.1 mammalian vector and
under the CMV constitutive promoter from Addgene) were injected
into the hippocampus as described previously.52–55 For in vivo
transfection the plasmid was mixed within in vivo-jetPEI trans-
fection reagent at an N/P ratio of 7, as suggested by the manufac-
turer (PolyPlus Transfection) to final doses of an oligonucleotide of
2.5 lg/mouse. C57BL/6 mice were injected in the DG at bregma:
-0.2 AP, -0.13 ML, and 0.2 DV with 5 lL of DNA transfection
reagent mix.
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Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed per our
method.55 Total RNA was isolated using the kit (QIAGEN), and the
complementary DNA (cDNA) was subjected to qRT-PCR analysis
with fast-standard SYBR green dye (Applied Biosystems) using an
AB7500 RT-PCR instrument (Applied Biosystems). Results were
normalized using total input DNA and expressed as bound/Input
(fold). Ipsilateral hippocampal tissues were taken 72-h post-TBI
induction on the mouse brain. The primers used to carry out PCR
analysis are as follows: vGlut1 (Forward 5’-TGC CAA GCT AAT
CTG TAG GG3’, Reverse 5’-GAA TGG GCG AAT CCT AAA
AT-3’), Mash1 (Forward 5’-TCAACCTGGGTTTTG CCACC-3’,
Reverse 5’-TCGTTGGAGTAGTTGGGGGA-3’), Ngn2 (Forward-
5’CTGTGGGAATTTCACCTGTC-3’, Reverse 5’-CTAAATTTC
CACGCTTGCAT-3’), ND1 (Forward 5’CGATTAGAGGCACGT
CAGTT-3’) Reverse 5’-TTCTTCCAAAGGCAGTAACG-3’).

Preparation of primary neurosphere
and glutamate treatment

Primary neurosphere culture was prepared from E14.5 C57BL/6
mice as described previously with some modifications.47–50 Briefly,
the pregnant mouse was anesthetized, and the brain hemispheres
were dissected out. Trypsinized tissue was washed and re-
suspended in neurosphere complete medium. For differentiation of
neurospheres, each neurosphere was re-suspended into neurosphere
differential medium, and differentiated cells were treated with
100 lM glutamate. After 24 h, cells were subjected to IHC using
MAP2 antibody (1:2000; Novus Biologicals). The quantitation of
differentiated processes was measured by Sholl analysis plugin in
ImageJ and data have been represented as the distance from soma
versus several intersections.

Open field test

Anxiety-like behavior was assessed 2 weeks after TBI using an
open field apparatus divided into a 5-cm2 grid by black lines
(81 squares in total) as described previously with modifica-
tions.56–58 Briefly, mice were placed in the center of the open field,
and activity was measured and recorded for 5 min. The total
movement time and time spent in the center of the open field were
analyzed by an investigator who was blinded to experimental
conditions.

Spontaneous alternation behavior (Y-maze)

The Y-maze spontaneous alternation behavior (SAB) test, to
assess hippocampal-dependent working (short-term) memory, was
performed 2 weeks after TBI following previously published pro-
tocols with minor modifications.59 Each mouse was placed at the
end of a randomly chosen arm and allowed to explore the maze for
5 min freely. Visits to arms were scored, and an alternation was
counted when the mouse visited three different arms consecutively;
and the percent correct alternation was calculated as: (total number
of alterations/total arm entries – 2) · 100.

Tail suspension test

Mice were individually suspended by the tail on a horizontal bar
using adhesive tape placed approximately 4 cm from the tip of the
tail as described previously with minor modifications.60 The du-
ration of immobility was monitored and recorded for 5 min.

Barnes maze

The maze consisted of a circular platform with 20 holes around
the periphery (5 cm diameter) with an escape box attached to the
bottom of one of the holes, following previous publication with

minor modifications.61,62 Briefly, during a spatial training period of
4 days, mice explored the maze freely for 3 min once per day. The
escape latency and errors to find the holes were recorded. During
the probe trial conducted 1 day after the last training trial, the
escape tunnel was blocked, and mice explored the maze for 90 sec.
The time spent around holes along with target was analyzed.

Statistical analysis

The biochemical studies, confocal analysis, Sholl analysis, and
all behavioral tests except the Barns maze test were statistically
analyzed using one-way analysis of variance (ANOVA) and mul-
tiple comparisons were performed using the Tukey-Kramer post
hoc test ( p < 0.05) unless noted otherwise. Two-way ANOVA with
Tukey-Kramer post hoc test was used to assess the Barns maze
test. Mean values were calculated for each biochemical experi-
ment (n = 7) and each behavioral experiment (n = 10), and all
the datawere depicted as the mean – standard error of the mean
(SEM).

Results

TBI increases vGlut1-positive neurons but decreases
Mash-positive neurons, which results in an impairment
of neuronal differentiation

To understand whether TBI has any influence on neurogenesis,

we monitored the differentiation of newly born neurons by staining

with Dcx (a marker of neuronal precursor cells and immature

neurons) antibody, 72 h post-TBI, and Dcx-positive cells were

counted by ImageJ software. Several studies have convincingly

demonstrated that maximum decrease in neurogenesis (both in

terms of Dcx+ cells and dendritic integrity) has been identified

within 72 h post-TBI.63–67 Consistent with previous studies, we

found that TBI leads to a decrease in the level of Dcx-positive cells

in the hippocampal DG area (Fig. 1A, Supplementary Fig. S1A)

indicating that TBI affects differentiation of newly born neurons in

the subgranular zone (SGZ) of DG.

We also performed Sholl analysis to obtain the number of

branches (Fig. 1B, Supplementary Fig. S1B), the dendritic length

(Fig. 1B, Supplementary Fig. S1C), and the branch points

(Fig. 1B,C) of the Dcx-positive cells in the DG of both sham and

TBI mice and found that TBI causes a significant decrease in branch

points, number, and total dendritic length compared with sham.

However, there is no significant decrease in the Dcx-positive cells

on the contralateral side of mice 72 h following TBI (Supplemen-

tary Fig. S1D). Considering that formation of mature neurons from

immature neurons is critical for memory functions, we found that

the percentage of NeuN-positive, mature neurons was decreased

after TBI (Supplementary Fig. S1E,F) along with a decrease in both

Dcx- and NeuN-positive cells (Supplementary Fig. S1E,G) con-

sistent with a reduction in Dcx-positive cells after TBI (Supple-

mentary Fig. S1E,H).

To characterize the type of neurons affected by TBI, we moni-

tored the GABAergic and glutamatergic neuronal progenitor cells

by staining with vGlut1 and Mash1 antibody. vGlut1 stains for

glutamatergic neuronal progenitor cells, whereas Mash1 indicated

the GABAergic cells. We found that TBI leads to a substantial

increase in vGlut1-positive cells (Fig. 1D, Supplementary Fig. S1I)

compared with Mash1-positive cells in the DG (Fig. 1E, Supple-

mentary Fig. S1K). Similarly, we observed that the number of

vGlut1-positive cells within the population of Dcx-positive cells

increased (Fig. 1D, Supplementary Fig. S1J), but the number of

Mash1-positive cells within the Dcx-positive cell population
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FIG 1. TBI leads to a decrease in neurogenesis in association with an increase in vGlut1-positive cells but a decrease in Mash1-
positive cells. (A) Confocal microscopic studies showed that Dcx-positive cells were decreased significantly in the DG of the hippo-
campus following TBI. (B,C) The Sholl analysis of the branch points of Dcx-positive cells was decreased in DG of TBI mice compared
with sham mice. (D) Confocal microscopic studies showed that vGlut1-positive cells were increased significantly in the DG of the
hippocampus following TBI. (E) Confocal microscopic studies showed that Mash1-positive cells were decreased significantly in the DG
of the hippocampus following TBI. (F) Western blot analysis to monitor the expression level of vGlut1 and Mash1 in both sham and TBI
mice. (G) The glutamate level was increased in the hippocampus of TBI mice. (H–J) Neuronal stem cells isolated from mice were
treated with glutamate and Sholl analysis (H) shows that glutamate treatment affects total dendritic length (I) and a number of
intersections ( J). Statistical significance was measured by one-way ANOVA with a Tukey-Kramer post hoc correction, n = 7, *p < 0.05.
All data are expressed as mean – SEM. Scale bar = 20 lm. ANOVA, analysis of variance; DG, dentate gyrus; Dcx, Doublecortin; SEM,
standard error of the mean; TBI, traumatic brain injury; vGlut1, vesicular glutamate transporter 1. Color image is available online.
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decreased (Fig. 1E, Supplementary Fig. S1L) after TBI. These data

indicate that the fate of Dcx-positive cells was more similar to that

of vGlut1-positive cells compared with Mash1-positive cells. To

further confirm, the expression of vGlut1 and Mash1 was moni-

tored by western blot assay using the hippocampal tissue extracts

from both TBI and sham mice. Consistent with the confocal data,

we found that at 72 h post-TBI there was a significant increase in

vGlut1 level but a decrease in Mash1 level (Fig. 1F, Supplementary

Fig. S1M). Taken together, our data suggest that TBI augments the

population of glutamatergic neurons compared with GABAergic

neurons.

Previously, it was shown that an increase in the levels of vGlut1

protein and a loss of GABA-producing cells disrupts the balance of

excitation and inhibition68 and results in increased glutamate re-

lease.36–38,69 To monitor whether an increase in vGlut1- and de-

crease in Mash1-positive cells can increase glutamate level in the

hippocampus, we monitored glutamate level in the hippocampal

lysates isolated from both TBI and sham mice. Our data showed

that glutamate level was markedly increased in the TBI samples

(Fig. 1G) compared with sham. To confirm whether excess glutamate

affects differentiation of newly born neurons, we prepared NSC and

treated them with 100 lM glutamate. We found that treatment with

glutamate decreases total dendritic length (Fig. 1H,I) and the number

of intersections (Fig. 1H,J), indicating that neuronal differentiation

was affected. Therefore, it is crucial to elucidate the underlying

mechanism responsible for an increase in vGlut1 and decrease in

Mash1 in the newly born hippocampal neurons following TBI.

TBI upregulates vGlut1 but downregulates Mash1
in Ngn2 dependent manner

To monitor whether the alteration in the expression level of

vGlut1 and Mash1 results from the change in the messenger RNA

(mRNA) level of vGlut1 and Mash1, we isolated total RNA from

the ipsilateral peri-contusional hippocampus of 72-h post-TBI mice

and corresponding sham brain samples and subjected it to quanti-

tative RT-PCR analysis. Consistent with confocal and western blot

data, we found that the mRNA level of vGlut1 was significantly

increased (Fig. 2A), whereas the mRNA level of Mash1 was sig-

nificantly decreased (Fig. 2B) in TBI compared with sham. These

FIG. 2. A transcription factor, Ngn2, regulates vGlut1 and Mash1 expression. (A) The quantitative RT-PCR analysis to determine the
mRNA level of vGlut1 in the hippocampus of both sham and TBI mice. TBI leads to an increase in vGlut1 mRNA level. (B) The
quantitative RT-PCR analysis to determine the mRNA level of Mash1 in the hippocampus of both sham and TBI mice. TBI leads to a
decrease in mash1 mRNA level. (C,D) Western blot analysis of Ngn2 in the hippocampus of both TBI and sham mice. TBI leads to an
increase in Ngn2 level significantly. (E) Confocal microscopic studies showed that Ngn2-positive cells were increased significantly in
the DG of the hippocampus following TBI. (F) ChIP analysis revealed that the binding of Ngn2 to the vGlut1 promoter was increased
significantly in TBI mice compared with sham mice. (G) The quantitative RT-PCR analysis to determine the mRNA level of nd1 in the
hippocampus of both sham and TBI mice. TBI leads to an increase in nd1 mRNA level. Statistical significance was measured by one-
way ANOVA with a Tukey-Kramer post hoc correction, n = 7, *p < 0.05. All data are expressed as mean – SEM. Scale bar = 20 lm.
ANOVA, analysis of variance; ChIP, chromatin immunoprecipitation; DG, dentate gyrus; mRNA, messenger RNA; RT-PCR, real-time
polymerase chain reaction; SEM, standard error of the mean; TBI, traumatic brain injury; vGlut1, vesicular glutamate transporter 1.
Color image is available online.
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data suggest that TBI regulates vGlut1 and Mash1 in a transcrip-

tional dependent manner.

Previous literature suggests that a bHLH transcription factor,

Ngn2, can transcriptionally regulate both vGlut1 and Mash1 during

neurogenesis.26–28 We monitored the expression of Ngn2 by western

blot analysis using hippocampal lysates isolated from 72-h post-TBI

mice and sham mice. We found that the expression of Ngn2 was

increased in post-TBI mice compared with sham mice (Fig. 2C,D).

To further confirm the expression of Ngn2, we performed confocal

microscopy analysis. Further, we counted the number of Ngn2-

positive cells out of total Dcx cells, and we found that the expression

of Ngn2 (Fig. 2E, Supplementary Fig. S2A) within the Dcx-positive

cells (Fig. 2E, Supplementary Fig. S2B) was substantially increased

in post-TBI compared with sham. ChIP assay suggests that binding

of Ngn2 to the vGlut1 promoter was increased significantly in the

hippocampus of 72-h post-TBI mice compared with sham mice

(Fig. 2F, Supplementary Fig. S2C). Activation of Ngn2 also leads to

an increase in ND1 (neurogenic differentiation factor 1, a neuronal

differentiation factor), which in turn suppresses the transcriptional

regulation of Mash1.27,28 We monitored the mRNA level of ND1

using quantitative RT-PCR analysis using total RNA isolated from

peri-contusional hippocampus of 72-h post-TBI mice. We found that

the mRNA level of ND1 was significantly increased after TBI

compared with sham (Fig. 2G). These data can explain how Mash1

level was decreased in the hippocampus following TBI. Taken to-

gether, our data suggest that an increase in Ngn2 is responsible for an

increase in vGlut1-positive cells but decreases Mash1-positive cells

during the neurogenesis. These data raised a question of how TBI

upregulates Ngn2 level.

A reduction in HDAC4 triggers Ngn2 expression
via acetylated Pax3 following TBI

Consistent with confocal and western blotting data, we also

found that TBI leads to an increase in mRNA level of Ngn2 in the

hippocampus compared with sham (Fig. 3A). Previously, it was

shown that a transcription factor could regulate Ngn2 and Pax3, and

activation of Pax3 mostly depends on its status of acetylation.39,40

FIG. 3. A decrease in HDAC4 facilitates Pax3 acetylation to transcribe Ngn2. (A) The quantitative RT-PCR analysis to determine the
mRNA level of Ngn2 in the hippocampus of both sham and TBI mice. TBI leads to an increase in Ngn2 mRNA level. (B) The ChIP
assay is showing that TBI causes an increase in binding of Pax3 to Ngn2 promoter. (C) The acetylation of Pax3 was monitored in the
hippocampal lysates of TBI and sham mice. TBI leads to an increase in acetylation of Pax3. (D) The interaction between Pax3 and
HDAC4 was monitored in the hippocampal lysates of TBI and sham mice. TBI leads to a decrease in the interaction between Pax3-
HDAC4 and the expression level of HDAC4. (E) Confocal microscopic studies to monitor HDAC4 level in the DG of both sham and
TBI mice. (F) The phosphorylation of HDAC4 at serine residues was decreased after treatment with lithium. The loss of HDAC4 level
was also rescued after treatment with lithium prior to TBI. Statistical significance was measured by one-way ANOVA with a Tukey-
Kramer post hoc correction, n = 7, *p < 0.05. All data are expressed as mean – SEM. Scale bar = 20 lm. ANOVA, analysis of variance;
ChIP, chromatin immunoprecipitation; DG, dentate gyrus; mRNA, messenger RNA; RT-PCR, real-time polymerase chain reaction;
SEM, standard error of the mean; TBI, traumatic brain injury. Color image is available online.
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Therefore, to understand whether Pax3 transcriptionally upregu-

lates Ngn2 following TBI, we performed the ChIP assay using peri-

contusional hippocampal samples from 72-h post-TBI mice. We

found that the binding of Pax3 to Ngn2 promoter was increased

following TBI (Fig. 3B, Supplementary Fig. S3A). To see whether

Pax3 was acetylated after TBI, we monitored acetylation of Pax3

using peri-contusional hippocampal lysates of both 72-h post-TBI

and sham mice. We found that the acetylation level of Pax3 was

markedly increased in the post-TBI compared with sham mice

(Fig. 3C, Supplementary Fig. S3B). Thus, our data suggest that

acetylated Pax3 transcriptionally upregulate Ngn2; however, it is

not fully understood how the acetylation of Pax3 was increased

following TBI.

While screening for the Pax3 binding proteins, we found that the

interaction between Pax3 with HDAC4 was markedly decreased

72-h post-TBI (Fig. 3D, Supplementary Fig. S3C). The decrease in

the interaction between Pax3 and HDAC4 is associated with a

decrease in HDAC4 level in the peri-contusional hippocampal

lysates in TBI mice (Fig. 3D, Input; Supplementary Fig. S3D). To

further confirm the loss of HDAC4 after TBI, we performed the

confocal microscopic analysis using brain sections obtained from

both sham and 72-h post-TBI mice. Consistent with our western

blot data, we found that TBI leads to a decrease in HDAC4 in

the DG of the hippocampus (Fig. 3E, Supplementary Fig. S3E).

Moreover, the number of HDAC4-positive cells increases in Dcx-

positive cells following TBI (Fig. 3E, Supplementary Fig. S3F).

Collectively, our results show that a decrease in HDAC4 causes an

increase in Pax3 acetylation, which is responsible for the induction

of Ngn2 level following TBI.

The structural analysis of HDAC4 revealed that it contains a

PEST domain, which acts as a signal to degrade the protein.70 A

previous study has shown that phosphorylation of serine residue

(S298) of the PEST domain of HDAC4 by a kinase, GSK3b, leads

to its degradation.71 The previous study from our group has shown

that TBI leads to activation of GSK3b47,55; thus, we tested whether

blocking GSK3b after TBI can prevent the downregulation of

HDAC4. We found that treatment with an inhibitor of GSK3b,

lithium (5 mg/kg), prevented the phosphorylation of HDAC4

(Fig. 3F, Supplementary Fig. S3G) and rescued the loss of HDAC4

following TBI (Fig. 3F, Supplementary Fig. S3H). It is important to

note that we were unable to directly monitor the phosphorylation of

HDAC4 at Ser298 residue due to the lack of a commercially

available antibody. Thus, we used a pan-phosphoserine antibody to

monitor the phosphorylation of HDAC4. Because HDAC4 is

known to be phosphorylated, other serine residues that are inde-

pendent of GSK3b treatment with lithium did not abolish the serine

phosphorylation of HDAC4; however, it rescues the degradation of

HDAC4—this further substantiates the importance of GSK3b in

the stabilization of HDAC4 in the hippocampus following TBI.

Overexpression of HDAC4 rescues the deficit
in neurogenesis following TBI

To understand whether overexpression of HDAC4 can reduce

the Pax3 acetylation, we overexpressed HDAC4 in the DG area of

the hippocampus and subjected it to TBI. We found that in mice

overexpressing HDAC4, the acetylation level of Pax3 was de-

creased significantly following TBI (Fig. 4A, Supplementary

Fig. S4A). Similarly, in mice overexpressing HDAC4, the inter-

action between Pax3 and HDAC4 was rescued after TBI (Fig. 4A,

Supplementary Fig. S4B). The ChIP assay revealed that TBI-

induced increases in the binding of Pax3 on the Ngn2 promoter and

Ngn2 binding to the vGlut1 promoter were significantly decreased

after overexpression of HDAC4 in the hippocampus before TBI

(Fig. 4B,C, Supplementary Fig. S4C).

TBI-induced increase in the expression level of Ngn2 (Fig. 4D,

Supplementary Fig. S4D) and vGlut1 (Fig. 4D, Supplementary

Fig. S4E) were significantly reduced in mice overexpressing

HDAC4 following TBI along with an increase in the expression

level of Mash1 (Fig. 4E, Supplementary Fig. S4F). Consistent with

Mash1 data, we found that TBI leads to a decrease in the protein

level of the GABA synthesizing enzyme, glutamic acid dec-

arboxylase 65 (GAD65); however, its level was rescued in mice

overexpressing HDAC4 72-h post-TBI (Fig. 4E, Supplementary

Fig. S4G). We also monitored the overall neurogenesis in mice

overexpressing HDAC4. We found that the loss of Dcx-positive

cells was rescued in the DG of mice overexpressing HDAC4 fol-

lowing TBI (Fig. 4F, Supplementary Fig. S4H). Similarly, the

number of branches (Fig. 4F, Supplementary Fig. S4I), and den-

dritic lengths of Dcx-positive cells (Fig. 4F, Supplementary

Fig. S4J) were increased in mice overexpressed with HDAC4 in the

hippocampus. Because HDAC4 was tagged with Flag, the over-

expression of HDAC4 was confirmed by staining with Flag anti-

body in the DG by confocal microscopy (Fig. Supplementary

Fig. S4K) and western blot analysis (Fig. 4A,D,E input). Consistent

with this in vivo data, we found that overexpression of HDAC4

blocks glutamate-induced decrease in the number of intersections

(Fig. 4G,H) and dendritic length of neuronal stem cells (Fig. 4G,I).

These data suggest that HDAC4 is required to attenuate TBI-

induced impairment of neurogenesis.

Overexpression of HDAC4 improves neurobehavioral
outcomes following TBI

The open field test is used to assess locomotor, exploratory, and

anxiety-like behavior in mice. We found that total movement time

was similar between sham and 2-week post-TBI mice (Fig. 5A),

indicating that there was no significant deficiency in locomotor

activities. However, the TBI mice spent significantly less time in

the center but more time on the periphery compared with sham

mice (Fig. 5B,C), suggesting that TBI mice executed more anxiety-

like behavior compared with sham mice. However, mice over-

expressing HDAC4 in the DG spent more time in the central zone

compared with the periphery (Fig. 5B,C), suggesting that over-

expression of HDAC4 improves anxiety-like behavior following

TBI compared with sham.

The tail suspension test is specific for depressive-like behavior.

We found that the period of immobility for 2-week post-TBI mice

was significantly higher than sham mice (Fig. 5D); these data suggest

that TBI mice execute depressive-like behavior. However, over-

expression of HDAC4 in the hippocampus remitted in the reduction

of the period of immobility significantly, implying that HDAC4

improves depressive-like behavior following TBI (Fig. 5D).

The forced swim test monitors the depression-like behavior in

mice. Typically, ‘‘floating behavior’’ is used as a parameter to analyze

depression-like behavior. We found that TBI mice spent more time

floating compared with sham mice. However, in mice overexpressing

HDAC4 before TBI, the floating time was decreased significantly

compared with TBI mice (Fig. 5E), suggesting that HDAC4 is re-

quired to reduce depressive-like behavior following TBI.

The Barnes maze requires the use of hippocampal-dependent

spatial memory to be able to locate the escape locations. This

ability to remember the location of the target hole can be affected

by the impairment of neurogenesis in the hippocampus. We tested
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the TBI mice where neurogenesis was significantly impaired

compared with that of sham mice, and HDAC4 overexpressed sham

mice and TBI mice. We found that the escape latency (Fig. 5F) and

the number of errors before reaching the target hole (Fig. 5G) were

increased significantly in TBI mice compared with sham mice

during the training period of 4 days. The repeated two-way AN-

OVA shows the significance in Group effect (F[3,12] = 13.468,

p = 0.001) as well as in Day effect (F[3,12] = 7.981, p = 0.003) for

escape latency; and the significance in Group effect (F [3,12] =
17.917, p = 0.001) for number of errors, averaged over the 4 days.

The significance was not found in Group · Day interaction

(F < 0.464) for escape latency and Day effect (F < 2.541), and

Group · Day interaction (F < 0.960F) for the number of errors.

Further, on the fifth day (Probe test) the time spent around the

escape box and surrounding area was significantly decreased

( p < 0.05) in TBI mice compared with sham (Fig. 5H). These data

indicate that TBI affects spatial memory functions. However, in

mice overexpressing HDAC4 in the hippocampus before TBI, the

escape latency, as well as the number of errors before reaching the

target, were minimized ( p < 0.05, Fig. 5F,G) in comparison to TBI

mice during the acquisition trial. During the probe test, mice

overexpressing HDAC4 spent significantly more time (Fig. 5H) at

the surrounding area of the escape box in comparison to that of TBI

mice. These data confirm that downregulation of HDAC4 is re-

sponsible for impairment for spatial memory functions.

The Y-maze spontaneous alternation measures the willingness

of rodents to explore new environments and hippocampal-

dependent working (short-term) memory. Rodents typically prefer

to explore a new arm of the maze rather than returning to one that

was previously visited. We found that the percentage of alteration

FIG. 4. Overexpression of HDAC4 attenuates the transcriptional activity of Pax3 and Ngn2 and rescues neurogenesis following TBI.
(A) Overexpression of Flag-HDAC4 reduces Pax3 acetylation and the interaction between Pax3 and HDAC4. (B,C) ChIP analysis
suggests that TBI-induced an increase in Pax3 binding to the Ngn2 promoter (B) and Ngn2 binding to the vGlut1 promoter (C) was
decreased after overexpression of HDAC4. (D) The increase in Ngn2 and vGlut1 was blocked after overexpression of HDAC4. (E) The
decrease in Mash1 and GAD65 was blocked after overexpression of HDAC4. (F) Confocal microscopy studies show that overexpression
of HDAC4 improves neurogenesis as shown by an increase in Dcx-positive cells in DG of the hippocampus. (G–I) Neuronal stem cells
isolated from mice were overexpressed with HDAC4 followed by treatment with glutamate. The Sholl analysis shows that glutamate
treatment affects total dendritic length and number of intersections; however, overexpression of HDAC4 significantly improves the
number of intersections (G,H) and the total dendritic length (G,I). Statistical significance was measured by one-way ANOVA with a
Tukey-Kramer post hoc correction, n = 7, *p < 0.05. All data are expressed as mean – SEM. Scale bar = 20 lm. ANOVA, analysis of
variance; ChIP, chromatin immunoprecipitation; Dcx, Doublecortin; DG, dentate gyrus; GAD65, glutamic acid decarboxylase 65; SEM,
standard error of the mean; TBI, traumatic brain injury; vGlut1, vesicular glutamate transporter 1. Color image is available online.
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FIG. 5. Overexpression of HDAC4 improves neurobehavioral outcomes following TBI. (A–C) Mice overexpressed with HDAC4
showed similar movement time (A); however, they spent less time in the center (B) and significantly more time in the periphery
(C) (n = 10; mean – SEM; one-way ANOVA, Tukey-Kramer post hoc corrections, *p < 0.05). (D) The immobility induced by TBI was
rescued in mice overexpressing HDAC4 in the hippocampus significantly during the tail suspension test (n = 10; mean – SEM; one-way
ANOVA, Tukey-Kramer post hoc corrections, *p < 0.05). (E) The increase in floating time was decreased in mice overexpressing
HDAC4 following TBI during the forced swim test. (n = 10; mean – SEM; one-way ANOVA, Tukey-Kramer post hoc corrections,
*p < 0.05). (F–H) The latency to find the hole and the number of errors before reaching the target hole following TBI was increased;
however, overexpression of HDAC4 in the hippocampus reduced the latency to find the target hole (F) and the number of errors before
reaching the target hole significantly during the training period (G). During the probe trial, the time spent around each hole was
monitored, and we observed that mice with overexpression of HDAC4 in the hippocampusspent significantly more time around the
target hole following TBI compared with the only TBI mice (n = 10; mean – SEM; two-way ANOVA with Tukey-Kramer post hoc
corrections between the groups, *p < 0.05). (I) The percentage of alteration in the Y-maze test was decreased in TBI mice; however,
overexpression of HDAC4 rescues the percentage of alteration significantly (n = 10; mean – SEM; one-way ANOVA, Tukey-Kramer
post hoc corrections, *p < 0.05). ( J) A model showing how TBI affects neurogenesis in HDAC4 dependent manner. TBI leads to a
decrease in HDAC4 level, which increases acetylation of Pax3. As a result, the transcriptional activity of Pax3 was increased, and the
expression level of Ngn2 was augmented. An induced level of Ngn2 facilitates vGlut1-positive glutamatergic fate of neurons compared
with the Mash1-positive GABAergic fate of neurons. The imbalance in glutamatergic and GABAergic neurons causes glutamate
toxicity affects in neurogenesis following TBI. ANOVA, analysis of variance; GABA, c-aminobutyric acid; SEM, standard error of the
mean; TBI, traumatic brain injury; vGlut1, vesicular glutamate transporter 1. Color image is available online.
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in the Y-maze was reduced significantly following TBI compared

with sham (Fig. 5I); however, overexpression of HDAC4 augments

the percentage of spontaneous alteration following TBI (Fig. 5I),

suggesting that HDAC4 is necessary for short-term memory and

willingness to explore new environments.

Discussion

A growing number of studies have highlighted the importance of

HDAC in neurogenesis; however, its role in TBI remains contro-

versial. Previously, it was shown that inhibitors of HDACs—such

as sodium butyrate (SB), valproic acid (VPA), and trichostatin A

(TSA)—induce neuronal differentiation in primary rat cortical

cultures, presumably by inducing the neurogenic bHLH transcrip-

tion factor NeuroD.72 Moreover, chronic treatment of HDAC in-

hibitor has been shown to stimulate hippocampal neurogenesis in

the ischemic brain.73 In TBI, studies from independent groups have

shown that neurogenesis can be increased,74–76 unchanged,77 and

decreased63,67 after TBI. However, in our study, we provide evi-

dence that disruption in balanced neurogenesis contributes to the

TBI outcomes.

Briefly, we have shown that a decrease in the level of HDAC4 is

responsible for triggering the newly born neurons to differentiate

more into glutamatergic neurons via increased Pax3 acetylation

following TBI. Thus, an imbalance in glutamatergic and GA-

BAergic neurons causes glutamate toxicity, and this event leads to

impairment of neurogenesis following TBI (Fig. 5J). Rescuing the

deficiency in neurogenesis by overexpression of HDAC4 in the

hippocampus before TBI improves neurobehavioral outcomes as-

sociated with anxiety and depressive-like behavior with an im-

provement in cognitive dysfunctions. Our data are consistent with

another study where it was shown that treatment with the pan-

HDAC inhibitor VPA blocks proliferation of adult hippocampal

neural progenitor cells,72 and that prenatal exposure impairs hip-

pocampal function.78 Also, the selective loss of HDAC4 is impli-

cated in memory function and long-term synaptic plasticity.44

Collectively, it can be interfered that implication of HDACs in

neurogenesis is context-dependent. However, it is essential to

mention that overexpression of HDAC4 does not selectively target

the post-mitotic cells like newly born immature neurons; however,

it can be considered that mitotic cells, which are relevant to the

process of neurogenesis, do not express vGlut1; thus, the possibility

of contribution of these cells to TBI-induced toxicity will not be

directly relevant. Thus, we restrict our claim to the subpopulation of

post-mitotic newly born Dcx-positive immature neurons.

The activity of Class IIa HDACs including HDAC4 is known to

be primarily regulated by their translocation to the nucleus and its

deacetylase activity.44,45,79–81 Exclusion of HDAC4 from the nu-

cleus causes an increase in histone acetylation and facilitates the

transcriptional process. However, we found that the expression

level of HDAC4 was reduced after TBI and as a part of the

mechanism we have shown that degradation of HDAC4 is depen-

dent on its phosphorylation by GSK3b. This was evidenced by the

fact that the administration of a GSK3b inhibitor, lithium, prevents

the loss of HDAC4 after TBI. Our study is consistent with a pre-

vious study, where it was shown that HDAC4 contains a PEST

sequence that upon phosphorylation by GSK3b forces HDAC4 to

degrade via ubiquitination.71

Also, aberrant activation of GSK3b due to inactivation of a

protein kinase Akt is a common underlying mechanism responsible

for TBI pathology.47,55 Given that an induction of oxidative stress

has a strong correlation with TBI82–84 and reduced neurogen-

esis,85,86 and preventing the induction of the oxidative stress in a

TBI model can improve the neurogenesis,87 there is a concern

whether an induction of oxidative stress impairs neurogenesis, at

least partially, through manipulating HDAC4; but it is not unlikely.

A recent study showed that epigenetic regulation by HDAC4 plays

a role upstream of oxidative damage markers,88 and oxidative stress

can modify HDAC4 by oxidizing cysteine residues.89 In this study,

we provided evidence that a deficiency of HDAC4 impairs neu-

rogenesis, and it may be possible that oxidative stress is responsible

for a decrease in HDAC4 after TBI. This notion was further

strengthened by the fact that inhibiting GSK3b prevents down-

regulation of HDAC4. Further, studies have shown that ROS-

induced activation of c-Jun N-terminal kinase ( JNK), a stress

kinase, reduces the phosphorylation of protein kinase B (Akt)90 that

may lead to an activation of GSK3b by reducing its phosphoryla-

tion as a downstream substrate of Akt.

Histone acetylation and deacetylation play a crucial role in

regulating gene expression during the processes of cell prolifera-

tion, and differentiation and HDAC4 are instrumental in main-

taining the balance. The pan-HDAC inhibitor has been shown to

stimulate neurogenesis and differentiation of hippocampal pro-

genitor cells with an increase in histone acetylation.72 In contrast,

our study has shown that change in the acetylation level of a non-

histone protein such as Pax3 is critical for neurogenesis. In the

nervous system, the influence of Pax3 is involved in neural crest

development, and peripheral neuron differentiation39,91,92 and

acetylation of Pax3 is prerequisite for its transcriptional activity;

however, it was not clear how the acetylation status of Pax3 could

be regulated in the adult brain. Our study shows that a decrease in

the interaction between Pax3 and HDAC4 is responsible for acet-

ylation of Pax3. The identification of Pax3 as a substrate of HDAC4

is unique and provides another potential mechanism that can ex-

plain how HDAC4 influences neurogenesis by altering the acety-

lation status of non-histone proteins in the mature brain.

However, our study raised a concern about whether a change in

the level of HDAC4 has any influence on histone acetylation.

Histone acetylation can be regulated by an orchestrated activation

of several acetyltransferases and de-acetyltransferases including

HDAC4. Thus, we do not anticipate that a reduction in only one

deacetylase, HDAC4, will significantly affect the histone acetyla-

tion and block the activity of critical transcriptional factors. Be-

cause alteration of the acetylation status of Pax3 is enough to affect

its transcriptional activity, we did not explore whether a change in

histone acetylation also contributes to the impairment of the tran-

scriptional activity of Pax3. However, we can anticipate that a

reduction in HDAC4 will cause an increase in histone acetylation,

which will, in turn, further facilitate the aberrant binding of Pax3 to

its promoters.

Another unique aspect of adult hippocampal neurogenesis is a

balance between GABAergic and glutamatergic inputs to tightly

regulate neuronal activity.93 However, not many studies have been

conducted to elucidate the mechanism of how the balance is

maintained in the adult brain. Our study provides evidence that

HDAC4 is essential to maintain the balance and a loss of HDAC4 is

responsible for an imbalance in the generation of glutamatergic and

GABAergic neurons that accounts for impaired neurogenesis,

anxiety, and depressive behavior following TBI. Glutamate is the

principal excitatory neurotransmitter in the brain and GABA, the

principal inhibitory neurotransmitter in the cerebral cortex, main-

tains the inhibitory tone that counterbalances neuronal excita-

tion.94,95 However, excess glutamate can initiate seizure-like

activity. Thus, our data can explain the previous finding of why an
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aberrant increase in neurogenesis can exhaust neurogenic potential

and enhance epileptogenesis following TBI.96

In general, neurogenesis can be classified into two significant

steps: the proliferation of mitotic cells and differentiation of post-

mitotic cells, which mostly consist of immature newly born neurons

and mature neurons. The mature neurons need to be integrated into

the existing neuronal network in the DG of the hippocampus as a

downstream process of neurogenesis, and it generally takes weeks

to execute their functional relevance in terms of memory functions.

A compelling number of previous studies have shown that im-

pairment of either proliferation, differentiation, or the integration of

neurons significantly contributes to the memory impairment, which

can be monitored by either Y-maze or Barnes maze test.

In our study, we provided evidence in support of the fact that

overexpressing HDAC4 can attenuate glutamate-induced toxicity

by restricting the vGlut1-positive newly born immature neurons,

which is an upstream process of integration of newly synthesized

neurons into the DG. We were also able to demonstrate that this

event leads to an improvement of memory function, which was

examined after 3 weeks post-TBI. Thus, it can be reasonably

considered that the integration of newly born neurons did not in-

terfere with facilitating the memory improvement executed by

overexpression of HDAC4 in TBI mice. Therefore, we did not

consider studying the integration of newly born neurons to prove

the current paradigm as a first preference.

Recently, almost all Phase II/III clinical trials with HDACs in

neuroprotection have failed to show any consistent improvement in

outcome for TBI patients, mostly because of non-specificity of

HDAC inhibitors.97,98 Our study fulfills some of the critical gaps

and suggests that induction of HDAC4 instead of downregulation

of HDAC is responsible for impaired neurogenesis following TBI.

Thus, our study provides a new hope for designing a novel thera-

peutic strategy based on HDAC4, which plays a critical role during

the differentiation of neurogenesis and restores hippocampus-

dependent anxiety and depressive-like behavior in mice. Also,

elucidating the role of HDAC4 to regulate adult neurogenesis can

be extended to other neurodegenerative conditions such as Alz-

heimer’s disease or Parkinson’s disease where impaired neuro-

genesis is a common mechanism of neurological deficits.

Acknowledgments

This work was partly supported by the National Institutes of

Health (Grants RO1NS094516 and RO1EY025622 to N.S.) and

funding from University of Pittsburgh and Copeland Foundation to

R.G, T.S, and N.S.

Author Disclosure Statement

No conflicting financial interests exist.

Supplementary Material

Supplementary Figure S1

Supplementary Figure S2

Supplementary Figure S3

Supplementary Figure S4

References

1. Cicerone, K.D., Dahlberg, C., Malec, J.F., Langenbahn, D.M., Feli-
cetti, T., Kneipp, S., Ellmo, W., Kalmar, K., Giacino, J.T., Harley,
J.P., Laatsch, L., Morse, P.A., and Catanese, J. (2005). Evidence-based
cognitive rehabilitation: updated review of the literature from 1998
through 2002. Arch. Phys. Med. Rehabil. 86, 1681–1692.

2. McCarthy, M.L., MacKenzie, E.J., Durbin, D.R., Aitken, M.E., Jaffe,
K.M., Paidas, C.N., Slomine, B.S., Dorsch, A.M., Berk, R.A., Chris-
tensen, J.R., Ding, R., and Group, C.S. (2005). The Pediatric Quality
of Life Inventory: an evaluation of its reliability and validity for
children with traumatic brain injury. Arch. Phys. Med. Rehabil. 86,
1901–1909.

3. Prigatano, G.P. (2005). Impaired self-awareness after moderately se-
vere to severe traumatic brain injury. Acta Neurochir. Suppl. 93,
39–42.

4. Salmond, C.H., and Sahakian, B.J. (2005). Cognitive outcome in
traumatic brain injury survivors. Curr. Opin. Crit. Care 11, 111–116.

5. Rogers, J.M., and Read, C.A. (2007). Psychiatric comorbidity fol-
lowing traumatic brain injury. Brain Inj. 21, 1321–1333.

6. Hoge, C.W., McGurk, D., Thomas, J.L., Cox, A.L., Engel, C.C., and
Castro, C.A. (2008). Mild traumatic brain injury in U.S. Soldiers re-
turning from Iraq. N. Engl. J. Med. 358, 453–463.

7. Rona, R.J., Jones, M., Fear, N.T., Hull, L., Murphy, D., Machell, L.,
Coker, B., Iversen, A.C., Jones, N., David, A.S., Greenberg, N., Ho-
topf, M., and Wessely, S. (2012). Mild traumatic brain injury in UK
military personnel returning from Afghanistan and Iraq: cohort and
cross-sectional analyses. J. Head Trauma Rehabil. 27, 33–44.

8. Vasterling, J.J., Brailey, K., Proctor, S.P., Kane, R., Heeren, T., and
Franz, M. (2012). Neuropsychological outcomes of mild traumatic
brain injury, post-traumatic stress disorder and depression in Iraq-
deployed US Army soldiers. Br. J. Psychiatry 201, 186–192.

9. Gupta, R., and Sen, N. (2016). Traumatic brain injury: a risk factor for
neurodegenerative diseases. Rev. Neurosci. 27, 93–100.

10. Capuron, L., and Miller, A.H. (2011). Immune system to brain sig-
naling: neuropsychopharmacological implications. Pharmacol. Ther.
130, 226–238.

11. Godbout, J.P., Moreau, M., Lestage, J., Chen, J., Sparkman, N.L.,
O’Connor, J., Castanon, N., Kelley, K.W., Dantzer, R., and Johnson,
R.W. (2008). Aging exacerbates depressive-like behavior in mice in
response to activation of the peripheral innate immune system. Neu-
ropsychopharmacology 33, 2341–2351.

12. Dantzer, R., O’Connor, J.C., Freund, G.G., Johnson, R.W., and
Kelley, K.W. (2008). From inflammation to sickness and depression:
when the immune system subjugates the brain. Nat. Rev. Neurosci. 9,
46–56.

13. Deng, W., Aimone, J.B., and Gage, F.H. (2010). New neurons and
new memories: how does adult hippocampal neurogenesis affect
learning and memory? Nat. Rev. Neurosci. 11, 339–350.

14. Abrous, D.N., and Wojtowicz, J.M. (2015). Interaction between neu-
rogenesis and hippocampal memory system: new vistas. Cold Spring
Harb. Perspect. Biol. 7, a018952.

15. Petrik, D., Lagace, D.C., and Eisch, A.J. (2012). The neurogenesis
hypothesis of affective and anxiety disorders: are we mistaking the
scaffolding for the building? Neuropharmacology 62, 21–34.

16. Hill, A.S., Sahay, A., and Hen, R. (2015). Increasing adult hippo-
campal neurogenesis is sufficient to reduce anxiety and depression-
like behaviors. Neuropsychopharmacology 40, 2368–2378.

17. Yau, S.Y., Li, A., and So, K.F. (2015). Involvement of adult hippo-
campal neurogenesis in learning and forgetting. Neural Plast. 2015,
717958.

18. Shapiro, L.A., and Ribak, C.E. (2005). Integration of newly born
dentate granule cells into adult brains: hypotheses based on normal
and epileptic rodents. Brain Res. Brain Res. Rev. 48, 43–56.

19. Zhao, C., Teng, E.M., Summers, R.G., Jr., Ming, G.L., and Gage, F.H.
(2006). Distinct morphological stages of dentate granule neuron
maturation in the adult mouse hippocampus. J. Neurosci. 26, 3–11.

20. Christian, K.M., Song, H., and Ming, G.L. (2014). Functions and
dysfunctions of adult hippocampal neurogenesis. Annu. Rev. Neu-
rosci. 37, 243–262.

21. Anacker, C., Luna, V.M., Stevens, G.S., Millette, A., Shores, R., Ji-
menez, J.C., Chen, B., and Hen, R. (2018). Hippocampal neurogenesis
confers stress resilience by inhibiting the ventral dentate gyrus. Nature
559, 98–102.

22. Jones, S. (2004). An overview of the basic helix-loop-helix proteins.
Genome Biol. 5, 226.

23. Hodge, R.D., and Hevner, R.F. (2011). Expression and actions of
transcription factors in adult hippocampal neurogenesis. Dev. Neu-
robiol. 71, 680–689.

24. Beckervordersandforth, R., Zhang, C.L., and Lie, D.C. (2015).
Transcription-factor-dependent control of adult hippocampal neuro-
genesis. Cold Spring Harb. Perspect. Biol. 7, a018879.

3294 SAHA ET AL.



25. Imayoshi, I., and Kageyama, R. (2014). bHLH factors in self-renewal,
multipotency, and fate choice of neural progenitor cells. Neuron 82,
9–23.

26. Parras, C.M., Schuurmans, C., Scardigli, R., Kim, J., Anderson, D.J.,
and Guillemot, F. (2002). Divergent functions of the proneural genes
Mash1 and Ngn2 in the specification of neuronal subtype identity.
Genes Dev. 16, 324–338.

27. Roybon, L., Mastracci, T.L., Ribeiro, D., Sussel, L., Brundin, P., and
Li, J.Y. (2010). GABAergic differentiation induced by Mash1 is
compromised by the bHLH proteins Neurogenin2, NeuroD1, and
NeuroD2. Cereb. Cortex 20, 1234–1244.

28. Roybon, L., Deierborg, T., Brundin, P., and Li, J.Y. (2009). In-
volvement of Ngn2, Tbr and NeuroD proteins during postnatal ol-
factory bulb neurogenesis. Eur. J. Neurosci. 29, 232–243.

29. Hindley, C., Ali, F., McDowell, G., Cheng, K., Jones, A., Guillemot,
F., and Philpott, A. (2012). Post-translational modification of Ngn2
differentially affects transcription of distinct targets to regulate the
balance between progenitor maintenance and differentiation. Devel-
opment 139, 1718–1723.

30. Mattar, P., Langevin, L.M., Markham, K., Klenin, N., Shivji, S., Zi-
nyk, D., and Schuurmans, C. (2008). Basic helix-loop-helix tran-
scription factors cooperate to specify a cortical projection neuron
identity. Mol. Cell Biol. 28, 1456–1469.

31. Helms, A.W., Battiste, J., Henke, R.M., Nakada, Y., Simplicio, N.,
Guillemot, F., and Johnson, J.E. (2005). Sequential roles for Mash1
and Ngn2 in the generation of dorsal spinal cord interneurons. De-
velopment 132, 2709–2719.

32. Kim, D.S., Kwak, S.E., Kim, J.E., Won, M.H., Choi, H.C., Song, H.K.,
Kwon, O.S., Kim, Y.I., Choi, S.Y., and Kang, T.C. (2005). Bilateral
enhancement of excitation via up-regulation of vesicular glutamate
transporter subtype 1, not subtype 2, immunoreactivity in the unilat-
eral hypoxic epilepsy model. Brain Res. 1055, 122–130.

33. Raudensky, J., and Yamamoto, B.K. (2007). Effects of chronic un-
predictable stress and methamphetamine on hippocampal glutamate
function. Brain Res. 1135, 129–135.

34. Touret, M., Parrot, S., Denoroy, L., Belin, M.F., and Didier-Bazes, M.
(2007). Glutamatergic alterations in the cortex of genetic absence
epilepsy rats. BMC Neurosci. 8, 69.

35. Daniels, R.W., Miller, B.R., and DiAntonio, A. (2011). Increased
vesicular glutamate transporter expression causes excitotoxic neuro-
degeneration. Neurobiol. Dis. 41, 415–420.

36. Wojcik, S.M., Rhee, J.S., Herzog, E., Sigler, A., Jahn, R., Takamori,
S., Brose, N., and Rosenmund, C. (2004). An essential role for ve-
sicular glutamate transporter 1 (VGLUT1) in postnatal development
and control of quantal size. Proc. Natl. Acad. Sci. U S A 101, 7158–
7163.

37. Wilson, N.R., Kang, J., Hueske, E.V., Leung, T., Varoqui, H., Mur-
nick, J.G., Erickson, J.D., and Liu, G. (2005). Presynaptic regulation
of quantal size by the vesicular glutamate transporter VGLUT1. J.
Neurosci. 25, 6221–6234.

38. Moechars, D., Weston, M.C., Leo, S., Callaerts-Vegh, Z., Goris, I.,
Daneels, G., Buist, A., Cik, M., van der Spek, P., Kass, S., Meert, T.,
D’Hooge, R., Rosenmund, C., and Hampson, R.M. (2006). Vesicular
glutamate transporter VGLUT2 expression levels control quantal size
and neuropathic pain. J. Neurosci. 26, 12055–12066.

39. Ichi, S., Boshnjaku, V., Shen, Y.W., Mania-Farnell, B., Ahlgren, S.,
Sapru, S., Mansukhani, N., McLone, D.G., Tomita, T., and Mayanil,
C.S. (2011). Role of Pax3 acetylation in the regulation of Hes1 and
Neurog2. Mol. Biol. Cell 22, 503–512.

40. Bartlett, D., Boyle, G.M., Ziman, M. and Medic, S. (2015). Me-
chanisms contributing to differential regulation of PAX3 downstream
target genes in normal human epidermal melanocytes versus mela-
noma cells. PLoS One10, e0124154.

41. Kim, J., Jung, S.Y., Lee, Y.K., Park, S., Choi, J.S., Lee, C.J., Kim,
H.S., Choi, Y.B., Scheiffele, P., Bailey, C.H., Kandel, E.R., and Kim,
J.H. (2008). Neuroligin-1 is required for normal expression of LTP
and associative fear memory in the amygdala of adult animals. Proc.
Natl. Acad. Sci. U S A 105, 9087–9092.

42. Sando, R., 3rd, Gounko, N., Pieraut, S., Liao, L., Yates, J., 3rd, and
Maximov, A. (2012). HDAC4 governs a transcriptional program es-
sential for synaptic plasticity and memory. Cell 151, 821–834.

43. Cheng, B., Wang, S., Chen, Y., Fang, Y., Chen, F., Wang, Z., and
Xiong, B. (2016). A combined negative and positive enrichment assay
for cancer cells isolation and purification. Technol. Cancer Res. Treat.
15, 69–76.

44. Kim, M.S., Akhtar, M.W., Adachi, M., Mahgoub, M., Bassel-Duby,
R., Kavalali, E.T., Olson, E.N., and Monteggia, L.M. (2012). An es-
sential role for histone deacetylase 4 in synaptic plasticity and memory
formation. J. Neurosci. 32, 10879–10886.

45. Wang, Z., Qin, G., and Zhao, T.C. (2014). HDAC4: mechanism of
regulation and biological functions. Epigenomics 6, 139–150.

46. Mielcarek, M., Zielonka, D., Carnemolla, A., Marcinkowski, J.T., and
Guidez, F. (2015). HDAC4 as a potential therapeutic target in neu-
rodegenerative diseases: a summary of recent achievements. Front.
Cell Neurosci. 9, 42.

47. Farook, J.M., Shields, J., Tawfik, A., Markand, S., Sen, T., Smith,
S.B., Brann, D., Dhandapani, K.M., and Sen, N. (2013). GADD34
induces cell death through inactivation of Akt following traumatic
brain injury. Cell Death Dis. 4, e754.

48. Kapoor, S., Kim, S.M., Farook, J.M., Mir, S., Saha, R., and Sen, N.
(2013). Foxo3a transcriptionally upregulates AQP4 and induces ce-
rebral edema following traumatic brain injury. J. Neurosci. 33, 17398–
17403.

49. Sen, T., and Sen, N. (2016). Treatment with an activator of hypoxia-
inducible factor 1, DMOG provides neuroprotection after traumatic
brain injury. Neuropharmacology 107, 79–88.

50. Saha, P., Gupta, R., Sen, T. and Sen, N. (2018). Activation of cyclin
D1 affects mitochondrial mass following traumatic brain injury.
Neurobiol Dis118, 108–116.

51. Zhu, C., Xu, Q., Wang, C., Mao, Z., and Lin, N. (2017). Evidence that
CA3 is underling the comorbidity between pain and depression and
the co-curation by Wu-Tou decoction in neuropathic pain. Sci. Rep. 7,
11935.

52. Jouvert, P., Revel, M.O., Lazaris, A., Aunis, D., Langley, K., and
Zwiller, J. (2004). Activation of the cGMP pathway in dopaminergic
structures reduces cocaine-induced EGR-1 expression and locomotor
activity. J. Neurosci. 24, 10716–10725.

53. Schaffer, D.J., Tunc-Ozcan, E., Shukla, P.K., Volenec, A., and Redei,
E.E. (2010). Nuclear orphan receptor Nor-1 contributes to depressive
behavior in the Wistar-Kyoto rat model of depression. Brain Res.
1362, 32–39.

54. Uchida, S., Hara, K., Kobayashi, A., Funato, H., Hobara, T., Otsuki,
K., Yamagata, H., McEwen, B.S., and Watanabe, Y. (2010). Early life
stress enhances behavioral vulnerability to stress through the activa-
tion of REST4-mediated gene transcription in the medial prefrontal
cortex of rodents. J. Neurosci. 30, 15007–15018.

55. Sen, T., Gupta, R., Kaiser, H., and Sen, N. (2017). Activation of PERK
elicits memory impairment through inactivation of CREB and
downregulation of PSD95 after traumatic brain injury. J. Neurosci. 37,
5900–5911.

56. Wakade, C., Sukumari-Ramesh, S., Laird, M.D., Dhandapani, K.M.,
and Vender, J.R. (2010). Delayed reduction in hippocampal postsyn-
aptic density protein-95 expression temporally correlates with cogni-
tive dysfunction following controlled cortical impact in mice. J.
Neurosurg. 113, 1195–1201.

57. Aroniadou-Anderjaska, V., Pidoplichko, V.I., Figueiredo, T.H.,
Almeida-Suhett, C.P., Prager, E.M., and Braga, M.F. (2012). Pre-
synaptic facilitation of glutamate release in the basolateral amygdala:
a mechanism for the anxiogenic and seizurogenic function of GluK1
receptors. Neuroscience 221, 157–169.

58. Almeida-Suhett, C.P., Prager, E.M., Pidoplichko, V., Figueiredo, T.H.,
Marini, A.M., Li, Z., Eiden, L.E., and Braga, M.F. (2014). Reduced
GABAergic inhibition in the basolateral amygdala and the develop-
ment of anxiety-like behaviors after mild traumatic brain injury. PLoS
One 9, e102627.

59. Tucker, L.B., Fu, A.H., and McCabe, J.T. (2016). Performance of
male and female C57BL/6J mice on motor and cognitive tasks com-
monly used in pre-clinical traumatic brain injury research. J. Neuro-
trauma 33, 880–894.

60. Guida, F., Boccella, S., Iannotta, M., De Gregorio, D., Giordano, C.,
Belardo, C., Romano, R., Palazzo, E., Scafuro, M.A., Serra, N., de
Novellis, V., Rossi, F., Maione, S., and Luongo, L. (2017). Palmi-
toylethanolamide reduces neuropsychiatric behaviors by restoring
cortical electrophysiological activity in a mouse model of mild trau-
matic brain injury. Front. Pharmacol. 8, 95.

61. Fox, G.B., Fan, L., LeVasseur, R.A., and Faden, A.I. (1998). Effect of
traumatic brain injury on mouse spatial and nonspatial learning in the
Barnes circular maze. J. Neurotrauma 15, 1037–1046.

62. Cheng, J.S., Craft, R., Yu, G.Q., Ho, K., Wang, X., Mohan, G.,
Mangnitsky, S., Ponnusamy, R., and Mucke, L. (2014). Tau reduction

PSYCHIATRIC DISORDERS THROUGH IMPAIRMENT OF NEUROGENESIS 3295



diminishes spatial learning and memory deficits after mild repetitive
traumatic brain injury in mice. PLoS One 9, e115765.

63. Rola, R., Mizumatsu, S., Otsuka, S., Morhardt, D.R., Noble-
Haeusslein, L.J., Fishman, K., Potts, M.B., and Fike, J.R. (2006).
Alterations in hippocampal neurogenesis following traumatic brain
injury in mice. Exp. Neurol. 202, 189–199.

64. Gao, X., Deng-Bryant, Y., Cho, W., Carrico, K.M., Hall, E.D., and
Chen, J. (2008). Selective death of newborn neurons in hippocampal
dentate gyrus following moderate experimental traumatic brain injury.
J. Neurosci. Res. 86, 2258–2270.

65. Gao, X., Deng, P., Xu, Z.C., and Chen, J. (2011). Moderate traumatic
brain injury causes acute dendritic and synaptic degeneration in the
hippocampal dentate gyrus. PLoS One 6, e24566.

66. Zhao, Y., Gibb, S.L., Zhao, J., Moore, A.N., Hylin, M.J., Menge, T.,
Xue, H., Baimukanova, G., Potter, D., Johnson, E.M., Holcomb, J.B.,
Cox, C.S., Jr., Dash, P.K., and Pati, S. (2016). Wnt3a, a protein se-
creted by mesenchymal stem cells is neuroprotective and promotes
neurocognitive recovery following traumatic brain injury. Stem Cells
34, 1263–1272.

67. Hood, K.N., Zhao, J., Redell, J.B., Hylin, M.J., Harris, B., Perez, A.,
Moore, A.N., and Dash, P.K. (2018). Endoplasmic reticulum stress
contributes to the loss of newborn hippocampal neurons after trau-
matic brain injury. J. Neurosci. 38, 2372–2384.

68. Giza, C.C., and Hovda, D.A. (2014). The new neurometabolic cascade
of concussion. Neurosurgery 75, Suppl. 4, S24–S33.

69. Daniels, R.W., Collins, C.A., Gelfand, M.V., Dant, J., Brooks, E.S.,
Krantz, D.E., and DiAntonio, A. (2004). Increased expression of the
Drosophila vesicular glutamate transporter leads to excess glutamate
release and a compensatory decrease in quantal content. J. Neurosci.
24, 10466–10474.

70. Rogers, S., Wells, R., and Rechsteiner, M. (1986). Amino acid se-
quences common to rapidly degraded proteins: the PEST hypothesis.
Science 234, 364–368.

71. Cernotta, N., Clocchiatti, A., Florean, C., and Brancolini, C. (2011).
Ubiquitin-dependent degradation of HDAC4, a new regulator of ran-
dom cell motility. Mol. Biol. Cell 22, 278–289.

72. Hsieh, J., Nakashima, K., Kuwabara, T., Mejia, E., and Gage, F.H.
(2004). Histone deacetylase inhibition-mediated neuronal differentia-
tion of multipotent adult neural progenitor cells. Proc. Natl. Acad. Sci.
U S A 101, 16659–16664.

73. Hao, Y., Creson, T., Zhang, L., Li, P., Du, F., Yuan, P., Gould, T.D.,
Manji, H.K., and Chen, G. (2004). Mood stabilizer valproate promotes
ERK pathway-dependent cortical neuronal growth and neurogenesis.
J. Neurosci. 24, 6590–6599.

74. Braun, H., Schafer, K., and Hollt, V. (2002). BetaIII tubulin-
expressing neurons reveal enhanced neurogenesis in hippocampal and
cortical structures after a contusion trauma in rats. J. Neurotrauma 19,
975–983.

75. Sun, D., Colello, R.J., Daugherty, W.P., Kwon, T.H., McGinn, M.J.,
Harvey, H.B., and Bullock, M.R. (2005). Cell proliferation and neu-
ronal differentiation in the dentate gyrus in juvenile and adult rats
following traumatic brain injury. J. Neurotrauma 22, 95–105.

76. Sun, D., McGinn, M.J., Zhou, Z., Harvey, H.B., Bullock, M.R., and
Colello, R.J. (2007). Anatomical integration of newly generated
dentate granule neurons following traumatic brain injury in adult rats
and its association to cognitive recovery. Exp. Neurol. 204, 264–272.

77. Chirumamilla, S., Sun, D., Bullock, M.R., and Colello, R.J. (2002).
Traumatic brain injury induced cell proliferation in the adult mam-
malian central nervous system. J. Neurotrauma 19, 693–703.

78. Juliandi, B., Tanemura, K., Igarashi, K., Tominaga, T., Furukawa, Y.,
Otsuka, M., Moriyama, N., Ikegami, D., Abematsu, M., Sanosaka, T.,
Tsujimura, K., Narita, M., Kanno, J., and Nakashima, K. (2015).
Reduced adult hippocampal neurogenesis and cognitive impairments
following prenatal treatment of the antiepileptic drug valproic acid.
Stem Cell Rep. 5, 996–1009.

79. McKinsey, T.A., Zhang, C.L., and Olson, E.N. (2001). Identification
of a signal-responsive nuclear export sequence in class II histone
deacetylases. Mol. Cell Biol. 21, 6312–6321.

80. Grozinger, C.M., and Schreiber, S.L. (2000). Regulation of histone
deacetylase 4 and 5 and transcriptional activity by 14-3-3-dependent
cellular localization. Proc. Natl. Acad. Sci. U S A 97, 7835–7840.

81. Wang, A.H., and Yang, X.J. (2001). Histone deacetylase 4 possesses
intrinsic nuclear import and export signals. Mol. Cell Biol. 21, 5992–
6005.

82. Ansari, M.A., Roberts, K.N., and Scheff, S.W. (2008). Oxidative stress
and modification of synaptic proteins in hippocampus after traumatic
brain injury. Free Radic. Biol. Med. 45, 443–452.

83. Ansari, M.A., Roberts, K.N., and Scheff, S.W. (2008). A time course
of contusion-induced oxidative stress and synaptic proteins in cortex
in a rat model of TBI. J. Neurotrauma 25, 513–526.

84. Rodriguez-Rodriguez, A., Egea-Guerrero, J.J., Murillo-Cabezas, F.,
and Carrillo-Vico, A. (2014). Oxidative stress in traumatic brain in-
jury. Curr. Med. Chem. 21, 1201–1211.

85. Huang, T.T., Zou, Y., and Corniola, R. (2012). Oxidative stress and
adult neurogenesis—effects of radiation and superoxide dismutase
deficiency. Semin. Cell Dev. Biol. 23, 738–744.

86. Yuan, T.F., Gu, S., Shan, C., Marchado, S., and Arias-Carrion, O. (2015).
Oxidative stress and adult neurogenesis. Stem Cell Rev. 11, 706–709.

87. Li, Q., Wang, P., Huang, C., Chen, B., Liu, J., Zhao, M., and Zhao, J.
(2019). N-acetyl serotonin protects neural progenitor cells against
oxidative stress-induced apoptosis and improves neurogenesis in adult
mouse hippocampus following traumatic brain injury. J. Mol. Neu-
rosci. 67, 574–588.

88. Xu, L., Xing, Q., Huang, T., Zhou, J., Liu, T., Cui, Y., Cheng, T.,
Wang, Y., Zhou, X., Yang, B., Yang, G.L., Zhang, J., Zang, X., Ma,
S., and Guan, F. (2018). HDAC1 silence promotes neuroprotective
effects of human umbilical cord-derived mesenchymal stem cells in a
mouse model of traumatic brain injury via PI3K/AKT pathway. Front.
Cell Neurosci. 12, 498.

89. Ago, T., Liu, T., Zhai, P., Chen, W., Li, H., Molkentin, J.D., Vatner,
S.F., and Sadoshima, J. (2008). A redox-dependent pathway for reg-
ulating class II HDACs and cardiac hypertrophy. Cell 133, 978–993.

90. Pariyar, R., Yoon, C.S., Svay, T., Kim, D.S., Cho, H.K., Kim, S.Y.,
Oh, H., Kim, Y.C., Kim, J., Lee, H.S., and Seo, J. (2017). Vitis lab-
ruscana leaf extract ameliorates scopolamine-induced impairments
with activation of Akt, ERK and CREB in mice. Phytomedicine 36,
8–17.

91. Koblar, S.A., Murphy, M., Barrett, G.L., Underhill, A., Gros, P., and
Bartlett, P.F. (1999). Pax-3 regulates neurogenesis in neural crest-
derived precursor cells. J. Neurosci. Res. 56, 518–530.

92. Li, J., Liu, K.C., Jin, F., Lu, M.M., and Epstein, J.A. (1999). Trans-
genic rescue of congenital heart disease and spina bifida in Splotch
mice. Development 126, 2495–2503.

93. Zhao, C., Deng, W., and Gage, F.H. (2008). Mechanisms and func-
tional implications of adult neurogenesis. Cell 132, 645–660.

94. Meldrum, B.S. (1994). The role of glutamate in epilepsy and other
CNS disorders. Neurology 44, S14–S23.

95. Treiman, D.M. (2001). GABAergic mechanisms in epilepsy. Epilepsia
42 Suppl. 3, 8–12.

96. Neuberger, E.J., Swietek, B., Corrubia, L., Prasanna, A., and San-
thakumar, V. (2017). Enhanced dentate neurogenesis after brain injury
undermines long-term neurogenic potential and promotes seizure
susceptibility. Stem Cell Rep. 9, 972–984.

97. Narayan, R.K., Michel, M.E., Ansell, B., Baethmann, A., Biegon, A.,
Bracken, M.B., Bullock, M.R., Choi, S.C., Clifton, G.L., Contant,
C.F., Coplin, W.M., Dietrich, W.D., Ghajar, J., Grady, S.M., Gross-
man, R.G., Hall, E.D., Heetderks, W., Hovda, D.A., Jallo, J., Katz,
R.L., Knoller, N., Kochanek, P.M., Maas, A.I., Majde, J., Marion,
D.W., Marmarou, A., Marshall, L.F., McIntosh, T.K., Miller, E.,
Mohberg, N., Muizelaar, J.P., Pitts, L.H., Quinn, P., Riesenfeld, G.,
Robertson, C.S., Strauss, K.I., Teasdale, G., Temkin, N., Tuma, R.,
Wade, C., Walker, M.D., Weinrich, M., Whyte, J., Wilberger, J.,
Young, A.B., and Yurkewicz, L. (2002). Clinical trials in head injury.
J. Neurotrauma 19, 503–557.

98. Xiong, Y., Mahmood, A., and Chopp, M. (2009). Emerging treatments
for traumatic brain injury. Expert Opin. Emerg. Drugs 14, 67–84.

Address correspondence to:

Nilkantha Sen, MSc, PhD

Department of Neurological Surgery

University of Pittsburgh

Scaife Hall A504

200 Lothrop Street

Pittsburgh, PA 15213

E-mail: senn@pitt.edu

3296 SAHA ET AL.


