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Abstract The small guanosine triphosphatase RhoA has
recently been implicated in the pathogenesis of epilepsy in
animals. In this study, we investigated the expression of
RhoA in human epilepsy. Brain tissue samples from 40
patients with intractable epilepsy and 14 histologically
normal temporal lobes from control patients were used to
compare RhoA immunoreactivity using immunohistochem-
istry, immunofluorescent staining, and western blotting.
Immunohistochemical staining and western blot analysis
showed that RhoA immunoreactivity was increased in the
patient group (p<0.05). Immunofluorescent staining
showed that RhoA was mainly expressed on cell mem-
branes and in the cytoplasm. Our findings demonstrate that
upregulation of RhoA immunoreactivity occurs in the
brains of patients with intractable epilepsy.
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Introduction

Epilepsy is a condition or a group of conditions in which
abnormal neuronal discharge causes transient disturbance of
cerebral function and recurrent seizures. However, the
mechanisms that underlie the pathogenesis of epilepsy are
unclear. Some studies have shown that repeated axonal
discharge causes abnormal synaptic reorganization and
neuronal loss (Armstrong 2005), which may have an
important role in the pathology and physiology of refractory
epilepsy.

In addition, seizures induce synaptic reorganization in
hippocampal and cortical pathways. This reorganization is
generally believed to be a result of the seizures, rather than an
event that induces seizures (Frotscher et al. 2006; Sutula and
Dudek 2007). RhoA is part of a larger family of related
proteins known as the Ras superfamily; proteins involved in
the regulation and timing of cell division. Activation of
RhoA may affect neurite outgrowth and lead to the formation
of new synaptic connections. This aberrant synaptogenesis
generates recurrent excitatory circuits that affect brain
function (Negishi and Katoh 2002; Rubenstein et al. 2007).
Two Rho kinase (ROCK) inhibitors, Y-27632 and fasudil,
diminish the onset of myoclonic jerks, clonic convulsions,
and tonic hindlimb extensions in an animal model of
kindling induced by pentylenetetrazol (Narumiya et al.
2000; Inan and Buyukafsar 2008). Furthermore, our recent
gene chip study on brain tissue from patients with intractable
epilepsy (IE) showed that RhoA mRNA is highly expressed
in the central nervous system (CNS) of adult patients (Liu et
al. 2007; Xiao et al. 2008). These data suggest that RhoA is
involved in epileptogenesis and that the small guanosine
triphosphatase RhoA could be a new treatment target.

Temporal lobe epilepsy (TLE), a common form of focal
epilepsy, is often refractory to antiepileptic drugs. In human

J. Yuan : J.-m. Li : L. Wang :G.-b. Feng :Y. Lu :X.-f. Wang (*)
Department of Neurology, The First Affiliated Hospital,
Chongqing, Medical University,
Chongqing Key Laboratory of Neurology,
Chongqing 400016, China
e-mail: wxfwyp@163.com

L.-y. Wang
School of Public Health, Peking University,
Beijing 100083, China

T. Xue
Department of Neurology, The Second Affiliated Hospital,
Chongqing Medical University,
Chongqing 400010, China

N.-j. Cao
Shaanxi Provincial People’s Hospital,
X’ian 710068, China

J Mol Neurosci (2010) 42:53–58
DOI 10.1007/s12031-010-9330-4



TLE and a rat model of TLE, seizures induce synaptic
reorganization in hippocampal and cortical pathways (Lin
et al. 2007; Holopainen 2008). Moreover, RhoA is involved
in epileptogenesis, as described above. Therefore, we
hypothesized that the small guanosine triphosphatase RhoA
contributes to the induction of TLE. This study was done to
determine the RhoA immunoreactivity in adult patients
with intractable TLE.

Materials and Methods

Patients and Clinical Data

Brain tissue samples from 40 patients who had undergone
neurosurgery for IE (11−57 years old; mean age ± standard
error, 26.98±10.15 years) were randomly obtained from
our epilepsy brain bank. Seizure types were classified
according to the 1981 International Classification of
Epileptic Seizures of the International League Against
Epilepsy (International League Against Epilepsy 1981).
Pre-surgical assessment consisted of obtaining a detailed
history, neurological examination, interictal and ictal EEG
tests, and neuroradiological testing. The epilepsy group
included patients who had undergone surgical removal of
the epileptogenic zone for the treatment of seizures. The
typical surgical method was anterior temporal neocortex
resection. Briefly, the anterior 3.5−4.0 cm of the lateral
temporal lobe was resected en bloc from the superior
temporal gyrus to the collateral fissure. The clinical
characteristics of the patients are summarized in Table 1.

For comparison, 14 histologically normal temporal lobe
tissue samples selected at random from our brain bank were
used as controls. Four specimens were autopsy samples from
adult patients without neurological disorders. The postmortem
intervals ranged from 5-24 h. The other ten specimens were
histologically normal anterior temporal neocortex samples
from patients treated for increased intracranial pressure
because of head trauma. These subjects had no history of
epilepsy and were not exposed to antiepileptic drugs.

This research was conducted in accordance with the
Code of Ethics of the World Medical Association (Decla-
ration of Helsinki) (Rickham 1964). All experimental
protocols in this study were approved by the National
Institutes of Health and the Committee on Human Research
at the Chongqing Medical University. Informed consent
was obtained from each patient for the use of brain tissue
and for access to medical records for research purposes.

Tissue Processing

In our brain bank, specimens are divided into two
pieces. One portion of the resected brain tissue from

each subject (both the epilepsy group and the control
group was immediately placed in a cryovial, incubated
in buffered diethylpyrocarbonate (1:1,000) for 24 h, and
then stored in liquid nitrogen for use in western blotting.
The other portion was fixed in 10% buffered formalin for
48 h, embedded in paraffin, sectioned at 5 μm for
immunohistochemistry or 8-10 μm for immunofluores-
cence analysis, and then mounted onto polylysine-coated
slides. Two sections from each specimen were processed
for hematoxylin-eosin staining. Control tissues were
shown to be normal by neuropathological examination.

Immunohistochemistry

All paraffin-embedded tissue sections were first depar-
affinized in xylene and rehydrated in graded ethanol.
After treatment with 3% H2O2 for 5 min to quench
endogenous peroxidase activity, antigen recovery was
performed by heating the sections in 10 mmol/L boiling

Table 1 Clinical characteristics of the epilepsy patients

Clinical characteristics

Mean age (years) 26.98±10.15

Gender Male 17

Female 23

Age at seizure onset
(years)

<18 27

≥18 13

Course of epilepsy
(years)

<10 14

>10 26

Family history of
epilepsy

yes 4

no 36

Frequency of seizures <5/month 15

5-9/month 8

≥10/month 17

Pattern of seizures Focal seizure with
secondary Generalized
seizure

12

Generalized seizure 23

Complex focal seizures 5

Anti-epileptic drugs
given prior to surgery

Valproate 5

Carbamazepine 7

Lamotrigine 3

Phenobarbital 9

Topiramate 10

Phenytoin 2

Levetiracetam 1

Gabapentin 2

Primidone 1

Topography of
studied tissue

Right 18

Left 22
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sodium citrate buffer (pH 6.0) for 10 min at 94−98°C.
Sections were blocked in 10% normal rat serum in 0.3%
Triton X-100 and 0.1 M phosphate buffered saline (PBS;
pH 7.2) at room temperature for 30 min to reduce non-
specific binding and then were incubated at 4°C overnight
in primary antibody against RhoA (1:50; mouse mono-
clonal antibody, Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After extensive washing in PBS (pH 7.2) for
5 min each wash, sections were incubated in biotinylated
secondary antibody from the streptavidin-biotin complex
kit (Santa Cruz Biotechnology) for 30 min. The sections
were washed and then treated with avidin-biotin complex
solution at 30°C for 30 min, washed with PBS, and
incubated in 3,3′-diaminobenzidine (DAB, Santa Cruz
Biotechnology) for 10 min. Counterstaining was done
with the Harris hematoxylin stain (Santa Cruz Biotech-
nology). As negative controls, the primary or secondary
antibody was omitted and replaced with PBS to evaluate
the experimental procedure and reagent quality. Four
visual fields were randomly chosen, imaged on every
section using the macroprogram Image Pro-Plus 5.0
(Media Cybernetics, Silver Spring, MD, USA), and
automatically analyzed using a Motic Med 6.0 CMIAS
pathology image analysis system. The gray value, ranging
from 0 (black) to 1.0 (white), corresponds to the intensity
of the labeling. The averaged optical density (mean OD)
obtained by the immunohistochemical assay indicates the
average intensity of staining and the average amount of
stained material in that area. The cytoplasm of positive
cells was yellowish-brown, and negative cells were
unstained. Data are expressed as the mean ± standard
error as assessed by a t test. A p<0.05 value was
considered significant.

Double Immunofluorescence and Confocal Microscopy

Sections were deparaffinized and antigen recovery was
done as described above. Tissue sections were incubated in
0.3% calf serum for 1 h and then in 0.5% normal rabbit
serum (Zhongshan Golden Bridge Inc, Beijing, China) for
30 min. The sections were incubated at 4°C overnight in
anti-RhoA (1:100) and in anti-neuron-specific enolase
(NSE) (Zhongshan Golden Bridge Inc, both at 1:200).
After washing in PBS, the sections were incubated in
tetramethylrhodamine isothiocyanate (TRITC)-conjugated
anti-rabbit and fluorescein isothiocyanate (FITC)-
conjugated anti-mouse secondary antibodies (Zhongshan
Golden Bridge Inc, 1:100) in the dark. The sections were
coverslipped, sealed, and dried overnight. There was no
cross-contamination of the fluorescent antibodies among
the different species. Fluorescent-stained sections were
examined by confocal laser scanning microscopy (Leica
Microsystems Heidelberg GmbH, Germany), and the

images were collected and processed using Olympus
Micro image (version 4.0).

Western Blotting

Western blot analysis was performed to compare the RhoA
immunoreactivity levels in the TLE group and the control
group. Tissue samples were cut into small pieces, homoge-
nized in buffer [0.05 mol/L Tris-Hcl (pH 7.2),0.15 mol/L
NaCl 1% Triton ×100, 1% (w/v) sodium deoxycholate and
4% (w/v) sodium dodecyl sulfate; SDS] including protease
inhibitors (l5 μg/ml aprotinin and 1 mM phenylmethylsul-
fonyl fluoride), and centrifuged at 16,000×g at 4°C for
5 min. This crude nuclear pellet was lysed in a lysis buffer
(Pierce Biotechnology, USA) for 30 min and centrifuged at
16,000×g at 4°C for 15 min. The protein concentration of the
lysates was determined using a BCA protein assay kit (Pierce
Biotechnology, USA). The extracts (40 μg) were resolved by
10% SDS-polyacrylamide gel electrophoresis and electro-
transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore Biotechnology, USA). PVDF membranes were
divided into two parts according to the location of molecular
weight markers to detect RhoA (24 kDa) and β-actin
(42 kDa), which was used as a loading control. The PVDF
membrane was blocked with 3% BSA in PBS (pH 7.2) then
incubated for 2 h at room temperature. After extensive
washing with PBS, the membranes were incubated in RhoA
(1:100, Mouse monoclonal antibody, Abcam, UK) and β-
actin (mouse monoclonal IgG1, 200 µg/ml, 1:1,000 dilution;
Santa Cruz Biotechnology) antibodies for 1 h. After
incubation with a horseradish peroxidase-conjugated goat
anti-mouse IgG secondary antibody (1:5,000 dilution; Santa
Cruz Biotechnology) for 1 h at 37°C, the immunoreactive
bands were visualized by enhanced chemiluminescence
(ECL). Relative quantification of the ECL signal on X-ray
film was analyzed using Labworks Analysis Software
(USA). The ratio of the RhoA and β-actin band intensities
(RhoA/β-actin) from the same time of electrophoresis was
analyzed.

Results

Comparison of Clinical Characteristics

Table 1 summarizes the clinical characteristics of the
subjects. There were no significant differences in age or
gender between the epilepsy patients and control subjects.
In our study, 65% of the subjects with epilepsy (26/40,
Table 1) had a clinical history of more than 10 years. In
addition, there were no significant correlations with TLE
and variables including age, gender, and family history in
the TLE patients.
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Changes in RhoA Staining in the Brain Tissue of Patients
with Intractable Epilepsy

Brain tissue sections from TLE and control subjects were
immunohistochemically stained. In the sections from TLE
patients, strong RhoA immunoreactivity was observed,
whereas only a faint distribution of RhoA immunoreactivity
was observed in sections from controls subjects (Fig. 1). The
mean optical density of RhoA expression in IE tissues was
0.2668±0.0580 and in the control group was 0.0895±0.0180
(p<0.05). No immunoreactivity was seen in negative
controls in which the primary antibody was omitted. RhoA
immunofluorescent staining was observed on cell mem-
branes and in the cytoplasm. Moreover, NSE (red) and RhoA
(green) were co-expressed in neurons (Fig. 2). The results
indicate that RhoA was mainly expressed in neurons.

Changes in RhoA Levels in the Brain Tissue of Patients
with IE using Western Blotting

To further confirm the changes in RhoA staining of IE brain
tissue, we examined the expression of RhoA immunoreac-
tivity using western blotting. Immunoblotting was per-
formed with two mouse monoclonal antibodies that detect
RhoA (24 kDa) and β-actin (42 kDa), an internal control.
The mean optical density value of the TLE samples was
17.68±5.51 as compared with 9.76±1.57 from the control
samples (p<0.05). Compared with the control group, strong
upregulation of RhoA immunoreactivity was present in all
samples from TLE patients. β-actin was expressed at
similar levels in each sample (Fig. 3). The variance between
the two groups of patients was examined by calculating the
ratio of the optical density of RhoA to β-actin (Fig. 3).

Taken together, our results demonstrate that the expression
of RhoA immunoreactivity is significantly higher in IE brain
tissue samples as compared with control specimens (p<0.05).

Discussion

This study demonstrates an increase in RhoA immunore-
activity in the brains of TLE patients as compared with
control subjects. To our knowledge, this is the first report to
study the expression of the small GTPase RhoA in human
epilepsy.

In the CNS, the small guanosine triphosphatase RhoA
participates in many normal and pathophysiological pro-
cesses, such as axonal and dendritic growth of neurons,
neuronal differentiation, axon guidance, dendritic remodel-
ing, and synapse formation and plasticity in the CNS (Hall
1998; Lehmann et al. 1999; Brabeck et al. 2003). As shown
by recent in vitro and in vivo studies, obvious changes in
the morphology, motility, and pathfinding of axons have

been observed after perturbation of members of the Rho
family of GTPases (Lehmann et al. 1999; Negishi and
Katoh 2002; Wang et al. 2003). RhoA is a negative
regulator that inhibits the collapse of growth cones through
its converging actions on myosin (Wang et al. 2003;
Fournier et al. 2003, 2003). In vitro studies have verified
that RhoA is a key mediator of axon guidance that regulates
the cytoskeletal rearrangement that underlies directed axon
growth inhibition and growth cone collapse (Fournier et al.
2003; Wang et al. 2003; Yuan et al. 2003). Other studies
have shown that Y-27632, a widely used ROCK inhibitor,
can induce marked attractive turning of the growth cone
(Narumiya et al. 2000; Dergham et al. 2002). These data
provide strong evidence that the small guanosine triphos-
phatase RhoA plays a major role in the inhibition of
neuronal regeneration and remodeling of synapses and may
even influence the structural framework of the neural
network during a pathological state such as epilepsy.

Figure 1 Immunohistochemistry of RhoA expression in the temporal
lobe of epilepsy patients and in controls. Expression of RhoA is
shown in the brain of a TLE patient (a) and in the brain of a normal
control subject (b). Arrows indicate positively labeled cells. Scale bar
in a = 100 µm, scale bar in b = 100 µm
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Neuron loss is the main pathological change in patients
with IE. The proteins c-fos, matrix metalloproteinase-9, and
microtubule-associated protein kinase p38 are also involved
in neuronal cell death in the hippocampus after seizures
(Kim et al. 2004; Armstrong 2005), and RhoA signals to or
regulates all three proteins (Wong et al. 2001; Benitah et al.
2004). This suggests an important role for small guanosine
triphosphatase RhoA-dependent cell loss in human IE.
Because TLE is associated with neural network remodeling
and neuron loss, we hypothesized that TLE patients have
abnormal expression of RhoA. Our results support this idea
and are consistent with the experiments of Dubreuil and
colleagues, in which increased levels of RhoA were
observed in the brain tissue of rats with kainic acid-
induced seizures (Dubreuil et al. 2006).

Common characteristics of patients in our study included
(1) temporal lobe epilepsy and (2) seizures that were not
controlled by antiepileptic drugs. Therefore, our results
demonstrate that abnormal expression of RhoA occurs in
the temporal cortex of patients with intractable TLE. The
TLE samples were, however, derived from patients with
various ages at seizure onset, frequency of seizures, and

Optical density value in western blot
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Figure 3 Semi-quantitative western blot analysis of RhoA expression
in the brain tissue of TLE patients. Lanes 1 and 2 indicate protein
levels from TLE patients, and lanes 3 indicate protein levels in control
tissues. Immunoblot signals were developed with enhanced chemilu-
minescence. Lower graph shows the average ratio of RhoA to β-actin
for each group of patients. Error bars are the SD

Figure 2 Double immunofluorescent staining for RhoA (green) and
NSE (red) in neurons from the temporal lobe of an epilepsy patient (a-
c) and from the neocortex of a control subject (d-f); c and f show

RhoA and NSE coexpression. FITC staining for NSE (a, d); TRITC
staining for RhoA (b, e). Arrows indicate double-positive neurons.
Scale bar, 75 µm for all panels. Original magnification, ×400
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course of epilepsy. Any of these parameters could influence
RhoA immunoreactivity, yet attempting to draw a conclu-
sion from such a small sample size in each subgroup would
not be valid.

The underlying mechanism of RhoA in the formation of
TLE could not be examined here because of the limitations of a
human study. A few questions cannot be answered, including
the following: (1) the selected patients have intractable epilepsy
and experienced multiple seizures before surgery. Therefore, it
is unclear whether upregulated RhoA immunoreactivity is a
result of the seizures or is associated with the generation of
epilepsy. (2) It is unknown whether RhoA mediates synapse
formation and neuron loss in TLE, triggering seizures. It is also
not known if the RhoA/ROCK signaling pathway is involved
in epilepsy. These hypotheses require further investigation
using animal models and in vitro experiments to evaluate RhoA
as a potential therapeutic target in intractable TLE patients.
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