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KEYWORDS Summary  Traumatic brain injury (TBI) can result in the development of posttraumatic
epilepsy (PTE). Recently, we reported differential alterations in tonic and phasic GABA, receptor
(GABA4R) currents in hippocampal dentate granule cells 90 days after controlled cortical impact
(CCl) (Mtchedlishvili et al., 2010). In the present study, we investigated long-term changes in the
protein expression of GABAAR a1, a4, v2, and & subunits, NMDA (NR2B) and AMPA (GluR1) recep-
tor subunits, and heat shock proteins (HSP70 and HSP90) in the hippocampus of Sprague—Dawley
rats evaluated by Western blotting in controls, CCl-injured animals without PTE (CCl group),
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Pc?sttiaumatic and CCl-injured animals with PTE (PTE group). No differences were found among all three
epilepsy; groups for a1 and a4 subunits. Significant reduction of y2 protein was observed in the PTE

group compared to control. CCl caused a 194% and 127% increase of & protein in the CCl group
compared to control (p<0.0001), and PTE (p<0.0001) groups, respectively. NR2B protein was
increased in CCl and PTE groups compared to control (p=0.0001, and p=0.011, respectively).
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Abbreviations: AMPAR, «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CCl, controlled cortical impact; DGCs, dentate
granule cells; GABAsRs, gamma-aminobutyric acid subtype A receptors; GluR1, glutamate receptor 1 of AMPA subtype; HSPs, heat shock
proteins; NR2B, N-methyl-D-aspartate receptor 2B subunit; TBI, traumatic brain injury.
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GluR1 protein was significantly decreased in CCl and PTE groups compared to control (p=0.003,
and p=0.001, respectively), and in the PTE group compared to the CCl group (p=0.036). HSP70
was increased in CCl and PTE groups compared to control (p=0.014, and p=0.005, respectively);
no changes were found in HSP90 expression. These results provide for the first time evidence of
long-term alterations of GABA, and glutamate receptor subunits and a HSP following CCI.

© 2011 Elsevier B.V. All rights reserved.

Introduction

Traumatic brain injury (TBI) is one of the leading causes
of death and disability in children and young adults and is
a major risk factor for the development of posttraumatic
epilepsy (PTE). Recent studies have provided significant
insight into the pathophysiological mechanisms underlying
the development of epilepsy in the most widely employed
TBI models, such as fluid percussion injury (FPl) and con-
trolled cortical impact (CCl) (Lowenstein et al., 1992;
D’Ambrosio et al., 1998, 2004; D’Ambrosio and Perucca,
2004; Garga and Lowenstein, 2006; Pitkanen and Mcintosh,
2006; Hunt et al., 2009, 2010; Statler et al., 2008, 2009;
Norris and Scheff, 2009; Pitkanen et al., 2009; Kharatishvili
and Pitkanen, 2010a,b; Yang et al., 2010). Although the link
between brain trauma and epilepsy is well recognized, the
complex biological mechanisms that result in PTE following
TBI have not been fully elucidated. Following TBI, there is
an immediate increase in excitability and a long-term hyper-
excitability in affected neurons due to changes in inhibitory
GABAergic and excitatory ionotropic glutamatergic neuro-
transmission, which may play a causative or contributing
role in the development of PTE (Reeves et al., 1995; Coulter
et al., 1996; Bush et al., 1999; Golarai et al., 2001; Graber
and Prince, 2004; Prince et al., 2009).

The diversity of GABA, receptor (GABAAR) subunits
(Sieghart and Sperk, 2002) allows for a variety of receptor
subunit assemblies associated with specific pharmacologi-
cal properties and receptor function, including maintenance
of phasic and tonic inhibition, and modulation of neuronal
excitability (Korpi et al., 2002; Sieghart, 2006; Fritschy,
2008). Several studies have evaluated GABA,R-mediated
changes of inhibition after TBI (Reeves et al., 1997; Sihver
et al., 2001; Witgen et al., 2005; Gibson et al., 2010),
but long-term alterations in GABA,Rs associated with PTE
have not been studied. Recently, we reported differential
alterations of phasic and tonic GABA4R currents in den-
tate granule cells (DGCs) 90 days following CCl in young
adult rats (Mtchedlishvili et al., 2010). We hypothesized that
these differential alterations in CCl DGCs could be caused by
altered expression of GABAAR subunits located at synaptic
and extrasynaptic sites in DGCs, respectively. In the present
study, a subset of CCl-injured animals demonstrated convul-
sive posttraumatic seizures following a period of long-term
survival. We hypothesized that TBl and PTE may alter pha-
sic and tonic inhibition in the hippocampus. We sought to
determine whether the expression and potential alteration
of GABALR subunits that mediate these two forms of inhibi-
tion were TBI- or PTE-associated and/or dependent. Because
a1 and y2 subunits are found in synapses (Sun et al., 2004;
Mangan et al., 2005) and participate in phasic inhibition,
whereas a4 and 3 subunits are crucial for tonic inhibition
in DGCs and are predominantly expressed in extrasynaptic

locations (Peng et al., 2002; Wei et al., 2003), we focused
on GABAAR a1, a4, y2, and & subunits in this study.

Glutamate acting on N-methyl-p-aspartate
receptors (NMDARs) and «-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptors (AMPARs) can be
involved in excitotoxicity following TBI and can play an
essential role in the establishment of PTE. In the brain,
NMDARs and AMPARs have different pharmacologic and
kinetic properties, largely dependent on receptor subunit
composition. The NMDAR 2B (NR2B) subunit and the gluta-
mate receptor subunit 1 (GluR1) of the AMPA subtype are
abundantly distributed in the hippocampus (Rogers et al.,
1991; Martin et al., 1993; Monyer et al., 1994) and are
critically important in synaptic transmission, plasticity,
and protein—protein interactions (MacDonald et al., 2006;
Martel et al., 2009). Several studies have demonstrated
NR2B and GluR1 changes after TBI and in epilepsy (Loftis
and Janowsky, 2003; Biegon et al., 2004; Atkins et al.,
2006; Bigford et al., 2009). In the present study, potential
alterations of NR2B and GluR1 following CCl and in PTE
were investigated.

In addition to changes in selected GABA, and glutamate
receptor subunits, we investigated the expression of specific
heat shock proteins (HSPs). HSPs are a family of molecu-
lar chaperone proteins of various molecular sizes and/or
multiple functions, which provide neuroprotection, have
anti-apoptotic properties, and participate in downstream
signaling, synthesis, transportation, and degradation of pro-
teins (Yenari, 2002; Yenari et al., 2005; Powers et al., 2009,
2010; Luo et al., 2010). Previous reports have revealed up-
regulation of HSPs following excitotoxicity, ischemia, TBI,
and epilepsy (Giffard and Yenari, 2004; Lai et al., 2004;
Kochanek et al., 2006; Zhan et al., 2008; Zheng et al.,
2008). Because HSP70 and HSP90 are involved in the reg-
ulation of trafficking of a large number of ionotropic and
metabotropic receptor proteins, including AMPAR subunits
(Gerges et al., 2004) and heterotrimeric G protein alpha (12)
subunits (Waheed and Jones, 2002), we studied these HSPs
to determine whether or not their expression was altered
following CCl and in PTE.

Methods

CCI model of TBI and surgery

All procedures involving animals were approved by the
Institutional Animal Care and Use Committee of the
Allegheny-Singer Research Institute and were carried out
according to NIH guidelines and regulations. Animals were
housed individually, maintained in a 12h light/12h dark
cycle environment with controlled temperature (23 +2°C),
and food and water were provided ad libitum. The CCI pro-
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cedure was performed according to Dixon et al. (1991) with
modifications described previously (Mtchedlishvili et al.,
2010). Male Sprague—Dawley (SD) rats (2—3-month old) were
anesthetized with isoflurane using a Surgivet vaporizer. After
reaching a surgical level of anesthesia (complete loss of
response to painful stimuli), the animals were positioned
and secured in a stereotactic frame (David Kopf Instruments,
Tujunga, CA). Body temperature was monitored through-
out the procedure using a rectal probe and maintained at
37 £2°C with a heating pad (Harvard Apparatus). Utilizing
aseptic techniques, a midline scalp incision was made, and
the skin and fascia were reflected to expose the skull. A
craniectomy was performed over the right parietal cortex
and the bone flap was removed. CCl was performed with a
pneumatic impactor (Pittsburgh Precision Instruments, Pitts-
burgh, PA) with a 5.5-mm tip impounder, velocity of 4m/s,
depth of 2.8 mm, and impact duration of 100 ms. After the
impact, the skin incision was closed with nylon sutures, a
2% lidocaine gel was applied topically, and the animal was
returned to the cage for post-surgical recovery.

Video monitoring

Animals were housed individually in 12 monitoring chambers
in a satellite vivarium of the Neurophysiology Laboratory and
maintained on the 12 h light/12 h dark cycle. Animal behav-
ior was monitored by closed-circuit television cameras,
which were connected to video splitter units (Advanced
Technology Video, Inc., Redmond, Washington). Digital video
files (Diva, Stellate Systems) were recorded directly to high
capacity hard disk drives using removable hard drive bays.
Video recordings from 06:00 to 18:00 were reviewed offline
and played at 2x speed to detect any behavioral seizure
activity according to a modified classification scale (Racine,
1972), including forelimb clonus (class 3); running and rear-
ing (class 4); and jumping and falling (class 5). Class 1 and
2 seizures were not scored in this study because their simi-
larity to normal behaviors made their identification as ictal
events very difficult when not observed in the expected pro-
gression of ictal severity as demonstrated in standard models
of limbic status epilepticus. Immediately after CCl, animals
were monitored for acute posttraumatic seizures for up to 7
days. For chronic monitoring, animals were monitored con-
tinuously for 7 days for each subsequent 30-day period. All
animals continued to be video-monitored after the first rec-
ognized class 3—5 seizures and all were monitored for 1 week
prior to sacrifice. To minimize the possibility of potential
effects of acute seizures on protein expression, no animal
was sacrificed within 24 h of identified convulsive activity.
Animals were divided into three groups for protein analysis
by Western blot: (1) naive controls (n=5, at ~5—9 months of
age); (2) CCl-injured rats without convulsive seizures (n=4;
non-epileptic, CCl group, at ~11 months of age); and (3) CCl-
injured animals with convulsive seizures (n=6; PTE group,
at ~7 months of age).

Tissue sampling, gel electrophoresis and
immunoblotting

After video monitoring, animals were decapitated under
isoflurane anesthesia. Brains were quickly removed and dis-

sected, and the contralateral hippocampus was separated
from neocortex and subcortical structures. Collected hip-
pocampal tissue from each animal formed a single sample
that was immediately frozen in liquid nitrogen, weighed,
and kept at —80°C until subsequent treatment. Tissue
samples were homogenized in 20mM Tris—HCLl (pH 7.4),
0.32M sucrose, 1.0mM ethylenediaminetetraacetic acid
solution containing a cocktail of protease inhibitors (Sigma;
P8340). The homogenate was centrifuged at 1000 x g for
10min and an equal volume of 10% sodium dodecyl sul-
fate solution was added to the supernatant (nuclear-free
homogenate), which was used in all subsequent experi-
ments. Protein content was determined in quadruplicate
using a micro bicinchoninic acid (BCA) protein assay kit
(Pierce Biotechnology, Inc., Rockford, IL). Aliquots contain-
ing 30 ug of protein and of equal volume were applied
to the gels. SDS gel electrophoresis and Western blotting
were carried out using an electroblotting apparatus with
plate electrodes according to the manufacturer’s proto-
cols as previously described (Solomonia et al., 2010), and
each batch of samples was run in duplicate. The proteins
were stained with Ponceau S solution to confirm trans-
fer and uniform loading onto nitrocellulose membranes
(Gallagher et al., 2008). The membranes were washed with
phosphate-buffered saline (PBS) solution containing 0.05%
Tween 20 (PBST) and incubated in blocking buffer (2% bovine
serum albumin) for 2h at room temperature followed by
incubation with the primary antibodies diluted in PBST
containing 1% serum albumin overnight at 4°C. After incu-
bation, the membranes were washed in PBST and incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibody diluted in PBST for 1h at room temperature,
washed five times with PBST, and developed using Super-
Signal West Pico chemiluminescent substrate (Pierce). To
detect the expression of total actin, an internal loading con-
trol, membranes were stripped, reblocked, and reblotted
with a primary monoclonal anti-actin antibody (1:1000; Cat
# sc-81760, Santa Cruz Biotechnology Inc.) and horseradish
peroxidase-conjugated secondary antibody (1:5000; Bio-
Rad). The signals from the immunoreactive bands, as well
as from total actin, were detected using intensifying screens
to X-ray films pre-flashed with Sensitize (Amersham).

Polyclonal anti-GABAJR «1 (1:1000; Cat. # ab33299),
anti-GABAA,R a4 (1:1000; Cat. # ab7387), and anti-NR2B
(1:500; Cat. # ab73001) were purchased from Abcam;
anti-GABA,R 2 was purchased from Novus Biologicals,
LLC (1:500; Cat. # NB300—190); and anti-GluR1 was pur-
chased from Millipore (1:100; Cat. # AB1504). Monoclonal
anti-GABA,R & was kindly provided by Dr. Jaideep Kapur
from the University of Virginia; the antibody was raised
in mouse against the specific synthetic peptide amino
acids 15—34 of the rat GABA,R & subunit (CTQPHHGARAM-
NDIGDYVGS, extracellular N-terminus; NeuroMab, clone
N151/3). Monoclonal anti-HSP70 was purchased from Sigma
(1:4000; Cat. # H5147) and anti-HSP90 was purchased from
ABR-Affinity Bioreagents Inc. (1:1000; Cat. # MA3-011).
Secondary peroxidase-conjugated antibodies were obtained
from Millipore. Several exposure times were tested to deter-
mine the best time for visualization of the investigated
proteins. No protein band was visible on any gel when
primary or secondary antibodies were omitted (negative
controls).
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It needs to be emphasized that some factors such as
variable conditions of brain tissue extraction and homoge-
nization, and the specificity, selectivity, and reproducibility
of the antibodies can lead to double bands on immunoblot-
ting instead of a single band. In the present study, we
optimized standardization of the procedure and minimized
those factors that could influence the results of the Western
blot analysis.

Data analysis and quantification of immunoblots

Exposed films from the immunoblots were analyzed and
quantified by computer-assisted densitometry using the Lab-
Works 4.0 (UVP) system, which calculates the intensity of a
band using both the darkness and the size of the band. The
autoradiographs were calibrated using standard amounts of
protein obtained from a nucleus-free homogenate from the
brain of a control animal. Four standards (15, 30, 45, and
60 ug of total protein) were applied to each gel. For these
standards, the optical densities of the immunostained bands
(GABAAR a1 a4 y2, and & subunit protein, NR2B, GluR1,
HSP70, and HSP90) were plotted against the amounts of pro-
tein; in all these standards, least squares regression showed
a significant fit to a straight line (e.g., see Fig. 2B and D).
To obtain the data presented in the Western blot figures and
Table 1, the optical density of each band from each exper-
imental sample was divided by the optical density which,
from the calibration of the same autoradiograph, corre-
sponded to 30 g of total protein in the standard (Solomonia
et al., 2005). The data expressed in this manner are referred
to as ‘‘standardized relative amount’’ of GABAAR a1, a4,
v2, 8, NR2B, and GluR1 subunit proteins, HSP70 and HSP90.
The investigated GABA, and glutamate receptor subunit pro-
teins and HSPs were not normalized to the amount of total
actin. TBI can alter the expression of B-actin (Aldridge et al.,
2008), which can be an unreliable loading control in Western
blot analysis (Dittmer and Dittmer, 2006). Due to the dif-
ferent states of hippocampal neurons assessed in this study
(control, CCI, PTE), it is likely that cytoskeletal actin was
affected, resulting in alteration of total amounts of actin in
the three animal groups.

Statistical analysis

The mean relative amount of protein obtained from Western
blot experiments was used for statistical analysis. Data were
analyzed by one-way ANOVA. If a significant effect was found
by ANOVA, further statistical comparison between differ-
ent experimental groups was made using Student’s t-tests.
All statistical tests were two-tailed unless otherwise stated
and a probability (p) of 0.05 was used as statistically sig-
nificant unless otherwise indicated. Data are presented as
mean =+ standard error of the mean (SEM).

Results

A total of 15 animals was used in the study. Five naive
young adult animals were assigned to the control group and
10 animals were injured by CCI; no injured animal demon-
strated convulsions during the first week after injury. Four

CCl animals did not demonstrate convulsive seizure activ-
ity during extended monitoring and were considered to be
*seizure-free’’ (CCl group, non-epileptic). For these ani-
mals, the average survival time (the time elapsed between
CClI and animal sacrifice) was 278.25+1.31 days. Six CCI-
injured animals demonstrated spontaneous class 3—5 seizure
activity during extended monitoring and were considered
“‘epileptic’’ (PTE group). The average survival time of
these animals after CCl was 156.33 +24.61 days. Five of
six animals demonstrated only one class 3—5 seizure, which
occurred at different times (86—276 days range) following
CCI; one animal had five class 5 seizures. No animal had a
recurrent seizure during the 7 days prior to sacrifice, ensur-
ing that the acute effects of seizures did not affect the
analysis of protein levels following animal sacrifice. Because
of the inherent variability of the latent period between TBI
and the onset of spontaneous seizure activity, animals in the
CCl group were monitored longer to determine whether they
would develop PTE during an extended period of observa-
tion. Therefore, CCl animals had longer post-injury survival
times compared to PTE group animals. The expression of
various receptors, including GABAARs, NMDARs, and AMPARs,
can be altered with aging (Gutiérrez et al., 1996; Clayton
et al., 2002); however, the total number of hippocampal
GABA,/benzodiazepine receptors does not change with age
(Ruano et al., 1991). In our study, we compared animals
within an age range of 5—11 months, well within the period
of young adulthood during which there are minimal age-
related receptor changes.

Due to the extensive injury to the ipsilateral cerebral
cortex and hippocampus, the contralateral hippocampus
was harvested and investigated. Fig. 1 shows a represen-
tative CCl-injured rat brain (Fig. 1A) and a single coronal
section (Fig. 1B) demonstrating long-term morphological
changes in the cortex (Fig. 1B) and in the ipsilateral and
contralateral hippocampi (Fig. 1B—D). The hippocampus is
particularly vulnerable to TBI, which can result in chronic
cellular alterations and dysfunction that may predispose
or contribute to posttraumatic epileptogenesis (Lowenstein
et al., 1992; Toth et al., 1997; Dixon et al., 1999). Neu-
ronal loss was assessed with neuron-specific nuclear antigen
(NeuN, Fig. 1B—D). Immunostaining was performed accord-
ing to a previously described protocol (Kharlamov et al.,
2007).

Protein changes

Expression of GABAAR a1, a4, y2, and & subunit proteins
Phasic inhibition: expression of GABAAR «1 and y2 sub-
unit proteins: Polyclonal anti-GABAAR a1-specific antibody
detected immunoreactive bands at ~51kDa, corresponding
to the size of the a1 subunit protein (De Blas, 1996; Miranda
and Barnes, 1997; Fig. 2A). No significant effect of CCl was
found on the amount of this protein by ANOVA and Student’s
t-test (Fig. 2B, Table 1).

Polyclonal anti-GABAAR 2 antibodies detected
immunoreactive bands at ~46kDa, corresponding to
the size of the y2 subunit (Araki et al., 1993; Tretter et al.,
1997; Fig. 2C). The effect of injury on GABAAR 2 protein
expression across the groups was significant with ANOVA
(Table 1). A significant trend toward a reduction of the y2
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Figure 1 A representative photomicrograph of an adult rat brain demonstrates a loss of tissue and necrotic cavity in the right
ipsilateral hemisphere following a single episode of controlled cortical impact (CCl; A). Neuronal loss was assessed with neuron-
specific nuclear antigen (NeuN, 1:1000; Chemicon; B—D). A representative NeuN-stained coronal section (B) shows the evidence
of morphological changes in the ipsilateral hippocampus (D) compared to the contralateral side (C). Abbreviations: H, hilus; DG,
dentate gyrus; DGC, dentate granule cells. An asterisk (*) marks the necrotic cavity at the cortical impact site.

Table 1 Summary of protein analysis by Western blot.

Protein Mean relative amount of protein 4 SEM F, variance ratio from one-way ANOVA,
and p, probability

Control group CCl group PTE group

GABAAR a1 0.78+0.10 0.88+0.05 0.88+0.04 F2.14=1.36, p=0.29
GABA4R v2 0.75+0.07 0.59+0.04 0.574+0.03*, F7.14=4.60, p=0.033
GABAR o4 0.95+0.13 1.06 +0.09 0.77+0.08 F214=2.14, p=0.16
GABAAR 3 1.21+0.15 3.56 +0.17**4 1.57+0.24 F7.14=32.91, p<0.0001
NR2B 1.02+0.15 2.41+0.09**¢ 2.284+0.32*1 F2.14=10.00, p=0.003
GluR1 1.29+0.07 0.85+0.06*| 0.63+0.01**(*)J F2.14=22.01, p=0.00001
HSP70 0.58 +0.04 0.76 £0.01**¢ 0.80+0.04**¢ F2.14=10.39, p=0.002
HSP90 0.85+0.38 0.85+0.06 0.85+40.04 F2.14=0.001, p=0.998

Data represent the mean + standard error of the mean (SEM) of the relative amounts of protein (see Methods) from Western blot runs
from control (n=5), CCl (n=4), and PTE (n=6) animal groups. ** represents a significant difference between the experimental groups
in Student’s two-tailed t-test, p<0.05. * represents a significant difference between the experimental groups in Student’s one-tailed
t-test, p<0.05. 1 represents an increase, | represents a decrease. GABAAR y2 subunit — * protein expression is significantly decreased
in the PTE group compared to the control group; GABAAR & subunit — ** protein expression is significantly increased in the CCl group
compared to the control and the PTE groups; NR2B subunit — ** protein expression is significantly increased in the CCl and PTE groups
compared to the control group; GluR1 subunit — ** protein expression is significantly decreased in the CCl and PTE groups compared to
the control group, and (*) protein expression is significantly decreased in the PTE group compared to the CCl group; HSP70 — ** protein
expression is significantly increased in the CCl and PTE groups compared to the control group.
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Figure 2 Western blot analysis of GABAAR a1 (A and B) and GABAAR 2 (C and D) subunits, and total actin (E; to verify equal
protein loading). Each lane represents a single sample containing in an equal volume 30 pg of protein. The samples represent the
nuclear free homogenates prepared from the contralateral hippocampus of control (n=5; lanes 1—5) and CCl-injured animals (n=10)
some of which did not demonstrate convulsive seizures and were considered to be ‘‘seizure-free’’ or CCl group (n =4, non-epileptic,
lanes 6—9), whereas the animals which had at least one convulsive seizure were considered epileptic, or PTE group (n = 6; epileptic,
lanes 10—15), and an internal standard (15, 30, 45, and 60 ug/ml/per lane; 16—19, respectively). The blots were stained with
the corresponding primary anti-GABAAR a1 (A) and anti-GABAAR y2 (C) antibodies and subunit-specific bands were detected (A
and C). Mean relative amounts of GABAAR a1 (B) and GABAAR 2 (D) subunit proteins in the contralateral hippocampus of control,
TBI and PTE animals and the calibration plots (D; see Data analysis and quantification of immunoblots for the details). Error bar
represents a standard error of the means (SEM). The data were analyzed with the one-way analysis of variance (one-way ANOVA).
The comparisons between different experimental groups were made with Student’s t-test; all statistical tests were two-tailed unless

otherwise stated and unless indicated on the figures. Statistical significance is set at p<0.05.

protein level was observed in the PTE group compared to
the control group in a one-tailed test (p=0.028, t=2.48;
Fig. 2D, Table 1).

Tonic inhibition: expression of GABAAR «4 and & sub-
unit proteins: Polyclonal anti-GABA4R «4 antibody detected
specific immunoreactive bands at ~67kDa, corresponding
to the size of the «4 subunit protein (Bencsits et al.,
1999; Fig. 3A); nearby additional bands were also detected
(Fig. 3A). The optical densities of both bands were mea-
sured and used for further analysis. The same results were
obtained when the measurements were made for either
the upper or lower band (data not shown). No signifi-
cant differences were found across the groups using ANOVA
(Table 1).

Specific immunoreactive bands at ~55kDa, correspond-
ing to the size of the & subunit protein (Joshi and Kapur,
2009; Fig. 3C), were detected with monoclonal anti-GABAsR
d antibody. Additional bands were also detected on the
film (Fig. 3C). The optical densities of both bands were
measured and used for further analysis; however, the same
results were obtained when the measurements were made
for either the upper or lower band (data not shown). The
effect of the injury on GABAAR & protein expression across
the groups was significant (Table 1). There was a 194%
increase of d protein expression in the CCl group compared
to the control group (p <0.0001, t=10.28; Fig. 3D, Table 1),
and a 127% increase of 3 protein compared to the PTE group
(p<0.0001, t=6.74; Fig. 3D, Table 1).

lonotropic glutamate receptor subunit expression

Expression of NMDAR 2B (NR2B) subunit protein: Poly-
clonal anti-NR2B antibody detected specific immunoreactive
bands at ~180kDa, corresponding to the size of the NR2B
subunit protein (Portera-Cailliau et al., 1996; Fig. 4A). The
mean relative amount of NR2B protein was significantly
higher in the CCl and PTE groups when compared to the
control group: CCl vs. control p=0.0001, t=8.90; and PTE
vs. control p=0.011, t=3.66 (Fig. 4B, Table 1). Thus, CCI
altered the expression of NR2B subunit protein during long-
term survival and following the development of PTE.

Expression of AMPAR GluR1 subunit protein: Polyclonal
anti-GluR1 antibody detected specific immunoreactive
bands at ~106 kDa, corresponding to the size of the GluR1
subunit protein (Blackstone et al., 1992; Fig. 4C). The effect
of the injury on GluR1 protein expression across the groups
was significant with ANOVA (Table 1). GluR1 protein expres-
sion was decreased in the CCl and PTE groups compared
to the control group: p=0.003, t=4.92; and p=0.0001,
t=6.31, respectively (Table 1; Fig. 4D). The mean amount of
GluR1 protein in the PTE group compared to the CCl group
demonstrated a trend toward a decrease in a one-tailed test
(p=0.036, t=2.13; Fig. 4D, Table 1).

Expression of stress proteins
HSPs are among established injury-induced genes and/or
proteins that constitute an endogenous cellular defense
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Figure 3  Western blot analysis of GABAAR a4 (A and B) and GABAAR & (C and D) subunits. The experimental groups, Western plot

procedure, data analysis, and statistical tests are the same as in Figure 2. The blots were stained with the corresponding primary
anti-GABAAR a4 and anti-GABAAR 3 antibodies. Computerized scan of a representative immunoblot illustrates a specific a4 (A) and
d (C) subunit protein band and an additional nearby protein band (A and C). Mean relative amounts of GABAAR a4 and GABA4AR 3 (D)
in the contralateral hippocampus of control, CCl and PTE group of animals. The optical densities of both bands were measured and
used for the analysis. The same results were obtained if the measurements were done only for the upper or lower band (data not

shown). Error bar represents SEM.

mechanism against cerebral ischemia, trauma, seizures, and
stress (Gass et al., 1995; Truettner et al., 2007, 2009;
Ekimova et al., 2010). To assess long-term effects of CCl on
cellular stress responses, the expression of HSP70 and HSP90
was investigated.

Expression of HSP70

A monoclonal anti-HSP70 antibody was used for the
detection of specific immunoreactive bands at ~70kDa,
corresponding to the size of HSP70 (Dutcher et al., 1998;
Fig. 5A). Significant differences for a relative amount of
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HSP70 were found across the animal groups (Table 1). There
was a significant increase of HSP70 expression in the CCI
and PTE groups compared to the control group: p=0.014,
t=4.17; and p=0.005, t=3.68, respectively (Fig. 5B,
Table 1).

Expression of HSP90

Monoclonal anti-HSP90 antibody detected immunoreactive
bands at ~90kDa, corresponding to the size of HSP90 (Gass
et al., 1994; Solomonia et al., 2010; Fig. 5C). Comparison
of the expression of HSP90 among control, CCl, and PTE
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Figure 4  Western blot analysis of NMDA NR2B (A and B) and AMPA GluR1 (C and D) subunits. The experimental groups, Western plot
procedure, data analysis, and statistical tests are the same as in Figure 2. The blots were stained with the corresponding primary
anti-NR2B (A) and anti-GluR1 (C) antibodies and subunit-specific bands were detected (A and C). Mean relative amounts of NR2B
(B) and GluR1 subunit proteins (D) in the contralateral hippocampus of control, CCl, and PTE animals. Error bar represents SEM.
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Western blot analysis of HSP70 (A and B) and HSP90 (C and D). The experimental groups, Western plot procedure, data

analysis, and statistical tests are the same as in the Figure 2. The blots were stained with the corresponding primary anti-HSP70 (A)
and anti-HSP90 (C) antibodies and subunit-specific bands were detected (A and C). Mean relative amounts of HSP70 (B) and HSP90
(D) in the contralateral hippocampus of control, CCl, and PTE animals. Error bar represents SEM.

groups did not reveal any significant alterations (Fig. 5D;
Table 1).

Discussion

The purpose of this study was to determine whether TBI
and/or the spontaneous seizures in the CCl model of PTE
altered the expression of selected GABA, and glutamate
receptor subunits and HSPs. The main findings were: (1)
differential alterations of GABAAR subunit protein expres-
sion; (2) increased expression of the NR2B subunit protein
and decreased expression of the GluR1 subunit protein; and
(3) increased expression of inducible HSP70 and no change
in the expression of HSP90. This study identified for the
first time specific proteins involved in the complex patho-
physiological mechanisms of brain trauma and PTE following
long-term survival, provided new insights into potential
molecular mechanisms of posttraumatic epileptogenesis and
PTE, and corroborated earlier published findings that some
CCl-injured animals develop epilepsy.

Differential alterations of GABA,Rs after CCI

This study demonstrated plasticity of specific GABAsR sub-
units after CCl and in the subsequent development of PTE.
GABAAR subunits maintain two forms of inhibition: pha-
sic (synaptic) and tonic (extrasynaptic). Phasic inhibition is
mediated by activation of postsynaptic receptors by saturat-
ing concentrations of vesicular GABA, and tonic inhibition
results from activation of extrasynaptic GABAARs by low
concentrations of ambient GABA. In the adult brain, both
forms of GABA signaling are mediated by distinct GABAsR
subtypes that are predominantly composed of «, B, and
v2 subunits (Mody and Pearce, 2004; Scimemi et al., 2005;
Prenosil et al., 2006; Glykys et al., 2008). In hippocampal
and cerebellar granule cells, tonic inhibition is associated
with the expression of a4, a6, and & subunits (Belelli et al.,
2009), whereas phasic inhibition is mediated by a1 and

v2 subunit-containing receptors (Nusser and Mody, 2002;
Lischer and Keller, 2004). Changes in GABA4R subunits fol-
lowing CCI and long-term animal survival are not known.
CClI triggers widespread molecular and cellular alterations
in neocortex, white matter, hippocampus, and thalamus,
results in hyperexcitability, and can lead to the develop-
ment of PTE (Santhakumar et al., 2000, 2001; Ratzliff et al.,
2004; Hall et al., 2008; Hunt et al., 2009; Yang et al., 2010).
Our recent finding of increased tonic current and concomi-
tant benzodiazepine-insensitive pharmacology of synaptic
current in DGCs 90 days after CCl (Mtchedlishvili et al.,
2010) suggested the likelihood of altered GABAAR subunit
expression in these neurons. Epileptic seizures were not
observed during this 90-day survival period; however, in the
present study, animals had significantly longer survival peri-
ods, resulting in the detection of convulsive seizures in a
subset of animals. For these reasons, GABA4R a1, o4, v2,
and 3 subunits were assessed in CCl and PTE animals in this
study.

We found that 3 subunit protein expression was sig-
nificantly increased in CCl-injured animals compared to
controls. Up-regulation of & subunit protein in the hippocam-
pus likely contributed to increased tonic current in DGCs
of CCl-injured animals 90 days after impact (Mtchedlishvili
et al., 2010) and may be associated with an unrecognized
latent period of epileptogenesis in the present study. How-
ever, in the PTE group, there was a significant decrease of
the & subunit protein compared to the CCl group. Down-
regulation of & subunit protein levels in PTE animals might
be due to altered trafficking of receptor subunits, which
can be caused by and further reinforce hyperexcitability
and seizure susceptibility in established epileptic circuits.
Decreased levels of 3 subunit in epileptic hippocampus (Peng
et al., 2004; Cendes, 2005) might be a consequence, rather
than a cause, of seizures. Because & subunits preferen-
tially co-assemble with a4 subunits (Sun et al., 2004) —
the latter is a key subunit linked to enhanced neuronal
excitability, seizure susceptibility, and benzodiazepine resis-
tance (Schwarzer et al., 1997; Lagrange et al., 2007) — loss
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of the & subunit may lead to a concomitant reduction in
hippocampal a4 subunit levels (Spigelman et al., 2003). In
the present study, there was no significant difference in
a4 subunit protein expression in the three animal groups.
This result stands in contrast to the finding of a4 subunit
expression that was increased during the chronic period of
temporal lobe epilepsy (Peng et al., 2004) and decreased in
the forebrain of & subunit-deficient mice (Peng et al., 2002).
These observed alterations following loss of the & subunit
may reflect local changes in GABA4R subunit composition
and function.

The 2 subunit is important for assembly of GABA4Rs,
accumulation at synapses, surface stability, and synaptic
clustering (Essrich et al., 1998; Schweizer et al., 2003;
Alldred et al., 2005). Diffuse reduction in y2 subunit expres-
sion or mutations and/or deletions in the y2 subunit gene
are associated with some forms of epilepsy (Lagrange,
2005; Eugéne et al., 2007; Frugier et al., 2007; Macdonald
et al., 2010). GABA4R 2 protein expression demonstrated
a trend toward reduction in the PTE group compared to
controls and may play a significant role during epileptoge-
nesis after CCl. The down-regulation of & subunits and the
trend toward decreased a4 and y2 subunit expression in PTE
animals compared to CCl animals are consistent with the
positive correlation of recurrent seizure activity and a use-
dependent decline in GABA,R-mediated inhibition (Kapur
and Lothman, 1989).

In our study, GABAsR a1 subunit protein expression was
unchanged in control, CCl, and PTE groups. This finding is in
contrast to those of several other studies of TBI or epilepsy.
For example, increased a1 subunit protein expression was
detected at 3 and 6 h after TBI, but decreased at 24h and
7 days compared to shams (Gibson et al., 2010). In epilepsy
studies, up- or down-regulation of a1 subunit gene/protein
expression was found depending on the epilepsy model,
investigated brain region, or cell type (Brooks-Kayal et al.,
1998; Fritschy et al., 1999; Raol et al., 2006; Loup et al.,
2009). In addition, mutations of the a1 subunit can alter
receptor function, impair subunit messenger RNA stability,
subunit protein folding and stability, and GABAAR assembly
and trafficking, and be associated with seizures and epilepsy
(Cossette et al., 2002; Gallagher et al., 2005, 2007). It
is important to note that our results cannot be compared
directly to the above mentioned studies given that none of
them investigated long-term changes in CCl and PTE animal
groups.

Collectively, our results demonstrated differential alter-
ations of hippocampal GABAAR subunit proteins involved
in phasic and tonic inhibition in both CCl and PTE ani-
mals, indicating pathological and/or compensatory changes
following brain injury and the establishment of an epilep-
tic state. These alterations may reflect impairments of
GABA4R protein trafficking and cell-surface localization, and
protein—protein interactions following brain trauma.

Differential alterations of ionotropic glutamate
receptor proteins in CCI

Expression of NMDAR NR2B subunit
The NMDAR-type of glutamate receptor mediates excitotox-
icity, which has an important role in the pathophysiologic

mechanisms of TBI, seizures, and epilepsy. NMDARs are
located on neurons and glial cells and composed of seven
subunits: NR1, NR2A—D, and NR3A—B (Monyer et al., 1992).
In the adult brain, NR2B subunit-containing receptors have
an important role in protein—protein interactions, synap-
tic plasticity, and regulation of calcium (Ca?*) influx (Carroll
and Zukin, 2002; Barria and Malinow, 2005; Groc et al.,
2006; Foster et al., 2010; Rebola et al., 2010). Compared
to other NMDAR subtypes, NR2B-containing receptors appear
to contribute preferentially to pathological processes linked
to over-excitation of glutamatergic pathways (Mony et al.,
2009). Impairments of NMDA-mediated transmission have
been associated with increased neuronal Ca** influx (Faden
et al., 1989; Miller et al., 1990). Following brain injury,
prolonged elevations of intracellular Ca?* in neurons may ini-
tiate molecular mechanisms that cause cellular injury and
death and result in epileptogenesis within surviving neurons
(DeLorenzo et al., 2005). Alterations in Ca?* homeostasis
have been observed following brain injury and the genera-
tion of epileptiform discharges (Pal et al., 2000; Raza et al.,
2004; Deshpande et al., 2008) and have been shown to be
dependent on an NMDAR pathway (Blair et al., 2008).

In the present study, increased levels of NR2B subunit
protein were found in CCl and PTE animals compared to con-
trols. Multiple studies have demonstrated that the effect of
CCl on the expression of NMDAR subunits likely depends on
several factors, including injury severity, brain region, and
post-injury survival time. For example, the expression of
hippocampal NR1, NR2A, and NR2B subunits as well as the
GluR1 subunit of the AMPAR was increased 15 min following
closed head injury, whereas in the ipsilateral cortex, the
expression of these subunits was decreased (Schumann et
al., 2008). In the rat hippocampus, NR1, NR2A, and NR2B
protein expression was significantly decreased at 6 and 12h
following CCI, but was restored to baseline levels 24 h post-
injury (Kumar et al., 2002). TBI had no significant effect on
NR1 or NR2B protein expression at 1, 2, 4, and 7 days follow-
ing FPI, whereas within the ipsilateral hippocampus, NR2A
expression was reduced (Giza et al., 2006).

NR2B-containing NMDARs can mediate signaling for neu-
ronal survival and synaptic potentiation, and as well as
neuronal death (Hetman and Kharebava, 2006; Liu et al.,
2007; Martel et al., 2009). Recent studies have demon-
strated that in normal cortex, a portion of the NR2B
receptor, the postsynaptic density protein-95 (PSD-95; reg-
ulated by phosphorylation), and the autophagic protein
Beclin-1 can localize in membrane rafts forming a novel
multi-protein complex (Lavezzari et al., 2003; Diskin et al.,
2005; Park et al., 2008; Zhang et al., 2008). Brain injury
may induce a dissociation of this multi-protein complex
and cause a rapid increase in the levels of NR2B and
the translocations of pCaMKIl (autophosphorylated calcium-
calmodulin-dependent protein kinase Il) and Beclin-1 to or
out of membrane rafts, suggesting that the membrane rafts
may mediate trafficking and signaling of NR2B following
TBI (Meng et al., 2003; Bigford et al., 2009; Raveendran
et al., 2009). The redistribution of NMDARs in membrane
rafts is one possible mechanism for regulating the efficiency
of NMDAR signaling following brain trauma and epilepsy.

Brain injury also may result in increased tyrosine phos-
phorylation of NR2A and NR2B (Besshoh et al., 2005; Goebel
et al., 2005). The inhibition of NR2B expression by blocking
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its phosphorylation (Schumann et al., 2008) or by a selective
antagonist (Yurkewicz et al., 2005) may improve functional
recovery after TBI. In addition, long-term depotentiation of
synapses involved in epileptic activity can be induced by
partial block of NMDARs using NR2B- but not NR2A-selective
antagonists (Hellier et al., 2009). In the kindling and pilo-
carpine models of epilepsy, activation of NR2A-containing
NMDARs were required for limbic epileptogenesis and the
development of mossy fiber sprouting, but not the NR2B
subunit, whereas NMDARs comprised of either subunit may
be involved in seizure-induced neuronal cell death (Chen
et al., 2007). In human studies, differential expression of
the NR2B subunit contributed to epileptogenesis in human
cortical dysplasia (Moddel et al., 2005) and NR2B mRNA
was upregulated in brain tissue from patients with TLE
(Liu et al., 2007a). In our study, increased expression of
the NR2B subunit protein clearly appeared to be a conse-
quence of CCl and may have contributed to posttraumatic
epileptogenesis.

Expression of AMPAR GluR1 subunit

In the brain, activity-dependent changes in excitatory
synaptic transmission have been shown to depend on the
regulation of AMPARs (Dingledine et al., 1999; Emond
et al., 2010; Lee et al., 2010). AMPARs are composed
of combinations of four subunits: GluR1-, GluR3-, and
GluR4-containing receptors form CaZ*-permeable, inwardly
rectifying channels, whereas GluR2-containing receptors
form Ca?*-impermeable channels with linear or outward
rectification (Petralia and Wenthold, 1992; Jonas and
Burnashev, 1995). Up- or down-regulation of functional
AMPARs located at the synaptic membrane is regulated by
changes in their phosphorylation state or by their trafficking
(Barria et al., 1997; Malinow and Malenka, 2002). GluR1 sub-
units have several sites for phosphorylation: serine (5818,
$831, and 5845) and threonine (T840; Lee et al., 2007, 2010);
GluR1 phosphorylation at T840 is regulated by NMDAR acti-
vation (Delgado et al., 2007). The expression of GluR1 was
increased in the hippocampus and cortex 1 h after TBI (Atkins
et al., 2006) and by neonatal seizures (Rakhade et al.,
2008). However, GluR1 was decreased in the ipsilateral cor-
tex 15min following closed head injury (Schumann et al.,
2008).

Somewhat surprisingly, our study revealed decreased lev-
els of GluR1 subunits in CCl and PTE groups compared to
controls, as well as a decreased level in the PTE group com-
pared to the CCl group; the latter finding is in contrast to the
lack of changed expression of NR2B protein between PTE and
CCl groups. However, a marked decrease of GluR1 expression
was found in the hippocampus on the 28th day follow-
ing kainate-induced status epilepticus (Solomonia et al.,
2010). Our results suggest differential alterations in hip-
pocampal NMDA- and non-NMDA-type glutamate receptors
associated with TBI and the development of posttraumatic
epilepsy, possibly related to AMPAR-mediated plasticity
and NMDAR-dependent long-term potentiation in the hip-
pocampus. Chronic epileptic activity may induce molecular
and functional alterations of glutamatergic transmission in
the CCl-injured brain. Down-regulation of the GluR1 sub-
unit may be a result of altered phosphorylation and/or
reflect brain compensatory responses following TBI and
seizures.

Differential expression of HSPs in CCI

HSPs are sensitive and reliable biomarkers of cell stress
and injury and have multiple functions. HSP70 and HSP90
are expressed in different brain regions and are abundant
in limbic structures (Izumoto and Herbert, 1993; D’Souza
and Brown, 1998). HSP70 is the major stress-induced cyto-
plasmic chaperone and is an important part of the cell’s
machinery for protein folding (Mallouk et al., 1999; Pratt and
Toft, 2003). HSP90 is involved in cellular growth, signaling,
survival, and trafficking, chaperoning misfolded proteins
into mitochondria, targeting and transport of AMPARs into
synapses, and in control of neurotransmitter release at the
presynaptic terminal (Gerges et al., 2004; Pratt et al., 2006;
Zara et al., 2009; Hota et al., 2010; Solomonia et al., 2010).

In the present study, HSP70 expression was increased in
CClI and PTE groups, whereas HSP90 expression levels were
similar across all animal groups. Up-regulation of HSP70
may indicate an adaptive brain response that is induced
after brain trauma and persists during seizures. In PTE, the
increased expression of HSP70 may reflect the CCl-injured
brain response to decrease seizures and may be related to its
ability to modulate GABA neurotransmission (Ekimova et al.,
2010). However, the role of increased HSP70 expression in
both animal groups was beyond the scope of the present
study and was not investigated in detail. HSP70 may have
a protective role due to its chaperone function in prevent-
ing abnormal protein folding and/or aggregation by multiple
mechanisms, which are associated with necrotic and apo-
ptotic cell death and anti-inflammatory activity (Giffard
and Yenari, 2004; Didelot et al., 2006; Zheng et al., 2008).
Conversely, HSP70 expression in epilepsy may represent
a response to stress rather than a protective role (Yang
et al., 2008). Altered expression of HSP70 in the CCl and
PTE groups was consistent with previous reports of altered
HSP signals following excitotoxicity, ischemia, TBI, seizures,
and epilepsy, which are dependent on brain injury sever-
ity, seizure severity, and regional and cellular vulnerability
(Vass et al., 1988; Sharp et al., 1993; Dutcher et al., 1998;
Hellmich et al., 2005). In previous studies, HSP90 expres-
sion was not altered following limbic seizures (Gass et al.,
1995) and was unchanged in the hippocampus following
pilocarpine-induced status epilepticus (Lively and Brown,
2008).

In summary, this study demonstrates for the first time
long-term changes in GABA, and glutamate receptor sub-
unit proteins, and a HSP following CCl and the establishment
of PTE. These novel findings reflect alterations in inhibitory
and excitatory neurotransmission and likely adaptive stress
responses following brain trauma and epileptogenesis.
These findings identify potential biological mechanisms
underlying the pathophysiology of brain trauma and post-
traumatic seizures and suggest molecular targets for the
prevention or treatment of TBI and/or PTE.

Acknowledgements

The study was supported by Health Research Formula Fund
RFA 01-07-26, Pennsylvania Department of Health, and a
Research Grant from the Epilepsy Foundation to ZM and
a grant from the Georgian National Science Scholars Pro-



30

E.A. Kharlamov et al.

gram (EL). We thank Teresa M. Hentosz for assistance in the
preparation of the manuscript.

References

Alldred, M.J., Mulder-Rosi, J., Lingenfelter, S.E., Chen, G., Lischer,
B., 2005. Distinct gamma2 subunit domains mediate cluster-
ing and synaptic function of postsynaptic GABAA receptors and
gephyrin. J. Neurosci. 25, 594—603.

Aldridge, G.M., Podrebarac, D.M., Greenough, W.T., Weiler, I.J.,
2008. The use of total protein stains as loading controls:
an alternative to high-abundance single-protein controls in
semi-quantitative immunoblotting. J. Neurosci. Methods 172,
250—254.

Araki, T., Kiyama, H., Maeno, H., Tohyama, M., 1993. Differential
immunocytochemical localization of GABAA receptor gamma 1
and gamma 2 subunits in the rat brain. Brain Res. Mol. Brain Res.
20, 263—266.

Atkins, C.M., Chen, S., Alonso, O.F., Dietrich, W.D., Hu, B.R., 2006.
Activation of calcium/calmodulin-dependent protein kinases
after traumatic brain injury. J. Cereb. Blood Flow Metab. 26,
1507—1518.

Barria, A., Derkach, V., Soderling, T., 1997. lIdentification of
the Ca2+/calmodulin-dependent protein kinase Il regulatory
phosphorylation site in the alpha-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate-type glutamate receptor. J. Biol. Chem.
272, 32727-32730.

Barria, A., Malinow, R., 2005. NMDA receptor subunit composition
controls synaptic plasticity by regulating binding to CaMKII. Neu-
ron 48, 289—301.

Belelli, D., Harrison, N.L., Maguire, J., Macdonald, R.L., Walker,
M.C., Cope, D.W., 2009. Extrasynaptic GABAA receptors: form,
pharmacology, and function. J. Neurosci. 29, 12757—12763.

Bencsits, E., Ebert, V., Tretter, V., Sieghart, W., 1999. A significant
part of native gamma-aminobutyric acid A receptors containing
alpha4 subunits do not contain gamma or delta subunits. J. Biol.
Chem. 274, 19613—19616.

Besshoh, S., Bawa, D., Teves, L., Wallace, M.C., Gurd, J.W., 2005.
Increased phosphorylation and redistribution of NMDA receptors
between synaptic lipid rafts and post-synaptic densities follow-
ing transient global ischemia in the rat brain. J. Neurochem. 93,
186—194.

Biegon, A., Fry, P.A., Paden, C.M., Alexandrovich, A., Tsenter, J.,
Shohami, E., 2004. Dynamic changes in N-methyl-D-aspartate
receptors after closed head injury in mice: Implications for
treatment of neurological and cognitive deficits. Proc. Natl.
Acad. Sci. U.S.A. 101, 5117-5122.

Bigford, G.E., Alonso, O.F., Dietrich, D., Keane, R.W., 2009. A novel
protein complex in membrane rafts linking the NR2B glutamate
receptor and autophagy is disrupted following traumatic brain
injury. J. Neurotrauma 26, 703—720.

Blackstone, C.D., Moss, S.J., Martin, L.J., Levey, A.l., Price, D.L.,
Huganir, R.L., 1992. Biochemical characterization and localiza-
tion of a non-N-methyl-D-aspartate glutamate receptor in rat
brain. J. Neurochem. 58, 1118—1126.

Blair, R.E., Sombati, S., Churn, S.B., Delorenzo, R.J., 2008.
Epileptogenesis causes an N-methyl-d-aspartate receptor/Ca2+-
dependent decrease in Ca2+/calmodulin-dependent protein
kinase Il activity in a hippocampal neuronal culture model of
spontaneous recurrent epileptiform discharges. Eur. J. Pharma-
col. 588, 64—71.

Brooks-Kayal, A.R., Shumate, M.D., Jin, H., Rikhter, T.Y., Coulter,
D.A., 1998. Selective changes in single cell GABA(A) receptor
subunit expression and function in temporal lobe epilepsy. Nat.
Med. 4, 1166—1172.

Bush, P.C., Prince, D.A., Miller, K.D., 1999. Increased pyramidal
excitability and NMDA conductance can explain posttraumatic

epileptogenesis without disinhibition: a model. J. Neurophysiol.
82, 1748—1758.

Carroll, R.C., Zukin, R.S., 2002. NMDA-receptor trafficking and
targeting: implications for synaptic transmission and plasticity.
Trends Neurosci. 25, 571-577.

Cendes, F., 2005. Progressive hippocampal and extrahippocam-
pal atrophy in drug resistant epilepsy. Curr. Opin. Neurol. 18,
173-177.

Chen, Q., He, S., Hu, X.L., Yu, J., Zhou, Y., Zheng, J., Zhang,
S., Zhang, C., Duan, W.H., Xiong, Z.Q., 2007. Differential
roles of NR2A- and NR2B-containing NMDA receptors in activity-
dependent brain-derived neurotrophic factor gene regulation
and limbic epileptogenesis. J. Neurosci. 27, 542—552.

Clayton, D.A., Mesches, M.H., Alvarez, E., Bickford, P.C., Browning,
M.D., 2002. A hippocampal NR2B deficit can mimic age-related
changes in long-term potentiation and spatial learning in the
Fischer 344 rat. J. Neurosci. 22, 3628—3637.

Cossette, P., Liu, L., Brisebois, K., Dong, H., Lortie, A., Vanasse,
M., Saint-Hilaire, J.M., Carmant, L., Verner, A., Lu, W.Y., Wang,
Y.T., Rouleau, G.A., 2002. Mutation of GABRA1 in an autosomal
dominant form of juvenile myoclonic epilepsy. Nat. Genet. 31,
184—189.

Coulter, D.A., Rafig, A., Shumate, M., Gong, Q.Z., DelLorenzo, R.J.,
Lyeth, B.G., 1996. Brain injury-induced enhanced limbic epilep-
togenesis: anatomical and physiological parallels to an animal
model of temporal lobe epilepsy. Epilepsy Res. 26, 81—91.

D’Ambrosio, R., Maris, D.O., Grady, M.S., Winn, H.R., Janigro, D.,
1998. Selective loss of hippocampal long-term potentiation, but
not depression, following fluid percussion injury. Brain Res. 786,
64—79.

D’Ambrosio, R., Fairbanks, J.P., Fender, J.S., Born, D.E., Doyle,
D.L., Miller, J.W., 2004. Post-traumatic epilepsy following fluid
percussion injury in the rat. Brain 127, 304—314.

D’Ambrosio, R., Perucca, E., 2004. Epilepsy after head injury. Curr.
Opin. Neurol. 17, 731-735.

De Blas, A.L., 1996. Brain GABAA receptors studied with subunit-
specific antibodies. Mol. Neurobiol. 12, 55—71.

Delgado, J.Y., Coba, M., Anderson, C.N., Thompson, K.R., Gray,
E.E., Heusner, C.L., Martin, K.C., Grant, S.G., O’Dell, T.J., 2007.
NMDA receptor activation dephosphorylates AMPA receptor glu-
tamate receptor 1 subunits at threonine 840. J. Neurosci. 27,
13210—13221.

Delorenzo, R.J., Sun, D.A., Deshpande, L.S., 2005. Cellular mecha-
nisms underlying acquired epilepsy: the calcium hypothesis of
the induction and maintenance of epilepsy. Pharmacol. Ther.
105, 229—-266.

Deshpande, L.S., Sun, D.A., Sombati, S., Baranova, A., Wil-
son, M.S., Attkisson, E., Hamm, R.J., DelLorenzo, R.J., 2008.
Alterations in neuronal calcium levels are associated with cog-
nitive deficits after traumatic brain injury. Neurosci. Lett. 441,
115—119.

Didelot, C., Schmitt, E., Brunet, M., Maingret, L., Parcellier, A.,
Garrido, C., 2006. Heat shock proteins: endogenous modulators
of apoptotic cell death. Handb. Exp. Pharmacol. 172, 171—198.

Dingledine, R., Borges, K., Bowie, D., Traynel, S.F., 1999. The glu-
tamate receptor ion channels. Pharmacol. Rev. 51, 7—61.

Diskin, T., Tal-Or, P., Erlich, S., Mizrachy, L., Alexandrovich, A.,
Shohami, E., Pinkas-Kramarski, R., 2005. Closed head injury
induces upregulation of Beclin 1 at the cortical site of injury.
J. Neurotrauma 22, 750—762.

Dittmer, A., Dittmer, J., 2006. Beta-actin is not a reliable loading
control in Western blot analysis. Electrophoresis 27, 2844—2845.

Dixon, C.E., Clifton, G.L., Lighthall, J.W., Yaghmai, A.A., Hayes,
R.L., 1991. A controlled cortical impact model of traumatic brain
injury in the rat. J. Neurosci. Methods 39, 253—262.

Dixon, C.E., Kochanek, P.M., Yan, H.Q., Schiding, J.K., Griffith,
R.G., Baum, E., Marion, D.W., DeKosky, S.T., 1999. One-year
study of spatial memory performance, brain morphology, and



Alterations of GABA, and glutamate receptor subunits and heat shock protein in rat hippocampus 31

cholinergic markers after moderate controlled cortical impact
in rats. J. Neurotrauma 16, 109—122.

D’Souza, S.M., Brown, I.R., 1998. Constitutive expression of heat
shock proteins Hsp90, Hsc70, Hsp70 and Hsp60 in neural and
non-neural tissues of the rat during postnatal development. Cell
Stress Chaperones 3, 188—199.

Dutcher, S.A., Underwood, B.D., Walker, P.D., Diaz, F.G., Michael,
D.B., 1998. Patterns of heat-shock protein 70 biosynthesis
following human traumatic brain injury. J. Neurotrauma 15,
411-420.

Ekimova, I.V., Nitsinskaya, L.E., Romanova, I.V., Pastukhov,
Y.F., Margulis, B.A., Guzhova, I.V., 2010. Exogenous protein
Hsp70/Hsc70 can penetrate into brain structures and attenuate
the severity of chemically-induced seizures. J. Neurochem. 115,
1035—1044.

Emond, M.R., Montgomery, J.M., Huggins, M.L., Hanson, J.E., Mao,
L., Huganir, R.L., Madison, D.V., 2010. AMPA receptor subunits
define properties of state-dependent synaptic plasticity. J. Phys-
jol. 588, 1929—1946.

Essrich, C., Lorez, M., Benson, J.A., Fritschy, J.M., Luscher, B.,
1998. Postsynaptic clustering of major GABAA receptor subtypes
requires the gamma 2 subunit and gephyrin. Nat. Neurosci. 1,
563—-571.

Eugene, E., Depienne, C., Baulac, S., Baulac, M., Fritschy, J.M.,
Le Guern, E., Miles, R., Poncer, J.C., 2007. GABA(A) receptor
gamma 2 subunit mutations linked to human epileptic syndromes
differentially affect phasic and tonic inhibition. J. Neurosci. 27,
14108—14116.

Faden, A.l., Demediuk, P., Panter, S.S., Vink, R., 1989. The role of
excitatory amino acids and NMDA receptors in traumatic brain
injury. Science 244, 798—800.

Foster, K.A., McLaughlin, N., Edbauer, D., Phillips, M., Bolton, A.,
Constantine-Paton, M., Sheng, M., 2010. Distinct roles of NR2A
and NR2B cytoplasmic tails in long-term potentiation. J. Neu-
rosci. 30, 2676—2685.

Fritschy, J.M., Kiener, T., Bouilleret, V., Loup, F., 1999. GABAer-
gic neurons and GABA(A)-receptors in temporal lobe epilepsy.
Neurochem. Int. 34, 435—445.

Fritschy, J.M., 2008. Epilepsy, E/I balance and GABA(A) receptor
plasticity. Front. Mol. Neurosci. 1, 5.

Frugier, G., Coussen, F., Giraud, M.F., Odessa, M.F., Emerit, M.B.,
Boué-Grabot, E., Garret, M., 2007. A gamma 2(R43Q) mutation,
linked to epilepsy in humans, alters GABAA receptor assembly
and modifies subunit composition on the cell surface. J. Biol.
Chem. 282, 3819—3828.

Gallagher, M.J., Shen, W., Song, L., Macdonald, R.L., 2005. Endo-
plasmic reticulum retention and associated degradation of a
GABAA receptor epilepsy mutation that inserts an aspartate in
the M3 transmembrane segment of the alpha1 subunit. J. Biol.
Chem. 280, 37995—38004.

Gallagher, M.J., Ding, L., Maheshwari, A., Macdonald, R.L., 2007.
The GABAA receptor alphal subunit epilepsy mutation A322D
inhibits transmembrane helix formation and causes proteasomal
degradation. Proc. Natl. Acad. Sci. U.S.A. 104, 12999—13004.

Gallagher, S., Winston, S.E., Fuller, S.A., Hurrell, J.G., 2008.
Immunoblotting and immunodetection. Curr. Protoc. Immunol.
Chapter 8, Unit 8.10.

Garga, N., Lowenstein, D.H., 2006. Posttraumatic epilepsy: a major
problem in desperate need of major advances. Epilepsy Curr. 6,
1-5.

Gass, P., Schroder, H., Prior, P., Kiessling, M., 1994. Constitutive
expression of heat shock protein 90 (HSP90) in neurons of the
rat brain. Neurosci. Lett. 182, 188—192.

Gass, P., Prior, P., Kiessling, M., 1995. Correlation between seizure
intensity and stress protein expression after limbic epilepsy in
the rat brain. Neuroscience 65, 27—36.

Gerges, N.Z., Tran, I.C., Backos, D.S., Harrell, J.M., Chinkers,
M., Pratt, W.B., Esteban, J.A., 2004. Independent functions of

hsp90 in neurotransmitter release and in the continuous synaptic
cycling of AMPA receptors. J. Neurosci. 24, 4758—4766.

Gibson, C.J., Meyer, R.C., Hamm, R.J., 2010. Traumatic brain injury
and the effects of diazepam, diltiazem, and MK-801 on GABA-A
receptor subunit expression in rat hippocampus. J. Biomed. Sci.
17, 38.

Giffard, R.G., Yenari, M.A., 2004. Many mechanisms for hsp70 pro-
tection from cerebral ischemia. J. Neurosurg. Anesthesiol. 16,
53—61.

Giza, C.C., Maria, N.S., Hovda, D.A., 2006. N-methyl-D-aspartate
receptor subunit changes after traumatic injury to the develop-
ing brain. J. Neurotrauma 23, 950—961.

Glykys, J., Mann, E.O., Mody, ., 2008. Which GABA(A) receptor sub-
units are necessary for tonic inhibition in the hippocampus? J.
Neurosci. 28, 1421—1426.

Goebel, S.M., Alvestad, R.M., Coultrap, S.J., Browning, M.D., 2005.
Tyrosine phosphorylation of the N-methyl-D-aspartate receptor
is enhanced in synaptic membrane fractions of the adult rat
hippocampus. Brain Res. Mol. Brain Res. 142, 65—79.

Golarai, G., Greenwood, A.C., Feeney, D.M., Connor, J.A., 2001.
Physiological and structural evidence for hippocampal involve-
ment in persistent seizure susceptibility after traumatic brain
injury. J. Neurosci. 21, 8523—8537.

Graber, K.D., Prince, D.A., 2004. A critical period for prevention of
posttraumatic neocortical hyperexcitability in rats. Ann. Neurol.
55, 860—870.

Groc, L., Heine, M., Cousins, S.L., Stephenson, F.A., Lounis, B.,
Cognet, L., Choquet, D., 2006. NMDA receptor surface mobility
depends on NR2A-2B subunits. Proc. Natl. Acad. Sci. U.S.A. 103,
18769—18774.

Gutiérrez, A., Khan, Z.U., Miralles, C.P., De Blas, A.L., 1996. Altered
expression of gamma 2L and gamma 2S GABAA receptor subunits
in the aging rat brain. Brain Res. Mol. Brain Res. 35, 91—102.

Hall, E.D., Bryant, Y.D., Cho, W., Sullivan, P.G., 2008. Evolution
of post-traumatic neurodegeneration after controlled cortical
impact traumatic brain injury in mice and rats as assessed by the
de Olmos silver and fluorojade staining methods. J. Neurotrauma
25, 235—247.

Hellier, J.L., White, A., Williams, P.A., Dudek, E.F., Staley,
K.J., 2009. NMDA receptor-mediated long-term alterations in
epileptiform activity in experimental chronic epilepsy. Neu-
ropharmacology 56, 414—421.

Hellmich, H.L., Capra, B., Eidson, K., Garcia, J., Kennedy, D.,
Uchida, T., Parsley, M., Cowart, J., DeWitt, D.S., Prough, D.S.,
2005. Dose-dependent neuronal injury after traumatic brain
injury. Brain Res. 1044, 144—154.

Hetman, M., Kharebava, G., 2006. Survival signaling pathways acti-
vated by NMDA receptors. Curr. Top. Med. Chem. 6, 787—799.
Hota, S.K., Hota, K.B., Prasad, D., Ilavazhagan, G., Singh, S.B.,
2010. Oxidative stress induced alterations in Sp factors mediate
transcriptional regulation of NR1 subunit in hippocampus during

hypoxia. Free Radic. Biol. Med. 49, 178—191.

Hunt, R.F., Scheff, S.W., Smith, B.N., 2009. Posttraumatic epilepsy
after controlled cortical impact injury in mice. Exp. Neurol. 215,
243-252.

Hunt, R.F., Scheff, S.W., Smith, B.N., 2010. Regionally localized
recurrent excitation in the dentate gyrus of a cortical con-
tusion model of posttraumatic epilepsy. J. Neurophysiol. 103,
1490—1500.

Izumoto, S., Herbert, J., 1993. Widespread constitutive expres-
sion of HSP90 messenger RNA in rat brain. J. Neurosci. Res. 35,
20-28.

Jonas, P., Burnashev, N., 1995. Molecular mechanisms controlling
calcium entry through AMPA-type glutamate receptor channels.
Neuron 15, 987—990.

Joshi, S., Kapur, J., 2009. Slow intracellular accumulation of
GABA(A) receptor delta subunit is modulated by brain-derived
neurotrophic factor. Neuroscience 164, 507—519.



32

E.A. Kharlamov et al.

Kapur, J., Lothman, E.W., 1989. Loss of inhibition precedes delayed
spontaneous seizures in the hippocampus after tetanic electrical
stimulation. J. Neurophysiol. 61, 427—434.

Kharatishvili, I., Pitkdanen, A., 2010a. Association of the sever-
ity of cortical damage with the occurrence of spontaneous
seizures and hyperexcitability in an animal model of posttrau-
matic epilepsy. Epilepsy Res. 90, 47—59.

Kharatishvili, 1., Pitkanen, A., 2010b. Posttraumatic epilepsy. Curr.
Opin. Neurol. 23, 183—188.

Kharlamov, E.A., Kharlamov, A., Kelly, K.M., 2007. Changes
in neuropeptide Y protein expression following photothrom-
botic brain infarction and epileptogenesis. Brain Res. 1127,
151—-162.

Kochanek, A.R., Kline, A.E., Gao, W.M., Chadha, M., Lai, Y., Clark,
R.S., Dixon, C.E., Jenkins, L.W., 2006. Gel-based hippocampal
proteomic analysis 2 weeks following traumatic brain injury to
immature rats using controlled cortical impact. Dev. Neurosci.
28, 410—419.

Korpi, E.R., Mihalek, R.M., Sinkkonen, S.T., Hauer, B., Hevers,
W., Homanics, G.E., Sieghart, W., Liuddens, H., 2002. Altered
receptor subtypes in the forebrain of GABA(A) receptor delta
subunit-deficient mice: recruitment of gamma 2 subunits. Neu-
roscience 109, 733—743.

Kumar, A., Zou, L., Yuan, X., Long, Y., Yang, K., 2002. N-methyl-D-
aspartate receptors: transient loss of NR1/NR2A/NR2B subunits
after traumatic brain injury in a rodent model. J. Neurosci. Res.
67, 781-786.

Lagrange, A., 2005. GABA receptors gone bad: the wrong place at
the wrong time. Epilepsy Curr. 5, 91—-94.

Lagrange, A.H., Botzolakis, E.J., Macdonald, R.L., 2007. Enhanced
macroscopic desensitization shapes the response of alpha4
subtype-containing GABAA receptors to synaptic and extrasynap-
tic GABA. J. Physiol. 578, 655—676.

Lai, Y., Kochanek, P.M., Adelson, P.D., Janesko, K., Ruppel, R.A.,
Clark, R.S., 2004. Induction of the stress response after inflicted
and non-inflicted traumatic brain injury in infants and children.
J. Neurotrauma 21, 229-237.

Lavezzari, G., McCallum, J., Lee, R., Roche, K.W., 2003. Differ-
ential binding of the AP-2 adaptor complex and PSD-95 to the
C-terminus of the NMDA receptor subunit NR2B regulates surface
expression. Neuropharmacology 45, 729—737.

Lee, H.K., Takamiya, K., Kameyama, K., He, K., Yu, S., Rossetti,
L., Wilen, D., Huganir, R.L., 2007. Identification and character-
ization of a novel phosphorylation site on the GluR1 subunit of
AMPA receptors. Mol. Cell Neurosci. 36, 86—94.

Lee, H.K., Takamiya, K., He, K., Song, L., Huganir, R.L., 2010.
Specific roles of AMPA receptor subunit GluR1 (GluA1) phospho-
rylation sites in regulating synaptic plasticity in the CA1 region
of hippocampus. J. Neurophysiol. 103, 479—489.

Liu, FY., Wang, X.F., Li, M.W., Li, J.M., Xi, Z.Q., Luan, G.M.,
Zhang, J.G., Wang, Y.P., Sun, J.J., Li, Y.L., 2007a. Upregulated
expression of postsynaptic density-93 and N-methyl-D-aspartate
receptors subunits 2B mRNA in temporal lobe tissue of epilepsy.
Biochem. Biophys. Res. Commun. 358, 825—830.

Liu, Y., Wong, T.P., Aarts, M., Rooyakkers, A., Liu, L., Lai, TW., Wu,
D.C., Lu, J., Tymianski, M., Craig, A.M., Wang, Y.T., 2007. NMDA
receptor subunits have differential roles in mediating excito-
toxic neuronal death both in vitro and in vivo. J. Neurosci. 27,
2846—2857.

Lively, S., Brown, I.R., 2008. Extracellular matrix protein SC1/hevin
in the hippocampus following pilocarpine-induced status epilep-
ticus. J. Neurochem. 107, 1335—1346.

Loftis, J.M., Janowsky, A., 2003. The N-methyl-D-aspartate recep-
tor subunit NR2B: localization, functional properties, regulation,
and clinical implications. Pharmacol. Ther. 97, 55—85.

Loup, F., Picard, F., Yonekawa, Y., Wieser, H.G., Fritschy, J.M., 2009.
Selective changes in GABAA receptor subtypes in white matter
neurons of patients with focal epilepsy. Brain 132, 2449—2463.

Lowenstein, D.H., Thomas, M.J., Smith, D.H., McIntosh, T.K., 1992.
Selective vulnerability of dentate hilar neurons following trau-
matic brain injury: a potential mechanistic link between head
trauma and disorders of the hippocampus. J. Neurosci. 12,
4846—4853.

Luo, W., Sun, W., Taldone, T., Rodina, A., Chiosis, G., 2010. Heat
shock protein 90 in neurodegenerative diseases. Mol. Neurode-
gener. 5, 24.

Lischer, B., Keller, C.A., 2004. Regulation of GABAA receptor traf-
ficking, channel activity, and functional plasticity of inhibitory
synapses. Pharmacol. Ther. 102, 195—-221.

MacDonald, J.F., Jackson, M.F., Beazely, M.A., 2006. Hippocampal
long-term synaptic plasticity and signal amplification of NMDA
receptors. Crit. Rev. Neurobiol. 18, 71—84.

Macdonald, R.L., Kang, J.Q., Gallagher, M.J., 2010. Mutations in
GABAA receptor subunits associated with genetic epilepsies. J.
Physiol. 588, 1861—1869.

Malinow, R., Malenka, R.C., 2002. AMPA receptor trafficking and
synaptic plasticity. Annu. Rev. Neurosci. 25, 103—126.

Mallouk, Y., Vayssier-Taussat, M., Bonventre, J.V., Polla, B.S., 1999.
Heat shock protein 70 and ATP as partners in cell homeostasis.
Int. J. Mol. Med. 4, 463—474.

Mangan, P.S., Sun, C., Carpenter, M., Goodkin, H.P., Sieghart,
W., Kapur, J., 2005. Cultured hippocampal pyramidal neurons
express two kinds of GABAA receptors. Mol. Pharmacol. 67,
775—788.

Martel, M.A., Wyllie, D.J., Hardingham, G.E., 2009. In developing
hippocampal neurons, NR2B-containing N-methyl-D-aspartate
receptors (NMDARs) can mediate signaling to neuronal survival
and synaptic potentiation, as well as neuronal death. Neuro-
science 158, 334—343.

Martin, L.J., Blackstone, C.D., Levey, A.l., Huganir, R.L., Price,
D.L., 1993. AMPA glutamate receptor subunits are differentially
distributed in rat brain. Neuroscience 53, 327—358.

Meng, F., Guo, J., Zhang, Q., Song, B., Zhang, G., 2003. Autophos-
phorylated calcium/calmodulin-dependent protein kinase Il
alpha (CaMKIl alpha) reversibly targets to and phosphorylates
N-methyl-D-aspartate receptor subunit 2B (NR2B) in cerebral
ischemia and reperfusion in hippocampus of rats. Brain Res. 967,
161—169.

Miller, L.P., Lyeth, B.G., Jenkins, L.W., Oleniak, L., Panchision, D.,
Hamm, R.J., Phillips, L.L., Dixon, C.E., Clifton, G.L., Hayes,
R.L., 1990. Excitatory amino acid receptor subtype binding fol-
lowing traumatic brain injury. Brain Res. 526, 103—117.

Miranda, J.D., Barnes Jr., E.M., 1997. Repression of gamma-
aminobutyric acid type A receptor alphal polypeptide biosyn-
thesis requires chronic agonist exposure. J. Biol. Chem. 272,
16288—16294.

Moddel, G., Jacobson, B., Ying, Z., Janigro, D., Bingaman, W.,
Gonzalez-Martinez, J., Kellinghaus, C., Prayson, R.A., Najm,
.M., 2005. The NMDA receptor NR2B subunit contributes to
epileptogenesis in human cortical dysplasia. Brain Res. 1046,
10-23.

Mody, |., Pearce, R.A., 2004. Diversity of inhibitory neuro-
transmission through GABA(A) receptors. Trends Neurosci. 27,
569—575.

Mony, L., Kew, J.N., Gunthorpe, M.J., Paoletti, P., 2009. Allosteric
modulators of NR2B-containing NMDA receptors: molecular
mechanisms and therapeutic potential. Br. J. Pharmacol. 157,
1301—-1317.

Monyer, H., Sprengel, R., Schoepfer, R., Herb, A., Higuchi, M.,
Lomeli, H., Burnashev, N., Sakmann, B., Seeburg, P.H., 1992.
Heteromeric NMDA receptors: molecular and functional distinc-
tion of subtypes. Science 256, 1217—1221.

Monyer, H., Burnashev, N., Laurie, D.J., Sakmann, B., Seeburg, P.H.,
1994. Developmental and regional expression in the rat brain
and functional properties of four NMDA receptors. Neuron 12,
529-540.



Alterations of GABA, and glutamate receptor subunits and heat shock protein in rat hippocampus 33

Mtchedlishvili, Z., Lepsveridze, E., Xu, H., Kharlamov, E.A., Lu, B.,
Kelly, K.M., 2010. Increase of GABA(A) receptor-mediated tonic
inhibition in dentate granule cells after traumatic brain injury.
Neurobiol. Dis. 38, 464—475.

Norris, C.M., Scheff, S.W., 2009. Recovery of afferent function and
synaptic strength in hippocampal CA1 following traumatic brain
injury. J. Neurotrauma 26, 2269—-2278.

Nusser, Z., Mody, I., 2002. Selective modulation of tonic and phasic
inhibitions in dentate gyrus granule cells. J. Neurophysiol. 87,
2624—2628.

Pal, S., Limbrick Jr., D.D., Rafig, A., DeLorenzo, R.J., 2000. Induc-
tion of spontaneous recurrent epileptiform discharges causes
long-term changes in intracellular calcium homeostatic mech-
anisms. Cell Calcium 28, 181—193.

Park, C.S., Elgersma, Y., Grant, S.G., Morrison, J.H., 2008. Alpha-
isoform of calcium-calmodulin-dependent protein kinase Il and
postsynaptic density protein 95 differentially regulate synaptic
expression of NR2A- and NR2B-containing N-methyl-d-aspartate
receptors in hippocampus. Neuroscience 151, 43—55.

Peng, Z., Hauer, B., Mihalek, R.M., Homanics, G.E., Sieghart, W.,
Olsen, R.W., Houser, C.R., 2002. GABA(A) receptor changes
in delta subunit-deficient mice: altered expression of alpha4
and gamma2 subunits in the forebrain. J. Comp. Neurol. 446,
179—197.

Peng, Z., Huang, C.S., Stell, B.M., Mody, I., Houser, C.R., 2004.
Altered expression of the & subunit of the GABAA receptor
in a mouse model of temporal lobe epilepsy. J. Neurosci. 24,
8629—8639.

Petralia, R.S., Wenthold, R.J., 1992. Light and electron immunocy-
tochemical localization of AMPA-selective glutamate receptors
in the rat brain. J. Comp. Neurol. 318, 329—354.

Pitkanen, A., McIntosh, T.K., 2006. Animal models of post-traumatic
epilepsy. J. Neurotrauma 23, 241-261.

Pitkanen, A., Immonen, R.J., Grohn, O.H., Kharatishvili, I., 2009.
From traumatic brain injury to posttraumatic epilepsy: what ani-
mal models tell us about the process and treatment options.
Epilepsia 50, 21—29.

Portera-Cailliau, C., Price, D.L., Martin, L.J., 1996. N-methyl-D-
aspartate receptor proteins NR2A and NR2B are differentially
distributed in the developing rat central nervous system as
revealed by subunit-specific antibodies. J. Neurochem. 66,
692—700.

Powers, M.V., Clarke, P.A., Workman, P., 2009. Death by chaperone:
HSP90, HSP70 or both? Cell Cycle 8, 518—526.

Powers, M.V., Jones, K., Barillari, C., Westwood, I., van Montfort,
R.L., Workman, P., 2010. Targeting HSP70: the second poten-
tially druggable heat shock protein and molecular chaperone?
Cell Cycle 9, 1542—1550.

Pratt, W.B., Toft, D.O., 2003. Regulation of signaling protein
function and trafficking by the hsp90/hsp70-based chaperone
machinery. Exp. Biol. Med. 228, 111—133.

Pratt, W.B., Morishima, Y., Murphy, M., Harrell, M., 2006. Chaper-
oning of glucocorticoid receptors. Handb. Exp. Pharmacol. 172,
111-138.

Prenosil, G.A., Schneider Gasser, E.M., Rudolph, U., Keist,
R., Fritschy, J.M., Vogt, K.E., 2006. Specific subtypes of
GABAA receptors mediate phasic and tonic forms of inhibi-
tion in hippocampal pyramidal neurons. J. Neurophysiol. 96,
846—857.

Prince, D.A., Parada, I., Scalise, K., Graber, K., Jin, X., Shen, F.,
2009. Epilepsy following cortical injury: cellular and molecular
mechanisms as targets for potential prophylaxis. Epilepsia 50,
30—40.

Racine, R.J., 1972. Modification of seizure activity by electrical
stimulation. Il. Motor seizure. Electroencephalogr. Clin. Neuro-
physiol. 32, 281—294.

Rakhade, S.N., Zhou, C., Aujla, PK., Fishman, R., Sucher, N.J.,
Jense n, F.E., 2008. Early alterations of AMPA receptors mediate

synaptic potentiation induced by neonatal seizures. J. Neurosci.
28, 7979—7990.

Raol, Y.H., Lund, I.V., Bandyopadhyay, S., Zhang, G., Roberts, D.S.,
Wolfe, J.H., Russek, S.J., Brooks-Kayal, A.R., 2006. Enhancing
GABA(A) receptor alpha 1 subunit levels in hippocampal den-
tate gyrus inhibits epilepsy development in an animal model of
temporal lobe epilepsy. J. Neurosci. 26, 11342—11346.

Ratzliff, A.H., Howard, A.L., Santhakumar, V., Osapay, I., Soltesz,
I., 2004. Rapid deletion of mossy cells does not result in a
hyperexcitable dentate gyrus: implications for epileptogenesis.
J. Neurosci. 24, 2259—-2269.

Raveendran, R., Devi Suma Priya, S., Mayadevi, M., Steephan, M.,
Santhoshkumar, T.R., Cheriyan, J., Sanalkumar, R., Pradeep,
K.K., James, J., Omkumar, R.V., 2009. Phosphorylation status of
the NR2B subunit of NMDA receptor regulates its interaction with
calcium/calmodulin-dependent protein kinase Il. J. Neurochem.
110, 92—105.

Raza, M., Blair, R.E., Sombati, S., Carter, D.S., Deshpande, L.S.,
Delorenzo, R.J., 2004. Evidence that injury-induced changes in
hippocampal neuronal calcium dynamics during epileptogene-
sis cause acquired epilepsy. Proc. Natl. Acad. Sci. U.S.A. 101,
17522—-17527.

Rebola, N., Srikumar, B.N., Mulle, C., 2010. Activity-dependent
synaptic plasticity of NMDA receptors. J. Physiol. 588, 93—99.
Reeves, T.M., Lyeth, B.G., Povlishock, J.T., 1995. Long-term potenti-
ation deficits and excitability changes following traumatic brain

injury. Exp. Brain Res. 106, 248—256.

Reeves, T.M., Lyeth, B.G., Phillips, L.L., Hamm, R.J., Povlishock,
J.T., 1997. The effects of traumatic brain injury on inhibition in
the hippocampus and dentate gyrus. Brain Res. 757, 119—132.

Rogers, S.W., Hughes, T.E., Hollmann, M., Gasic, G.P., Deneris, E.S.,
Heinemann, S., 1991. The characterization and localization of
the glutamate receptor subunit GluR1 in the rat brain. J. Neu-
rosci. 11, 2713—2724.

Ruano, D., Cano, J., Machado, A., Vitorica, J., 1991. Pharma-
cologic characterization of GABAA/benzodiazepine receptor in
rat hippocampus during aging. J. Pharmacol. Exp. Ther. 256,
902—-908.

Santhakumar, V., Bender, R., Frotscher, M., Ross, S.T., Hollrigel,
G.S., Toth, Z., Soltesz, I., 2000. Granule cell hyperexcitability in
the early post-traumatic rat dentate gyrus: the ‘irritable mossy
cell’ hypothesis. J. Physiol. 524, 117—134.

Santhakumar, V., Ratzliff, A.D., Jeng, J., Toth, Z., Soltesz, I., 2001.
Long-term hyperexcitability in the hippocampus after experi-
mental head trauma. Ann. Neurol. 50, 708—717.

Scimemi, A., Semyanov, A., Sperk, G., Kullmann, D.M., Walker,
M.C., 2005. Multiple and plastic receptors mediate tonic
GABAA receptor currents in the hippocampus. J. Neurosci. 25,
10016—10024.

Schumann, J., Alexandrovich, G.A., Biegon, A., Yaka, R., 2008.
Inhibition of NR2B phosphorylation restores alterations in NMDA
receptor expression and improves functional recovery fol-
lowing traumatic brain injury in mice. J. Neurotrauma 25,
945—957.

Schwarzer, C., Tsunashima, K., Wanzenback, C., Fuchs, K., Sieghart,
W., Sperk, G., 1997. GABAA receptor subunits in the rat hip-
pocampus ll: altered distribution in kainic acid-induced temporal
lobe epilepsy. Neuroscience 80, 1001—1017.

Schweizer, C., Balsiger, S., Bluethmann, H., Mansuy, |I.M., Fritschy,
J.M., Mohler, H., Luscher, B., 2003. The gamma 2 subunit of
GABA(A) receptors is required for maintenance of receptors at
mature synapses. Mol. Cell. Neurosci. 24, 442—450.

Sharp, F.R., Kinouchi, H., Koistinaho, J., Chan, P.H., Sagar, S.-M.,
1993. HSP70 heat shock gene regulation during ischemia. Stroke
24, 172—175.

Sieghart, W., Sperk, G., 2002. Subunit composition, distribution and
function of GABA(A) receptor subtypes. Curr. Top. Med. Chem.
2, 795—-816.



34

E.A. Kharlamov et al.

Sieghart, W., 2006. Structure, pharmacology, and function of GABAA
receptor subtypes. Adv. Pharmacol. 54, 231-263.

Sihver, S., Marklund, N., Hillered, L., Langstrém, B., Watanabe,
Y., Bergstrom, M., 2001. Changes in mACh, NMDA and GABA(A)
receptor binding after lateral fluid-percussion injury: in vitro
autoradiography of rat brain frozen sections. J. Neurochem. 78,
417—423.

Solomonia, R.O., Kotorashvili, A., Kiguradze, T., McCabe, B.J.,
Horn, G., 2005. Ca2+/calmodulin protein kinase Il and memory:
learning-related changes in a localized region of the domestic
chick brain. J. Physiol. 569, 643—653.

Solomonia, R., Mikautadze, E., Nozadze, M., Kuchiashvili, N.,
Lepsveridze, E., Kiguradze, T., 2010. Myo-inositol treatment pre-
vents biochemical changes triggered by kainate-induced status
epilepticus. Neurosci. Lett. 468, 277—281.

Spigelman, I., Li, Z., Liang, J., Cagetti, E., Samzadeh, S., Mihalek,
R.M., Homanics, G.E., Olsen, R.W., 2003. Reduced inhibition and
sensitivity to neurosteroids in hippocampus of mice lacking the
GABA(A) receptor delta subunit. J. Neurophysiol. 90, 903—910.

Statler, K.D., Swank, S., Abildskov, T., Bigler, E.D., White, H.S.,
2008. Traumatic brain injury during development reduces min-
imal clonic seizure thresholds at maturity. Epilepsy Res. 80,
163—170.

Statler, K.D., Scheerlinck, P., Pouliot, W., Hamilton, M., White, H.S.,
Dudek, F.E., 2009. A potential model of pediatric posttraumatic
epilepsy. Epilepsy Res. 86, 221—223.

Sun, C., Sieghart, W., Kapur, J., 2004. Distribution of alphat,
alpha4, gamma2, and delta subunits of GABAA receptors in hip-
pocampal granule cells. Brain Res. 1029, 207—216.

Toth, Z., Hollrigel, G.S., Gorcs, T., Soltesz, I., 1997. Instantaneous
perturbation of dentate interneuronal networks by a pressure
wave-transient delivered to the neocortex. J. Neurosci. 17,
8106—8117.

Tretter, V., Ehya, N., Fuchs, K., Sieghart, W., 1997. Stoichiome-
try and assembly of a recombinant GABAA receptor subtype. J.
Neurosci. 17, 2728—2737.

Truettner, J.S., Hu, B., Alonso, O.F., Bramlett, H.M., Kokame, K.,
Dietrich, W.D., 2007. Subcellular stress response after traumatic
brain injury. J. Neurotrauma 24, 599—612.

Truettner, J.S., Hu, K., Liu, C.L., Dietrich, W.D., Hu, B., 2009. Sub-
cellular stress response and induction of molecular chaperones
and folding proteins after transient global ischemia in rats. Brain
Res. 1249, 9—18.

Vass, K., Welch, W.J., Nowak Jr., T.S., 1988. Localization of 70-
kDa stress protein induction in gerbil brain after ischemia. Acta
Neuropathol. 77, 128—135.

Waheed, A.A., Jones, T.L., 2002. Hsp90 interactions and acylation
target the G protein Galpha 12 but not Galpha 13 to lipid rafts.
J. Biol. Chem. 277, 32409—32412.

Wei, W., Zhang, N., Peng, Z., Houser, C.R., Mody, I., 2003. Perisynap-
tic localization of delta subunit-containing GABA(A) receptors
and their activation by GABA spillover in the mouse dentate
gyrus. J. Neurosci. 23, 10650—10661.

Witgen, B.M., Lifshitz, J., Smith, M.L., Schwarzbach, E., Liang, S.L.,
Grady, M.S., Cohen, A.S., 2005. Regional hippocampal alteration
associated with cognitive deficit following experimental brain
injury: a systems, network and cellular evaluation. Neuroscience
133, 1-15.

Yang, L., Afroz, S., Michelson, H.B., Goodman, J.H., Valsamis, H.A.,
Ling, D.S., 2010. Spontaneous epileptiform activity in rat neo-
cortex after controlled cortical impact injury. J. Neurotrauma
27, 1541—1548.

Yang, T., Hsu, C., Liao, W., Chuang, J.S., 2008. Heat shock protein
70 expression in epilepsy suggests stress rather than protection.
Acta Neuropathol. 115, 219—-230.

Yenari, M.A., 2002. Heat shock proteins and neuroprotection. Adv.
Exp. Med. Biol. 513, 281-299.

Yenari, M.A., Liu, J., Zheng, Z., Vexler, Z.S., Lee, J.E., Giffard,
R.G., 2005. Anti-apoptotic and anti-inflammatory mechanisms
of heat-shock protein protection. Ann. N. Y. Acad. Sci. 1053,
74-83.

Yurkewicz, L., Weaver, J., Bullock, M.R., Marshall, L.F., 2005. The
effect of the selective NMDA receptor antagonist traxoprodil
in the treatment of traumatic brain injury. J. Neurotrauma 22,
1428—1443.

Zara, V., Ferramosca, A., Robitaille-Foucher, P., Palmieri, F.,
Young, J.C., 2009. Mitochondrial carrier protein biogenesis:
role of the chaperones Hsp70 and Hsp90. Biochem. J. 419,
369—-375.

Zhang, Y.B., Li, S.X., Chen, X.P, Yang, L., Zhang, Y.G., Liu, R., Tao,
L.Y., 2008. Autophagy is activated and might protect neurons
from degeneration after traumatic brain injury. Neurosci. Bull.
24, 143—149.

Zhan, X., Kim, C., Sharp, F.R., 2008. Very brief focal ischemia sim-
ulating transient ischemic attacks (TIAs) can injure brain and
induce Hsp70 protein. Brain Res. 1234, 183—197.

Zheng, Z., Kim, J.Y., Ma, H., Lee, J.E., Yenari, M.A., 2008.
Anti-inflammatory effects of the 70kDa heat shock protein
in experimental stroke. J. Cereb. Blood Flow Metab. 28,
53—63.



	Alterations of GABAA and glutamate receptor subunits and heat shock protein in rat hippocampus following traumatic brain injury and in posttraumatic epilepsy
	Introduction
	Methods
	CCI model of TBI and surgery
	Video monitoring
	Tissue sampling, gel electrophoresis and immunoblotting
	Data analysis and quantification of immunoblots
	Statistical analysis
	Results
	Protein changes
	Expression of GABAAR alpha1, alpha4, gamma2, and delta subunit proteins
	Ionotropic glutamate receptor subunit expression
	Expression of stress proteins
	Expression of HSP70
	Expression of HSP90


	Discussion
	Differential alterations of GABAARs after CCI
	Differential alterations of ionotropic glutamate receptor proteins in CCI
	Expression of NMDAR NR2B subunit
	Expression of AMPAR GluR1 subunit

	Differential expression of HSPs in CCI

	Acknowledgements
	References


