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Abstract

Background: Traumatic brain injury (TBI) initiates a complex series of neurochemical and signaling changes that lead to
pathological events including neuronal hyperactivity, excessive glutamate release, inflammation, increased blood-brain
barrier (BBB) permeability and cerebral edema, altered gene expression, and neuronal dysfunction. It is believed that a drug
combination, or a single drug acting on multiple targets, may be an effective strategy to treat TBI. Valproate, a widely used
antiepileptic drug, has a number of targets including GABA transaminase, voltage-gated sodium channels, glycogen
synthase kinase (GSK)-3, and histone deacetylases (HDACs), and therefore may attenuate a number of TBI-associated
pathologies.

Methodology/Principal Findings: Using a rodent model of TBI, we tested if post-injury administration of valproate can
decrease BBB permeability, reduce neural damage and improve cognitive outcome. Dose-response studies revealed that
systemic administration of 400 mg/kg (i.p.), but not 15, 30, 60 or 100 mg/kg, increases histone H3 and H4 acetylation, and
reduces GSK-3 activity, in the hippocampus. Thirty min post-injury administration of 400 mg/kg valproate improved BBB
integrity as indicated by a reduction in Evans Blue dye extravasation. Consistent with its dose response to inhibit GSK-3 and
HDACs, valproate at 400 mg/kg, but not 100 mg/kg, reduced TBI-associated hippocampal dendritic damage, lessened
cortical contusion volume, and improved motor function and spatial memory. These behavioral improvements were not
observed when SAHA (suberoylanilide hydroxamic acid), a selective HDAC inhibitor, was administered.

Conclusion/Significance: Our findings indicate that valproate given soon after TBI can be neuroprotective. As clinically
proven interventions that can be used to minimize the damage following TBI are not currently available, the findings from
this report support the further testing of valproate as an acute therapeutic strategy.
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Introduction

The cognitive and behavioral dysfunctions associated with

traumatic brain injury (TBI) are thought to be due to both the

initial injury, and a series of progressive damages and secondary

pathologies [1]. These include altered homeostasis due to

disruption of the blood-brain barrier (BBB), excessive release of

excitatory neurotransmitters, axonal and dendritic disruptions,

neuroinflammation, post-traumatic seizures (PTS), and cell death

[2–5]. PTS are prominent secondary pathologies [6] that can

cause excessive release of excitatory neurotransmitters, alterations

in blood pressure, decreased oxygen delivery, elevations in

intracranial pressure, and an increase in neuronal death following

TBI. Based on the complexity of the responses of the brain to

trauma, a recent National Institutes of Health working group on

TBI recommended either combination therapies or the evaluation

of agents that act on multiple mechanisms be evaluated as

treatment options for TBI [7].

Valproate [2-propylpentanoic acid] (VPA) is one of the most

commonly prescribed antiepileptic medications that has been

shown to reduce the neuronal damage associated with epileptic

activity. For example, in a model of rodent status epilepticus, VPA

markedly decreased neuronal damage in the hippocampal

formation and improved neurological and memory functions [8].

Following TBI, VPA has been shown to be effective in treating

early-, but not late-onset PTS [9]. It is thought that the

antiepileptic activity of VPA results from a combination of its

influence on a number of targets in the central nervous system

including inhibition of GABA transamination, reduction of

NMDA-mediated neuronal excitation, inhibition of histone
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deacetylases (HDACs) and glycogen synthase kinase (GSK)-3, and

blockade of voltage-gated sodium and T-type calcium channels

[10]. As altered GABAergic and glutamatergic neurotransmission,

decreased histone acetylation, and calcium entry have all been

implicated in TBI pathology, we questioned if VPA can be used as

a treatment option following TBI.

In this report, we demonstrate that post-injury administration of

VPA causes a dose-dependent improvement in behavioral function

following experimental TBI. This improvement was associated

with a decrease in cortical contusion volume, improved BBB

integrity, and preservation of hippocampal dendritic integrity. Our

findings support the use of VPA as a treatment for TBI, and

suggest its use merits further clinical investigation.

Materials and Methods

Materials
Male Sprague-Dawley rats (275–300 g) were purchased from

Charles River Laboratories (Wilmington, MA). Sodium valproate

was purchased from Sigma Aldrich (St. Louis, MO). Antibodies to

acetylated histone H3, acetylated histone H4, and total histone H4

were obtained from Millipore (Billerica, MA). Phospho ß-catenin

(Ser33/37), total ß-catenin, phospho-ERK1/2 (Thr202/Tyr204,

Thr185/Tyr187), total ERK1/2 and double-cortin antibodies were

purchased from Cell Signaling Technology (Danvers, MA). Anti-

MAP2 antibodies were obtained from Covance (Princeton, NJ)

and the CD68 antibody purchased from Serotec (Raleigh, NC).

Production of brain injury
All experimental procedures were approved by the Animal

Welfare Committee of the University of Texas Health Science

Center at Houston and were conducted in accordance with the

recommendations provided in the Guide for the Care and Use of

Laboratory Animals. Protocols were designed to minimize pain and

discomfort during the injury procedure and recovery period. An

electromagnet-driven controlled cortical impact (CCI) device was

used to cause brain injury as previously described [11–13]. Briefly,

animals were anesthetized using 5% isofluorane with a 1:1 O2/

N2O mixture, mounted on a stereotaxic frame, and a midline

incision made. For BBB, a unilateral 6-mm crainiectomy was

prepared midway between the bregma and lambda with the

medial edge of the craniectomy 1-mm lateral to the midline as

described by Meaney et al [14]. For behavior, bilateral

craniectomies were produced. Rats received a single impact

(2.7 mm deformation) on the right parietal lobe with an impact

velocity of 6 meters/sec. Core body temperature was maintained

at 37–38uC by use of a heating pad. The animals were given time

to recuperate in a warming chamber before being returned to their

home cages. Animals were weighed daily after the injury for the

first 3 days, then weekly thereafter.

Drug preparation and administration
Sodium valproate (VPA) was dissolved in sterile saline to a final

concentration of 60 mg/ml (for the 400 mg/kg dose) or 15 mg/ml

(for the #100 mg/kg doses). For testing the influence of VPA on

cognitive function, animals were injured then injected (i.p.) with

the designated amount of VPA or an equal volume of vehicle 30

minutes or 3 hours post-injury, and every 24 hours thereafter for

the first 5 days post-injury. For biochemical analysis, uninjured

rats were given a single i.p. injection of VPA (15, 30, 60, 100 or

400 mg/kg) or vehicle. For experiments involving suberoylanilide

hydroxamic acid (SAHA), the drug was prepared as a 100 mg/ml

stock in DMSO. Final DMSO concentration for injection was

40% in saline.

Sample Preparation
Hippocampal tissues were quickly removed while submerged in

ice cold artificial cerebral spinal fluid (10 mM HEPES pH 7.2,

1.3 mM NaH2PO4, 3 mM KCl, 124 mM NaCl, 10 mM dextrose,

26 mM NaHCO3 and 2 mM MgCl2) containing phosphatase

inhibitors (2 mM sodium fluoride, 2 mM sodium molybdate and

1 mM sodium orthovanadate). Tissues were homogenized (20

strokes) in 10 volumes of a buffer containing 10 mM Tris pH 7.4,

1 mM EGTA, 1 mM EDTA, 0.5 mM DTT, phosphatase

inhibitors (0.1 mM okadaic acid and 1 mM sodium orthovanadate)

and protease inhibitors (1 mM PMSF and 10 mg/ml leupeptin)

using a motorized teflon-glass homogenizer. The samples were

immediately aliquoted and frozen at 280uC.

Western Blotting
Hippocampal tissue extracts were sonicated (5 pulses of 1 second

each) using a Sonics Vibracell sonicator (Sonics & Materials, Inc.,

Newtown, CT) and a 0.4 mm diameter probe. The amount of

protein in each sample was determined by a Bradford assay using

bovine serum albumin (BSA) as the standard. Samples were

denatured at 95uC for three minutes in 16 NuPage SDS sample

buffer (Invitrogen, Carlsbad, Calif.). Equal amounts of protein were

loaded, electrophoresed, and transferred to Immobilon-P mem-

branes (Millipore, Billerica, MA) using the NOVEX X-Cell II

system (Invitrogen, Burlingame, CA) and the buffers provided by

the vendor. Membranes were blocked overnight in 5% BSA,

followed by a three-hour incubation in primary antibodies (0.5 mg/

ml) at room temperature. Membranes were then washed and

incubated at room temperature with alkaline phosphatase (AP)-

conjugated secondary antibodies for one hour as recommended by

the vendor (Vector Laboratories, Burlingame, CA). Immunoreac-

tivity was detected using a chemiluminescence system and

quantified using Image J (freely available through NIH).

Measurement of BBB permeability
BBB permeability was assessed by measuring the extravasation

of Evans blue (EB) dye as described previously [15,16]. 3% EB in

saline was injected slowly through the Jugular vein (4 ml/kg) and

allowed to circulate for 1.5 hr. Following the circulation time,

animals were transcardially perfused with 1X PBS followed by 4%

paraformaldehyde. The brains were removed, cerebral hemi-

spheres were separated and 2 mm-thick sections were prepared for

each hemisphere. The brain sections from each hemisphere were

incubated in 5 ml 55uC formamide for 24 hr. At the end of the

incubation, tissues were removed and the formamide solution was

centrifuged at 20,0006g for 20 min in an Eppendorf centrifuge.

The supernatant solution was collected and the optical density at

620 nm was measured to determine the relative amount of EB dye

in each sample.

Assessment of motor function
All behavioral tests were conducted by an experimenter blind to

the treatment groups. Two different motor skill tasks (beam

balance and paw placement) were used to determine animals’

motor performance following injury [17,18] on days 1–3 post-

injury. For beam balance, rats were pre-assessed by placing them

on a narrow wooden beam (1.5 cm wide) and measuring the

duration they remained on the beam for up to 60 seconds. Animals

were given repeated pre-injury training until capable of balancing

on the beam for the entire 60 sec period in 3 consecutive trials.

Following injury, animals were given three daily trials during

which the length of time spent on the beam was recorded. Paw

placement was evaluated by placing the animal on a wire grid

VPA and TBI Dysfunction
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(opening size of 262 cm) and counting the number of foot faults

out of a total of 50 steps. A foot fault was defined as when a front

paw misses and appears below the plane of the grid. Paw

placement was repeated three times to give an average daily score.

Assessment of cognitive function
Rats were tested for their cognitive performance using the stan-

dard hidden platform version of the Morris water maze [12,19–21].

All animals had recovered from the TBI-associated motor

dysfunction prior to performing the cognitive testing. Animals were

given 4 consecutive training trials per day for 7 days, with an inter-

trial interval (iti) of 4 min. If the animal failed to locate the platform

within 60 sec on any given trial, it was led there by the

experimenter. Twenty-four hours following the last day of training,

animals were tested in a probe trial to measure quadrant preference

and platform localization. Movement within the maze was

monitored using a video camera linked to tracking software

(Ethovision, Noldus Information Technology, Leesbury, VA, USA).

Contusion volume measurement
Following the completion of the behavioral studies, approxi-

mately 28 days following the injury, animals were deeply

anesthetized with sodium pentobarbital (100 mg/kg) and trans-

cardially perfused with phosphate buffered saline (PBS) followed

by 4% paraformaldehyde. Brains were removed, post-fixed

overnight in perfusant, then cryoprotected in a 30% sucrose

solution. Cortical tissue loss was estimated essentially as described

previously [22], by experimenters kept blind with respect to the

treatment groups. In brief, cryosections (40 mm thickness)

spanning the rostral-caudal extent of the injured cortex were

selected and stained with cresyl violet by an experimenter given

only the animal’s identifier code. Images of the resultant slides

were then used for tissue loss measurement by a second

experimenter. The area of cortical tissue loss for each section

was carefully outlined using Adobe Illustrator, with the area of the

resultant outlines quantified by Image J, from the National

Institutes of Health. Contusion volume was calculated using the

equation A1(0.5X1) + A2(0.5X1+0.5X2) + An21(0.5Xn21 +0.5Xn) +
An(0.5Xn) where A is the area (mm2) of the contusion for each

slice, and X is the distance (mm) between two sequential slices.

Once the contusion volume had been calculated for each animal,

the blind code was broken and group differences assessed.

Immunohistochemistry
To examine the consequences of TBI on histone acetylation, rats

were injured or sham-operated as described in the Production of cortical

impact injury section. For post-TBI histological evaluation, tissue

sections generated for the evaluation of cortical contusion volume

were used for immunohistochemistry. Free-floating slices were

incubated overnight in primary antibody (0.5–1.0 mg/ml) in TBS

containing 2% BSA and 2.5% normal goat serum. Immunoreac-

tivity was detected using species-specific secondary antibodies

coupled to Alexafluors. Disruptions in microtubule immunoreactiv-

ity were quantified for size and luminosity using digital images of

MAP-2 immunoreactivity and Image J. Luminosity was calculated as

the average of three measurements within a 75675 mm box

randomly placed within the damaged area. Luminosity was

normalized within each section by comparing to the luminosity

values obtained from adjacent, undamaged areas. For quantification

of neurogenesis, the number of doublecortin-positive cells embedded

within the granule cell layer of the dentate gyrus were counted in

three sections spanning the dorsal hippocampus by an independent

observer. The length of the dentate gyrus was measured, and the

number of cells/mm calculated. As several studies have shown that

cortical impact injury gives rise to widespread cellular and

biochemical changes in both the injured and contralateral

hemispheres [14,23–25], comparisons were made between injured

animals and sham-operated controls.

Statistical Analysis
For evaluation of behavioral data, repeated measures analyses

of variance (two-way or one-way as appropriate) and t-tests were

utilized to determine statistical differences. A Holm-Sidak method

for multiple comparisons post-hoc test was used to determine data

points with significant differences. Dose response western data was

evaluated using a one-way ANOVA followed by a Dunnet’s post-

hoc test. Data were considered significant at p#0.05 and presented

as Mean 6 Standard Error of the Mean (S.E.M.).

Results

Systemic valproate administration increases
hippocampal histone acetylation

Valproate (VPA) has been previously demonstrated to be an

inhibitor of histone deacetylase (HDAC) [26,27], and as such

preserves the acetylation of histones H2A, H3 and H4 [28]. To

examine the dose-response relationship between systemic VPA

administration and histone acetylation in the brain, western blots

were performed using acetyl-H3 and acetyl-H4 histone antibodies.

Rats were i.p. injected with designated amounts of VPA, and then

killed 45 min later. Hippocampal protein extracts were prepared

for western blots. All western blots were performed using starting

material amounts within the linear range of detection. The

representative western blots (Figure 1A) and summary data

(Figure 1B) show that systemic VPA administration (n = 3/dose)

significantly increases both histone H3 and H4 acetylation in the

hippocampus (acetyl-H3: one way ANOVA F(5,15) = 2.95,

P = 0.047; acetyl-H4: one way ANOVA F(5,15) = 4.89, P = 0.008).

These changes occurred in a dose-dependent manner with

400 mg/kg dose significantly increasing hippocampal histone

acetylation compared to vehicle-treated controls. No significant

changes were detected when the levels of total H3 and H4 were

evaluated (H3: one way ANOVA F(5,15) = 1.81, P = 0.172; H4: one

way ANOVA F(5,15) = 0.48, P = 0.783). When expressed as a ratio

of acetylated:total histone levels, it was confirmed that 400 mg/kg

VPA significantly increases the acetylation of both histone H3

(Kruskal-Wallis one-way ANOVA on Ranks P = 0.009) and

histone H4 (one way ANOVA F(5,15) = 3.65, P = 0.023).

In addition to its inhibition of HDAC, VPA has been shown to

activate the glycogen synthase kinase-3 (GSK-3)/ß-catenin and

extracellular signal-regulated kinase (ERK) pathways [10]. ß-

catenin is normally phosphorylated by GSK-3 targeting it for

ubiquitin-mediated degradation. By inhibiting GSK-3, VPA

causes the accumulation of non-phosphorylated ß-catenin that

leads to enhanced gene expression via the TCF/LEF family of

transcription factors [29]. To examine this consequence of VPA

administration, western blots were performed using phospho- and

total ß-catenin antibodies. Figure 1C shows a representative

western blot of phospho-ß-catenin and ß-catenin immunoreactiv-

ity following designated amounts of VPA injections. Figure 1D

shows that, similar to histone acetylation, ß-catenin is activated in

a dose-dependent fashion following VPA administration (phospho-

ß-catenin: one way ANOVA F(5,15) = 5.67, P = 0.004) with a

significant decrease observed at the 400 mg/kg dose. When the

ratio of phospho:total ß-catenin was used for statistical analysis, the

400 mg/kg dose of VPA was again found to significantly reduce ß-

catenin phosphorylation (one way ANOVA F(5,15) = 4.96,

p = 0.007). In contrast, no significant change was observed in the

VPA and TBI Dysfunction

PLoS ONE | www.plosone.org 3 June 2010 | Volume 5 | Issue 6 | e11383



phosphorylation (one way ANOVA F(5,15) = 2.04, p = 0.131) or

total levels (one way ANOVA F(5,15) = 0.48, p = 0.783) of ERK as a

result of VPA treatment at the time point examined (Figures 1E

and 1F). No significant difference was detected when phospho-

ERK immunoreactivity was normalized with respect to total ERK

immunoreactivity (one way ANOVA F(5,15) = 1.49, p = 0.252).

Qualitatively similar results were obtained when the ERK1 (p44)

and ERK2 (p42) were independently quantified (data not shown).

Valproate reduces TBI-associated blood-brain barrier
permeability

One of the key pathological changes that occurs acutely following

brain injury is disruption of the blood-brain barrier (BBB). Recently,

Alam and colleagues have reported that acute treatment of rats

following hemorrhagic shock with valproate normalizes serum

claudin-3 levels, suggesting improved barrier function [30]. To

investigate if post-injury administration of VPA can reduce TBI-

associated BBB permeability, rats were anesthetized and given a

unilateral crainiectomy followed by cortical impact injury (3.3 mm

deformation). Thirty min later, rats were randomly divided into

either 400 mg/kg VPA (i.p.) or vehicle (0.9% sodium chloride)

groups. Forty-eight hours after the injury, animals were infused with

Evans Blue dye and brains removed for evaluation of barrier

integrity as described previously [31,32]. Rats treated with VPA

(n = 9) were found to have significantly reduced Evans Blue

extravasation in their ipsilateral hemisphere than their vehicle-

Figure 1. Valproate increases hippocampal histone acetylation, and inhibits GSK-3 activity, in a dose-dependent manner. A) Picture
of a representative immunoblot showing histone H3 (a-H3) and H4 (a-H4) acetylation following systemic administration of different doses of
valproate (VPA). B) Summary data for acetylated histone H3 and acetylated histone H4 following different doses of i.p. injected VPA. C) Picture of a
representative western blot showing phosphorylated ß-catenin (p-ß-cat), and total b-catenin (ß-cat), immunoreactivities following VPA
administration. D) Summary data showing that VPA decreases b-catenin phosphorylation in a dose dependent manner. E) Picture of a
representative western blot showing phosphorylated (p-ERK) and total ERK immunoreactivity following VPA administration. F) Summary data
showing that VPA did not have any significant influence on ERK phosphorylation. Data are presented as mean 6 SEM, *,P#0.05.
doi:10.1371/journal.pone.0011383.g001
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treated counterparts (n = 9/group) (O.D./gram tissue: vehi-

cle = 0.29860.028; 400 mg/kg VPA = 0.19660.039; p = 0.039).

Minimal Evans Blue was found in the contralateral hemisphere,

which did not change as a result of treatment (O.D./gram tissue:

vehicle = 0.02060.010; 400 mg/kg VPA: 0.01660.006; p = 0.302).

Valproate improves motor function following TBI
The influence of post-injury VPA injection on vestibulomotor

and motor function was tested from days 1–3 post-TBI using the

beam balance and foot fault tasks, respectively. For these studies,

rats were given bilateral crainiectomies, then injured by a single

impact to the right parietal cortex. Thirty min after the injury, rats

were i.p. injected with either 100 mg/kg VPA (or vehicle) or

400 mg/kg VPA (or vehicle). Drug administration was continued

every 24 hr for the first 5 days of injury. Neither 100 mg/kg VPA

(n = 10, repeated measures two-way ANOVA: F(1,18) = 0.08,

p = 0.783) nor 400 mg/kg VPA given 30 min post-TBI (n = 8,

repeated measures two-way ANOVA: F(1,15) = 2.91, p = 0.109)

significantly improved beam balance performance compared to

simultaneously tested vehicle controls (n = 10 and n = 9, respec-

tively) (data not shown). Figure 2A shows that the number of

contralateral foot faults, on the other hand, was found to be

significantly improved as a result of 100 mg/kg VPA treatment

(group main effect by repeated measures two-way ANOVA:

F(1,18) = 4.38, p = 0.050). This beneficial effect on motor perfor-

mance was also observed in the 400 mg/kg VPA-treated animals

(interaction of group and trial by repeated measures two-way

ANOVA: F(2,28) = 3.74, p = 0.036) (Figure 2B). Ipsilateral foot

faults were not affected by either treatment dose (data not shown).

One of the common side effects of valproate administration is

weight gain [33]. As TBI is associated with acute weight loss, and

this weight loss occurs during the time frame of motor skill testing,

we questioned if the improved motor skill performance we

observed could be due to a reduction in post-trauma weight loss.

Figure 2C shows that, contrary to our expectations, post-injury

administration of 100 mg/kg VPA had no effect on weight loss

(group main effect by repeated measures two-way ANOVA:

F(1,18) = 0.02, p = 0.901). At the highest dose tested, 400 mg/kg

VPA, a significant worsening of post-injury weight loss was

observed (interaction of group and day by repeated measures two-

way ANOVA: F(5,75) = 10.40, p,0.001; Figure 2D).

Intraperitoneal injection of 400 mg/kg, but not 100 mg/
kg, valproate improves spatial learning and memory

To test the effects of post-injury VPA administration on the

cognitive deficits observed following TBI, rats were trained in the

hidden platform version of the Morris water maze. Testing began

on day 14 post-injury, and consisted of 4 trials/day for a total of 7

days. All animals had recovered from the vestibulomotor and

motor deficits by the time water maze performance was tested.

Figure 3A shows that injured animals treated with 100 mg/kg

VPA did not have learning curves that were significantly different

from their vehicle-injected counterparts (repeated measures two-

way ANOVA: F(1,18) = 0.92, p = 0.350). When tested in a probe

Figure 2. Post-injury valproate administration improves motor skills, but exacerbates injury-associated weight loss. Injured rats
treated 30 min post-injury with either A) 100 mg/kg valproate (VPA) or B) 400 mg/kg VPA had improved motor function as indicated by reduced
numbers of contralateral foot faults compared to simultaneously tested vehicle-treated controls. C) Post-injury weight loss is not affected by 100 mg/
kg VPA. In contrast, D) 400 mg/kg exacerbated the degree and duration of weight loss after injury. Data are presented as the mean 6 SEM. N,
significant difference by repeated measures two-way ANOVA. *, P#0.05.
doi:10.1371/journal.pone.0011383.g002
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trial 24 hr following training, vehicle-treated, injured animals did

not demonstrate a preference for the quadrant in which the

platform was located (repeated measures one-way ANOVA:

F(3,27) = 0.04, p = 0.989) indicating a lack of memory for the

location of the platform (Figure 3B). Although the 100 mg/kg

VPA-treated animals displayed improved localization to the target

quadrant, their performance did not reach statistical significance

(repeated measures one-way ANOVA: F(3,27) = 2.64, p = 0.070).

Likewise, Figure 3C shows that the number of platform crossings

did not significantly differ between the two groups (Mann-Whitney

Rank Sum Test: p = 0.585).

In contrast to that observed for the 100 mg/kg VPA-treated

animals, Figure 3D shows that administration of 400 mg/kg VPA

significantly improved the performance of injured animals in the

water maze (group main effect by repeated measures two-way

ANOVA: F(1,15) = 15.03, p = 0.001). Post-hoc analysis revealed

that this difference was primarily due to significantly reduced

latencies to the hidden platform during the last 3 days of training,

suggesting an improved memory for the platform location.

Consistent with this suggestion, animals treated with 400 mg/kg

VPA performed better in a probe trial given 24 hr following

training as indicated by a significant quadrant preference in the

VPA-treated animals (repeated measures one-way ANOVA:

F(3,21) = 3.11, p = 0.048; Figure 3E) that was not observed in

injured rats treated with vehicle (repeated measures one-way

ANOVA: F(3,24) = 1.65, p = 0.205). In addition, rats given

400 mg/kg VPA had a significant increase in the number of

platform crossings (Mann-Whitney Rank Sum Test: p = 0.046;

Figure 3F). Swimming speed was not significantly different

between the 400 mg/kg VPA- and vehicle-treated animals

(vehicle: 26.2761.32 cm/sec; 400 mg/kg VPA: 25.061.69 cm/

sec; P = 0.529).

Three hour delayed administration of valproate
improved motor, but not cognitive, function

To test if a 3 hr delay can be used for treatment initiation,

injured animals were injected with either 400 mg/kg VPA or

vehicle then tested in motor and cognitive tasks as described

above. Treatment was continued by daily injections for the

following 4 days. Figure 4A shows that when the treatment was

delayed by 3 hr, improved motor function was still observed, as

indicated by significantly fewer contralateral foot faults in the

VPA-treated animals (n = 9) than the vehicle-treated controls

(n = 11) (repeated measures two-way ANOVA: F(1,18) = 4.47,

p = 0.048). Exacerbated weight loss as a result of treatment also

persisted in these animals (F(1,18) = 7.15, p = 0.015; Figure 4B).

However, no benefit of delayed VPA treatment was observed in

water maze learning (repeated measures two-way ANOVA:

F(1,18) = 0.37, p = 0.549; Figure 4C), nor in measures of memory

such as number of platform crossings (# of crossings: vehi-

Figure 3. Post-injury administration of 400 mg/kg, but not 100 mg/kg, valproate improves behavioral performance in brain injured
rats. Injured rats treated with either valproate (VPA) or vehicle 30 min post-injury were tested in the standard hidden platform version of the Morris
water maze. A) No difference in water maze performance was detected between the vehicle- and 100 mg/kg VPA-treated injured rats. Similarly,
when tested in a probe trial given 24 hr after the completion of training, there was no significant B) quadrant preference, nor C) difference in
number of platform crossings as a result of 100 mg/kg VPA treatment. In contrast, rats treated with 400 mg/kg had D) significantly improved water
maze performance that was associated with E) a preference for the target quadrant (quadrant I) and F) significantly more platform crossings during a
probe trial given 24 hr after the completion of training. Data are presented as the mean 6 SEM. N, significant group difference by repeated
measures two-way ANOVA. *, p#0.05.
doi:10.1371/journal.pone.0011383.g003
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cle = 0.7360.33; 400 mg/kg VPA = 0.7860.28; p = 0.706) or

quadrant preference (repeated measures one-way ANOVA:

F(3,24) = 1.63, p = 0.208; Figure 4D) compared to controls.

HDAC inhibition is not sufficient to mimic the beneficial
effects of valproate.

Previous reports have indicated that many of the neuroprotec-

tive properties of VPA are linked to its HDAC inhibitory activity

[34–36]. To test if the behavioral improvements observed

following 400 mg/kg VPA administration can be mimicked by a

more selective HDAC inhibitor, the influence of suberoylanilide

hydroxamic acid (SAHA) on TBI-associated motor and cognitive

dysfunction was examined. SAHA is a potent inhibitor of class I

and class II HDACs that has been used by a number of

investigators to assess the role of HDAC activity in pathological

conditions [37–41]. In order to examine the effectiveness of SAHA

on hippocampal histone acetylation, 50 mg/kg SAHA was

injected i.p. and protein extracts prepared 3 hr (n = 4) and 6 hr

(n = 3) later. This dose of SAHA has been previously demonstrated

to significantly increase histone acetylation in the mouse brain

[39]. Vehicle-injected rats (n = 4) were used as controls. Figure 5A

shows that 50 mg/ml SAHA significantly increased the acetylation

of both histone H3 (one-way ANOVA: F(2,8) = 5.61, p = 0.030;

acetylated:total ratio: F(2,8) = 4.86, p = 0.042) and histone H4

(one-way ANOVA: F(2,8) = 20.24, p,0.001; acetylated:total

ratio: F(2,8) = 7.70, p = 0.014) in the hippocampus. In contrast,

no significant influence on ß-catenin phosphorylation was

observed at the time points examined (one-way ANOVA:

F(2,8) = 0.48, p = 0.635; phosphorylated:total ratio: F(2,8) = 0.17,

p = 0.848) (Figure 5B), indicating no effect of SAHA on GSK-3

activity.

To test the behavioral consequences of post-injury SAHA

administration, rats were i.p. injected with either 50 mg/kg SAHA

(n = 11) or an equal volume of vehicle (n = 11) 30 min after the

injury. As was done for VPA, drug administration was continued

every 24 hr for the first 5 days of injury. Figure 5C shows that

unlike VPA, SAHA did not improve motor function as indicated

by similar numbers of contralateral foot faults (repeated measures

two-way ANOVA: F(1,20) = 0.03, p = 0.874). No significant differ-

ence was detected in either beam balance (repeated measures two-

way ANOVA: F(1,20) = 0.04, p = 0.853) or ipsilateral foot faults

(repeated measures two-way ANOVA: F(1,20) = 0.08, p = 0.785)

(data not shown). SAHA administration did reduce post-injury

weight loss (interaction of group and day by repeated measures

two-way ANOVA: F(6,120) = 5.08, p,0.001) (Figure 5D), an effect

opposite to that seen following VPA treatment. When these

animals were tested in the Morris water maze, no significant

influence of SAHA administration was observed in either learning

(repeated measures two-way ANOVA: F(1,20) = 1.66, p = 0.212;

Figure 5E) or measures of memory during a 24 hr probe trial

(latency to platform: Student’s t-test P = 0.134; number of platform

crossings: Mann Whitney Rank sum test P = 0.477).

Figure 4. Delayed valproate administration improves motor skills, but does not improve cognitive function. A) Injured rats treated
3 hr post-injury with 400 mg/kg valproate (VPA) had improved motor function as indicated by reduced numbers of contralateral foot faults
compared to simultaneously tested vehicle-treated controls. B) Post-injury weight loss was exacerbated by delayed administration of 400 mg/kg
VPA. C) No difference in water maze performance was detected between the vehicle- and delayed VPA-treated injured rats. D) When tested in a
probe trial given 24 hr after the completion of training, there was no significant quadrant preference as a result of delayed VPA treatment. Data are
presented as the mean 6 SEM. N, significant group difference by repeated measures two-way ANOVA. *, p#0.05.
doi:10.1371/journal.pone.0011383.g004
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Valproate administered 30 min post-injury reduces
cortical contusion volume

Following the completion of the behavioral studies, VPA- and

vehicle-injected animals were euthanized and brains removed for

determination of contusion volume. Figure 6A shows photo-

graphs of the brains of a representative vehicle- and 400 mg/kg

VPA-treated animal (30 min post-injury treatment initiation).

The pictures show that the animal treated with 400 mg/kg VPA

had contralateral cortical tissue loss that appears to be

dramatically smaller in size than that seen in the vehicle-treated

animal. Quantification of this tissue loss revealed that 400 mg/kg

VPA significantly reduced contralateral tissue loss compared to

animals receiving vehicle injections (Student’s t-test: p = 0.014;

Figure 6B). When examined over the rostral-caudal extent of the

injury, it was found that 400 mg/kg VPA reduced the magnitude

of damage primarily anterior to the contralateral injury core

(two-way repeated measures ANOVA: F(1,18) = 6.271, P = 0.021;

Figure 6C). This protection on contralateral tissue loss was not

observed in the animals treated with 100 mg/kg VPA (Student’s

t-test: p = 0.362), nor in the 400 mg/kg VPA-treated animals

whose treatment was delayed by 3 hr following injury

(Student’s t-test: p = 0.963). Influences on ipsilateral tissue loss

were not observed at any of the doses or times of administration

tested.

Improved spatial learning and memory are associated
with preserved hippocampal MAP2 immunoreactivity

Valproate has been previously demonstrated to induce dendritic

growth of cultured cells [42,43] and TBI has been shown to cause

disruption of hippocampal dendrites [20,44]. As our Morris water

maze results indicate that treatment of injured animals with

400 mg/kg VPA starting 30 min post-injury significantly improves

hippocampal function, we questioned if this improvement was

associated with preserved hippocampal dendritic integrity. To test

this, immunohistochemistry was performed using the dendritic

marker microtubule-associated protein 2 (MAP2). The tissue

sections prepared following the completion of the behavioral

studies were used for these experiments. Figure 7A shows a

representative photomicrograph of a hippocampus from a vehicle-

treated, injured animal immunoreacted for MAP2. Areas of

reduced MAP2 immunoreactivity can be seen in both the stratum

radiatum and stratum molecular. In contrast to that seen in

vehicle-treated animals, these disruptions appeared to be reduced

in rats treated 30 min post-injury with 400 mg/kg VPA

(Figure 7B). When the location of disruptions were recorded, it

was found that while most vehicle-treated animals had discernable

damage adjacent to the CA1/CA2 (80% of all animals examined)

and dentate gyrus (DG; 60% of all animals examined) subfields,

these damages were observed less frequently in the 400 mg/kg

Figure 5. Post-injury administration of SAHA does not mimic the behavioral improvement seen following valproate. A) Picture of a
representative immunoblot and summary data showing increased histone H3 and H4 acetylation following systemic administration of 50 mg/kg
SAHA. B) Picture of a representative western blot and summary data showing that the phosphorylation of ß-catenin is not affected by SAHA
administration. C) Injured rats treated 30 min post-injury with 50 mg/kg SAHA did not have improved motor function, as indicated by numbers of
contralateral foot faults, compared to simultaneously tested vehicle-treated controls. D) Post-injury weight loss was reduced by 50 mg/kg SAHA.
E) Injured rats treated with either SAHA or vehicle 30 min post-injury were tested in the standard hidden platform version of the Morris water maze.
No difference in water maze performance was detected between the two groups.
doi:10.1371/journal.pone.0011383.g005
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VPA-treated animals (60% and 20%, respectively) (Figure 7C). In

order to quantify the area and degree of MAP2 disruption, high

magnification photomicrographs (representative image shown in

Figure 7D) were taken, and the size and relative fluorescent

intensity of the region of MAP2 loss measured as described

previously [20]. Figure 7E shows that the cumulative area of TBI-

associated hippocampal MAP2 disruption/section was significant-

ly reduced in VPA-treated rats compared to that measured in

vehicle-treated controls (Student’s t-test p = 0.049). Furthermore,

areas that had disruption were found to have increased MAP2

immunoreactivity (Student’s t-test p = 0.016; Figure 7F), suggesting

spared fibers.

In addition to influences on dendritic growth, chronic valproate

treatment has been shown to enhance neurogenesis within the

hippocampus [45] and has been demonstrated to reduce

monocyte/macrophage accumulation [46]. To test if the rate of

TBI-associated increased neurogenesis [47–49] was influenced by

our VPA treatment regimen, the number of doublecortin positive

cells was counted. Representative photomicrographs from a

vehicle- (Figure 7G) and a VPA- (Figure 7H) treated animal are

shown. No significant difference was detected between the two

groups (quantified as # of cells/mm dentate gyrus: vehicle = 12.09

61.22; 400 mg/kg VPA = 12.2860.95, P = 0.899; Figure 7I).

Similarly, although a dramatic increase in CD68-immunopositive

monocytes/macrophages was observed in the corpus callosum as a

result of injury, this did not appear to be affected by VPA

treatment (Figure S1).

Discussion

Using a rodent model of TBI, we examined if post-injury VPA

administration is neuroprotective, and improves motor and

cognitive outcomes. Our preclinical findings show that post-injury

systemic administration of VPA: 1) reduced cortical contusion

volume, 2) improved blood-brain barrier integrity (BBB), 3)

reduced hippocampal MAP2 disruptions, and 4) improved motor

and cognitive function.

Valproate [2-propylpentanoic acid] (VPA) is a simple branched-

chain fatty acid with well established efficacy for seizures [50]. It is

also commonly prescribed for bipolar disorder, acute mania and

migraines [10]. The therapeutic concentration of valproate is 40–

100 mg/ml, and it has a serum half-life of 8–17 hours in adults.

This therapeutic concentration is achieved by a loading dose (as

low as 10 mg/kg) followed by maintenance doses (as high as

60 mg/kg). In rodents, an i.p. dose of 200 mg/kg gives rise to a

peak serum concentration of 400 mg/ml 15 minutes post injection

that rapidly decreases to about 40 mg/ml by 8 hr post-infusion [8].

In contrast, an injection of 400 mg/kg gives rise to a plasma

concentration of approximately 150 mg/ml at 8 hr. A number of

studies have utilized 300 mg/kg or 400 mg/kg and have observed

HDAC and/or GSK-3 inhibition in the brain and other organs

[8,51–53]. Consistent with these studies, we found that 400 mg/kg

VPA significantly increased histone acetylation, and reduced b-

catenin phosphorylation in hippocampal tissue extracts (Figure 1).

Using a dose of 400 mg/kg, we observed that VPA improved

motor function, and enhanced spatial learning and memory.

Although the VPA-treated animals displayed a quadrant prefer-

ence when assessed in a 24 hr probe trial, post-hoc analysis

revealed that this difference was due to a preference for the target

quadrant (I) relative to only the starting quadrant (III). This

implies that although the VPA-treated, injured animals have better

long-term memory for the platform position than do vehicle-

treated injured animals, the performance of neither group was to

the level typically observed for uninjured animals The improve-

ment in motor and cognitive performance seen after acute VPA

treatment suggests that this compound may reduce TBI-associated

neuronal degeneration. Previous studies have reported that

valproate can be neuroprotective, both for cells grown in culture

and as well as in a rodent models of status epilepticus and ischemic

stroke [42,43,52]. For example, Ren et al reported that treatment

of rats with 300 mg/kg valproate following middle cerebral artery

occlusion (MCAO) significantly reduced infarct size and improved

neurologic recovery [52]. Consistent with this, our measurement

of cortical contusion volume showed that injured animals treated

30 min following injury with 400 mg/kg VPA had significantly

reduced cortical tissue loss than their vehicle-treated counterparts.

In addition, we found that TBI-associated disruption of hippo-

campal MAP2 immunoreactivity, an indicator of dendritic

damage, was also reduced in VPA-treated animals. This is

consistent with previous reports that have indicated that treatment

of neurons with valproate induces neurite outgrowth [42].

However, it is not known if the reduction in MAP2 disruption

we observed represents a preservation of dendritic integrity, or is

the result of dendritic outgrowth. In addition to influences on

Figure 6. Post-injury administration of 400 mg/kg valproate reduces contusion volume. A) Representative photographs of the brains
from a vehicle- and a 400 mg/kg valproate (VPA)-treated animal. Animals were killed 4 weeks post-injury. B) Quantification of the volume of lost
cortical tissue revealed that 400 mg/kg VPA significantly reduced contralateral tissue loss. C) Rostral-caudal extent of the damage detected in the
contralateral cortex from vehicle- and 400 mg/kg VPA-treated animals. Data are presented as the mean 6 SEM. N, significant difference by repeated
measures two-way ANOVA. *, P#0.05.
doi:10.1371/journal.pone.0011383.g006
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dendritic integrity, VPA treatment has been shown to enhance

hippocampal neurogenesis [45]. Although we anticipated seeing

an influence of VPA on the rate of hippocampal neurogenesis, our

analysis of doublecortin positive cells examined after the

completion of behavioral training did not reveal any significant

increase in cell numbers relative to that observed in vehicle-

treated, injured animals. It has been reported that doublecortin is

expressed during the late mitotic and early post-mitotic stages of

neurogenesis (1–3 weeks post proliferation) [54,55]. As the animals

used for this analysis were euthanized approximately 4 weeks after

injury, it is possible that the neurons generated during the time of

VPA administration (given during the first week of injury) had

become synaptically integrated and were no longer doublecortin

positive. Alternatively, as both cortical impact injury and

behavioral training have also been shown to increase the rate of

hippocampal neurogenesis [49,56], this may have made it difficult

to detect VPA-mediated increases.

At present, the mechanism(s) underlying the protective effects of

VPA are not clear. As decreased histone acetylation has been

observed following TBI [57] (Figure S2), VPA may offer

protection, in part, by increasing histone acetylation and

enhancing the expression of genes involved in neuronal plasticity

and survival. Consistent with this, Shein et al., have shown that

acute treatment of mice following TBI with the HDAC inhibitor

ITF2357 reduces contusion volume and improves motor function

[58]. Further, Lyeth and colleagues have shown that DMA-PB (a

novel HDAC inhibitor) attenuates the TBI-associated decrease in

histone acetylation and reduces microglia-mediated inflammation

[59]. However, post-injury treatment with SAHA did not improve

motor or cognitive function, suggesting that the HDAC-inhibiting

activity of VPA is not sufficient to improve behavioral outcome

following TBI. Consistent with the result obtained using SAHA,

we have recently reported that post-injury treatment with sodium

butyrate, a non-selective HDAC inhibitor, also failed to improve

cognitive function when administered acutely following TBI [60].

In addition to inhibition of HDACs, the mood-stabilizing

properties of valproate are thought to be due to its ability to

inhibit GSK-3 [61]. Although the role of GSK-3 in TBI pathology

Figure 7. Post-injury treatment with 400 mg/kg valproate offers neuroprotection after TBI. Representative photomicrographs showing
microtubule-associated protein 2 (MAP2, a dendritic marker) immunoreactivity in the ipsilateral hippocampi of injured animals treated with either A)
vehicle or B) 400 mg/kg valproate (VPA). Arrows indicate areas of dendritic damage. C) Illustrations showing the location of, and percentage of
animals with, reduced MAP-2 immunoreactivity. D) High magnification photomicrograph showing a representative area with disrupted MAP2
immunoreactivity. E) Summary data showing the average of the cumulative area of reduced MAP-2 immunoreactivity from the hippocampi of vehicle
and 400 mg/kg VPA-injected injured animals. F) Average fluorescent intensity of the areas with reduced MAP-2 immunoreactivity from the
hippocampi of vehicle- and 400 mg/kg VPA-treated animals. Fluorescent intensity of the damaged area was normalized within each section by
comparison to the fluorescent intensity of an adjacent, undamaged area. Representative photomicrographs showing doublecortin immunoreactivity
from a G) vehicle- and a H) 400 mg/kg VPA-treated animal. I) Summary data showing that treatment with 400 mg/kg VPA had no effect on the
number of doublecortin positive cells by 4 weeks post-injury. Data are presented as mean 6 SEM. *, P#0.05. DG: dentate gyrus, so: stratum oriens,
sr:stratum radiatum, sm: stratum molecular.
doi:10.1371/journal.pone.0011383.g007
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has not been well described, this cascade has been shown to be

critical for the regulation of ß-catenin-mediated gene expression

and has been implicated in the mechanism of action of several

neuropsychiatric drugs [62,63]. Alam and colleagues have shown

that valproate treatment enhances survival following lethal

hemorrhagic shock with and without polytrauma (300 and

400 mg/kg, respectively), and that this protection is associated

with nuclear translocation of ß-catenin and increased expression of

bcl-2 [51,64]. Recent studies have shown that valproate can also

elicit neuronal growth via activation of ERK [42]. We have

previously shown that the activation of ERK following TBI is

neuroprotective, and its inhibition exacerbates TBI-associated

motor and cognitive deficits [20]. Although our western blots did

not reveal any significant increase in ERK phosphorylation in

response to VPA injection, its activation at an earlier/later time

point than that examined here (45 min post-injection) cannot be

ruled out. Lastly, while not specifically examined in the current

study, valproate has also been shown to enhance GABAergic

neurotransmission. Previous studies have shown that administra-

tion of a GABA agonist acutely following injury can be used to

reduce hyperactivity and improve neurological outcome [65–67].

It is therefore plausible that one or a combination of these

mechanisms may underlie the beneficial influences of VPA we

observed.

At the doses and dosing regimens employed, no adverse

influences of VPA were observed except for an exacerbation of

post-injury weight loss at the 400 mg/kg dose. TBI is known to

cause an acute loss in body weight that is most likely due to reduced

food consumption during the acute phase of injury [68]. Evaluation

of body weight revealed that rats treated with 400 mg/kg VPA took

approximately twice as long to return to their pre-injury weights. It

has been reported that caloric restriction can be used to enhance

neuronal plasticity, increase resistance to oxidative stress, to reduce

insulin sensitivity and excitotoxicity [69,70]. Consistent with these

benefits, food restriction has been shown to be associated with a

recovery of spatial memory following global ischemia [71].

Although we cannot rule out any contribution that the enhanced

weight loss had on the cognitive improvements we observed, our

time window studies suggest that this was unlikely to be a

determining factor. This conclusion is based on our observation

that while both 30 min and 3 hr post-injury groups had enhanced

weight loss and motor skill improvement as a result of daily

400 mg/kg VPA injection, only the 30 min post-injury animals

displayed improved spatial learning and memory.

TBI patients often have trauma to other organs, resulting in

blood loss and hemorrhagic shock. Recently, Alam and colleagues

have shown that acute valproate can be used to reduce the

lethality of hemorrhagic shock in both rodent and swine models

[51,64]. These findings, along with our findings on the beneficial

effects of VPA treatment on BBB function, cognitive improvement

and neuronal protection, suggest that this drug may have benefit

in the treatment of TBI and TBI with polytrauma. One potential

limitation of valproate therapy to improve cognitive function is

that it appears to only be effective when given less than 3 hr post-

injury. Further experiments will be required to establish the exact

time window, the best routes of administration, and if this

improvement can be observed following different injury magni-

tudes [72].

Supporting Information

Figure S1 Valproate does not appear to reduce infiltration of

inflammatory cells. Valproate (VPA) has been demonstrated to

reduce monocyte/macrophage accumulation following experi-

mental autoimmune neuritis [46]. As increased monocyte

infiltration has been observed following TBI, we investigated if

400 mg/kg VPA can reduce the number of these cells.

Representative photomicrographs showing CD68 (a marker for

circulating monocytes/macrophages) immunoreactivity in the

ipsilateral hippocampi of sham, injured animals treated with

vehicle, and injured animals treated with 400 mg/kg valproate

(VPA). Dotted lines indicate the position of the hippocampal

neuronal layers. Although dramatic infiltration of CD68-positive

monocytes/macrophages can be observed in the corpus callosum

(cc) following injury, no overt influence of VPA was observed. DG:

dentate gyrus.

Found at: doi:10.1371/journal.pone.0011383.s001 (7.29 MB TIF)

Figure S2 TBI decreases histone acetylation in the hippocam-

pus. Jenkins and colleagues have recently demonstrated that

controlled cortical impact injury causes a decrease in hippocampal

histone acetylation in juvenile rats that is localized to the CA3

subfield [57]. To determine the influence of cortical impact injury

on histone acetylation in adult rats, hippocampal tissue samples

were prepared at various time points following injury and

subjected to western blot analysis using antibodies that specifically

detect either acetylated H3 or acetylated H4 histones. A)

Representative western blot showing histone H3 and H4

acetylation in hippocampal protein extracts at different time

points after TBI (n = 4/time point). Summary results of the

changes in the acetylation for B) histone H3 (one-way ANOVA

F(4,15) = 0.029, P = 0.998) and C) histone H4 (one-way ANOVA

F(4,15) = 0.350, P = 0.840) after injury. In order to examine if

histone acetylation changed in a localized manner, immunohisto-

chemistry was performed on brain sections taken from sham-

operated and 24 hr post-injury animals. Fresh frozen sections

(20 mm in thickness) were prepared, mounted on gelatin-coated

slides and fixed for 20 min in 220uC methanol. Anti-acetylated

histone H3 antibodies (5 mg/ml in Tris-buffered saline containing

0.25% TX-100 and 5% normal goat serum) were incubated at

room temperature for 3 hr followed by detection with an anti-

rabbit antibody conjugated to Alexa488. Immunofluorescence was

visualized using a UV microscope (Axiophot, Zeiss) and the

appropriate filter sets. D) Representative images of acetylated H3

immunostaining within the hippocampi of a sham, and a 24 hr

injured animal. E) High magnification images of the areas

indicated in (D). Data are presented as mean 6 SEM.

Found at: doi:10.1371/journal.pone.0011383.s002 (9.30 MB TIF)

Author Contributions

Conceived and designed the experiments: PD SAO SP AM. Performed the

experiments: SAO MZ RJG JZ AM. Analyzed the data: PD SAO MZ JZ

AM. Wrote the paper: PD SAO MZ RJG SP JZ AM.

References

1. Bramlett HM, Dietrich WD (2007) Progressive damage after brain and spinal

cord injury: pathomechanisms and treatment strategies. Prog Brain Res 161:

125–141.

2. Kadhim HJ, Duchateau J, Sebire G (2008) Cytokines and brain injury: invited

review. J Intensive Care Med 23: 236–249.

3. Faden AI, Demediuk P, Panter SS, Vink R (1989) The role of excitatory amino

acids and NMDA receptors in traumatic brain injury. Science 244: 798–800.

4. Zhang X, Chen Y, Jenkins LW, Kochanek PM, Clark RS (2005) Bench-to-

bedside review: Apoptosis/programmed cell death triggered by traumatic brain

injury. Crit Care 9: 66–75.

5. Raghupathi R (2004) Cell death mechanisms following traumatic brain injury.

Brain Pathol 14: 215–222.

6. Annegers JF, Coan SP (2000) The risks of epilepsy after traumatic brain injury.

Seizure 9: 453–457.

VPA and TBI Dysfunction

PLoS ONE | www.plosone.org 11 June 2010 | Volume 5 | Issue 6 | e11383



7. Margulies S, Hicks R (2009) Combination therapies for traumatic brain injury:
prospective considerations. J Neurotrauma 26: 925–939.

8. Brandt C, Gastens AM, Sun M, Hausknecht M, Loscher W (2006) Treatment

with valproate after status epilepticus: effect on neuronal damage, epileptogen-
esis, and behavioral alterations in rats. Neuropharmacology 51: 789–804.

9. Temkin NR, Dikmen SS, Anderson GD, Wilensky AJ, Holmes MD, et al. (1999)

Valproate therapy for prevention of posttraumatic seizures: a randomized trial.
J Neurosurg 91: 593–600.

10. Rosenberg G (2007) The mechanisms of action of valproate in neuropsychiatric

disorders: can we see the forest for the trees? Cell Mol Life Sci 64: 2090–2103.

11. Dixon CE, Clifton GL, Lighthall JW, Yaghmai AA, Hayes RL (1991) A

controlled cortical impact model of traumatic brain injury in the rat. J Neurosci

Methods 39: 253–262.

12. Dash PK, Moore AN, Dixon CE (1995) Spatial memory deficits, increased

phosphorylation of the transcription factor CREB, and induction of the AP-1

complex following experimental brain injury. J Neurosci 15: 2030–2039.

13. Hoskison MM, Moore AN, Hu B, Orsi S, Kobori N, et al. (2009) Persistent

working memory dysfunction following traumatic brain injury: Evidence for a

time-dependent mechanism. Neuroscience 159: 483–491.

14. Meaney DF, Ross DT, Winkelstein BA, Brasko J, Goldstein D, et al. (1994)

Modification of the cortical impact model to produce axonal injury in the rat
cerebral cortex. J Neurotrauma 11: 599–612.

15. Shapira Y, Setton D, Artru AA, Shohami E (1993) Blood-brain barrier

permeability, cerebral edema, and neurologic function after closed head injury
in rats. Anesth Analg 77: 141–148.

16. Shohami E, Novikov M, Mechoulam R (1993) A nonpsychotropic cannabinoid,

HU-211, has cerebroprotective effects after closed head injury in the rat.
J Neurotrauma 10: 109–119.

17. Hamm RJ, White-Gbadebo DM, Lyeth BG, Jenkins LW, Hayes RL (1992) The

effect of age on motor and cognitive deficits after traumatic brain injury in rats.
Neurosurgery 31: 1072–1077.

18. Long DA, Ghosh K, Moore AN, Dixon CE, Dash PK (1996) Deferoxamine

improves spatial memory performance following experimental brain injury in
rats. Brain Res 717: 109–117.

19. Hamm RJ, Dixon CE, Gbadebo DM, Singha AK, Jenkins LW, et al. (1992)

Cognitive deficits following traumatic brain injury produced by controlled
cortical impact. J Neurotrauma 9: 11–20.

20. Dash PK, Mach SA, Moore AN (2002) The role of extracellular signal-regulated

kinase in cognitive and motor deficits following experimental traumatic brain
injury. Neuroscience 114: 755–767.

21. Royo NC, LeBold D, Magge SN, Chen I, Hauspurg A, et al. (2007)
Neurotrophin-mediated neuroprotection of hippocampal neurons following

traumatic brain injury is not associated with acute recovery of hippocampal

function. Neuroscience 148: 359–370.

22. Sullivan PG, Bruce-Keller AJ, Rabchevsky AG, Christakos S, Clair DK, et al.

(1999) Exacerbation of damage and altered NF-kappaB activation in mice

lacking tumor necrosis factor receptors after traumatic brain injury. J Neurosci
19: 6248–6256.

23. Hall ED, Sullivan PG, Gibson TR, Pavel KM, Thompson BM, et al. (2005)

Spatial and temporal characteristics of neurodegeneration after controlled
cortical impact in mice: more than a focal brain injury. J Neurotrauma 22:

252–265.

24. Gobbel GT, Bonfield C, Carson-Walter EB, Adelson PD (2007) Diffuse

alterations in synaptic protein expression following focal traumatic brain injury

in the immature rat. Childs Nerv Syst 23: 1171–1179.

25. Xing G, Ren M, Watson WD, O’Neill JT, Verma A (2009) Traumatic brain

injury-induced expression and phosphorylation of pyruvate dehydrogenase: a

mechanism of dysregulated glucose metabolism. Neurosci Lett 454: 38–42.

26. Gottlicher M, Minucci S, Zhu P, Kramer OH, Schimpf A, et al. (2001) Valproic

acid defines a novel class of HDAC inhibitors inducing differentiation of

transformed cells. EMBO J 20: 6969–6978.

27. Phiel CJ, Zhang F, Huang EY, Guenther MG, Lazar MA, et al. (2001) Histone

deacetylase is a direct target of valproic acid, a potent anticonvulsant, mood
stabilizer, and teratogen. J Biol Chem 276: 36734–36741.

28. Gonzales E, Chen H, Munuve R, Mehrani T, Britten-Webb J, et al. (2006)

Valproic acid prevents hemorrhage-associated lethality and affects the
acetylation pattern of cardiac histones. Shock 25: 395–401.

29. Novak A, Dedhar S (1999) Signaling through beta-catenin and Lef/Tcf. Cell

Mol Life Sci 56: 523–537.

30. Li Y, Liu B, Dillon ST, Fukudome EY, Kheirbek T, et al. (2009) Identification of
a Novel Potential Biomarker in a Model of Hemorrhagic Shock and Valproic

Acid Treatment. J Surg Res 159: 474–481.

31. Zhao J, Moore AN, Redell JB, Dash PK (2007) Enhancing expression of Nrf2-
driven genes protects the blood brain barrier after brain injury. J Neurosci 27:

10240–10248.

32. Baskaya MK, Rao AM, Dogan A, Donaldson D, Dempsey RJ (1997) The

biphasic opening of the blood-brain barrier in the cortex and hippocampus after

traumatic brain injury in rats. Neurosci Lett 226: 33–36.

33. Jallon P, Picard F (2001) Bodyweight gain and anticonvulsants: a comparative

review. Drug Saf 24: 969–978.

34. Kanai H, Sawa A, Chen RW, Leeds P, Chuang DM (2004) Valproic acid
inhibits histone deacetylase activity and suppresses excitotoxicity-induced

GAPDH nuclear accumulation and apoptotic death in neurons.

Pharmacogenomics J 4: 336–344.

35. Eleuteri S, Monti B, Brignani S, Contestabile A (2009) Chronic dietary

administration of valproic Acid protects neurons of the rat nucleus basalis

magnocellularis from ibotenic Acid neurotoxicity. Neurotox Res 15: 127–132.

36. Sinn DI, Kim SJ, Chu K, Jung KH, Lee ST, et al. (2007) Valproic acid-

mediated neuroprotection in intracerebral hemorrhage via histone deacetylase

inhibition and transcriptional activation. Neurobiol Dis 26: 464–472.

37. Richon VM, Emiliani S, Verdin E, Webb Y, Breslow R, et al. (1998) A class of

hybrid polar inducers of transformed cell differentiation inhibits histone

deacetylases. Proc Natl Acad Sci U S A 95: 3003–3007.

38. Hockly E, Richon VM, Woodman B, Smith DL, Zhou X, et al. (2003)

Suberoylanilide hydroxamic acid, a histone deacetylase inhibitor, ameliorates

motor deficits in a mouse model of Huntington’s disease. Proc Natl Acad

Sci U S A 100: 2041–2046.

39. Faraco G, Pancani T, Formentini L, Mascagni P, Fossati G, et al. (2006)

Pharmacological inhibition of histone deacetylases by suberoylanilide hydro-

xamic acid specifically alters gene expression and reduces ischemic injury in the

mouse brain. Mol Pharmacol 70: 1876–1884.

40. Butler LM, Agus DB, Scher HI, Higgins B, Rose A, et al. (2000) Suberoylanilide

hydroxamic acid, an inhibitor of histone deacetylase, suppresses the growth of

prostate cancer cells in vitro and in vivo. Cancer Res 60: 5165–5170.

41. Yin D, Ong JM, Hu J, Desmond JC, Kawamata N, et al. (2007) Suberoylanilide

hydroxamic acid, a histone deacetylase inhibitor: effects on gene expression and

growth of glioma cells in vitro and in vivo. Clin Cancer Res 13: 1045–1052.

42. Yuan PX, Huang LD, Jiang YM, Gutkind JS, Manji HK, et al. (2001) The

mood stabilizer valproic acid activates mitogen-activated protein kinases and

promotes neurite growth. J Biol Chem 276: 31674–31683.

43. Watterson JM, Watson DG, Meyer EM, Lenox RH (2002) A role for protein

kinase C and its substrates in the action of valproic acid in the brain: implications

for neural plasticity. Brain Res 934: 69–80.

44. Taft WC, Yang K, Dixon CE, Hayes RL (1992) Microtubule-associated protein

2 levels decrease in hippocampus following traumatic brain injury.

J Neurotrauma 9: 281–290.

45. Hao Y, Creson T, Zhang L, Li P, Du F, et al. (2004) Mood stabilizer valproate

promotes ERK pathway-dependent cortical neuronal growth and neurogenesis.

J Neurosci 24: 6590–6599.

46. Zhang Z, Zhang ZY, Fauser U, Schluesener HJ (2008) Valproic acid attenuates

inflammation in experimental autoimmune neuritis. Cell Mol Life Sci 65:

4055–4065.

47. Sun D, McGinn MJ, Zhou Z, Harvey HB, Bullock MR, et al. (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.

48. Sun D, Colello RJ, Daugherty WP, Kwon TH, McGinn MJ, et al. (2005) Cell

proliferation and neuronal differentiation in the dentate gyrus in juvenile and

adult rats following traumatic brain injury. J Neurotrauma 22: 95–105.

49. Dash PK, Mach SA, Moore AN (2001) Enhanced neurogenesis in the rodent

hippocampus following traumatic brain injury. J Neurosci Res 63: 313–319.

50. Miller LC, Drislane FW (2008) Treatment of status epilepticus. Expert Rev

Neurother 8: 1817–1827.

51. Li Y, Liu B, Sailhamer EA, Yuan Z, Shults C, et al. (2008) Cell protective

mechanism of valproic acid in lethal hemorrhagic shock. Surgery 144: 217–224.

52. Ren M, Leng Y, Jeong M, Leeds PR, Chuang DM (2004) Valproic acid reduces

brain damage induced by transient focal cerebral ischemia in rats: potential roles

of histone deacetylase inhibition and heat shock protein induction. J Neurochem

89: 1358–1367.

53. Miller JS, Tallarida RJ, Unterwald EM (2009) Cocaine-induced hyperactivity

and sensitization are dependent on GSK3. Neuropharmacology 56: 1116–1123.

54. McDonald HY, Wojtowicz JM (2005) Dynamics of neurogenesis in the dentate

gyrus of adult rats. Neurosci Lett 385: 70–75.

55. von Bohlen Und HO (2007) Immunohistological markers for staging

neurogenesis in adult hippocampus. Cell Tissue Res 329: 409–420.

56. Gould E, Beylin A, Tanapat P, Reeves A, Shors TJ (1999) Learning enhances

adult neurogenesis in the hippocampal formation [see comments]. Nat Neurosci

2: 260–265.

57. Gao WM, Chadha MS, Kline AE, Clark RS, Kochanek PM, et al. (2006)

Immunohistochemical analysis of histone H3 acetylation and methylation—

evidence for altered epigenetic signaling following traumatic brain injury in

immature rats. Brain Res 1070: 31–34.

58. Shein NA, Grigoriadis N, Alexandrovich AG, Simeonidou C, Lourbopoulos A,

et al. (2009) Histone deacetylase inhibitor ITF2357 is neuroprotective, improves

functional recovery, and induces glial apoptosis following experimental

traumatic brain injury. FASEB J 23: 4266–4275.

59. Zhang B, West EJ, Van KC, Gurkoff GG, Zhou J, et al. (2008) HDAC inhibitor

increases histone H3 acetylation and reduces microglia inflammatory response

following traumatic brain injury in rats. Brain Res 1226C: 181–191.

60. Dash PK, Orsi SA, Moore AN (2009) Histone deactylase inhibition combined

with behavioral therapy enhances learning and memory following traumatic

brain injury. Neuroscience 163: 1–8.

61. Chen G, Huang LD, Jiang YM, Manji HK (1999) The mood-stabilizing agent

valproate inhibits the activity of glycogen synthase kinase-3. J Neurochem 72:

1327–1330.

62. Wada A (2009) GSK-3 inhibitors and insulin receptor signaling in health,

disease, and therapeutics. Front Biosci 14: 1558–1570.

VPA and TBI Dysfunction

PLoS ONE | www.plosone.org 12 June 2010 | Volume 5 | Issue 6 | e11383



63. Wada A (2009) Lithium and neuropsychiatric therapeutics: neuroplasticity via

glycogen synthase kinase-3beta, beta-catenin, and neurotrophin cascades.

J Pharmacol Sci 110: 14–28.

64. Alam HB, Shuja F, Butt MU, Duggan M, Li Y, et al. (2009) Surviving blood loss

without blood transfusion in a swine poly-trauma model. Surgery 146: 325–333.

65. O’Dell DM, Gibson CJ, Wilson MS, DeFord SM, Hamm RJ (2000) Positive and

negative modulation of the GABA(A) receptor and outcome after traumatic

brain injury in rats. Brain Res 861: 325–332.

66. He J, Hoffman SW, Stein DG (2004) Allopregnanolone, a progesterone

metabolite, enhances behavioral recovery and decreases neuronal loss after

traumatic brain injury. Restor Neurol Neurosci 22: 19–31.

67. Ooba S, Hasuo H, Shigemori M, Akasu T (2008) Diazepam attenuates the post-

traumatic hyperactivity of excitatory synapses in rat hippocampal CA1 neurons.

Neurosci Res 62: 195–205.

68. Lyeth BG, Jenkins LW, Hamm RJ, Dixon CE, Phillips LL, et al. (1990)

Prolonged memory impairment in the absence of hippocampal cell death
following traumatic brain injury in the rat. Brain Res 526: 249–258.

69. Sharma S, Kaur G (2005) Neuroprotective potential of dietary restriction against

kainate-induced excitotoxicity in adult male Wistar rats. Brain Res Bull 67:
482–491.

70. Mattson MP, Chan SL, Duan W (2002) Modification of brain aging and
neurodegenerative disorders by genes, diet, and behavior. Physiol Rev 82:

637–672.

71. Roberge MC, Messier C, Staines WA, Plamondon H (2008) Food restriction
induces long-lasting recovery of spatial memory deficits following global

ischemia in delayed matching and non-matching-to-sample radial arm maze
tasks. Neuroscience 156: 11–29.

72. Abdel Baki SG, Kao HY, Kelemen E, Fenton AA, Bergold PJ (2009) A
hierarchy of neurobehavioral tasks discriminates between mild and moderate

brain injury in rats. Brain Res 1280: 98–106.

VPA and TBI Dysfunction

PLoS ONE | www.plosone.org 13 June 2010 | Volume 5 | Issue 6 | e11383


