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a b s t r a c t

Epilepsy is a chronic disorder characterized by repeated seizures resulting from abnormal activation of
neurons in the brain. Although mutations in genes related to Na+, K+, Ca2+ channels have been defined,
few studies show intracellular protein changes. We have used proteomics to investigate the expres-
sion of soluble proteins in a genetic rat model of absence epilepsy “Genetic Absence Epilepsy Rats from
Strasbourg (GAERS)”. The advantage of this technique is its high throughput quantitative and qualitative
detection of all proteins with their post-translational modifications at a given time. The parietal cortex
and thalamus, which are the regions responsible for the generation of absence seizures, and the hip-
pocampus, which is not involved in this activity, were dissected from GAERS and from non-epileptic
control rat brains. Proteins from each tissue sample were isolated and separated by two-dimensional
gel electrophoresis. Spots that showed significantly different levels of expression between controls and
halamus
ippocampus

GAERS were identified by nano LC–ESI-MS/MS. Identified proteins were: ATP synthase subunit delta and
the 14-3-3 zeta isoform in parietal cortex; myelin basic protein and macrophage migration inhibitory
factor in thalamus; and macrophage migration inhibitory factor and 0-beta 2 globulin in hippocampus.
All protein expressions were up-regulated in GAERS except 0-beta globulin. These soluble proteins are
related to energy generation, signal transduction, inflammatory processes and membrane conductance.
These results indicate that not only membrane proteins but also cytoplasmic proteins may take place in

can b
the pathophysiology and

. Introduction

Epilepsy is a common serious neurological condition that is
haracterized by recurrent seizures and affects more than 0.5% of
he world population [7]. Although earlier studies have defined

utations and polymorphisms in genes related to Na+, K+ and Ca2+

on channels and to neuronal signalling in some types of epilepsy,
here are few studies showing intracellular protein changes [24,51].
roteomics that is a technique enables one to find protein changes
esponding to different states in cells [17], may be useful to under-

tand the mechanisms underlying the diseases [10].

Absence epilepsy is a particular epileptic syndrome in which
atients show generalized non-convulsive seizures characterized
y a brief unresponsiveness to environmental stimuli and a cessa-

∗ Corresponding author. Tel.: +90 2163492816.
∗∗ Corresponding author. Tel.: +90 2163464553x1373; fax: +90 2163478783.
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361-9230/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
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e therapeutic targets in absence epilepsy.
© 2011 Elsevier Inc. All rights reserved.

tion of motor activity [31,46]. Spike-and-wave discharges in the
electroencephalogram (EEG) are the hall mark of the seizures.
Several studies have pointed out that hypersynchronization in
thalamo-cortical circuits is the major mechanism underlying
absence epilepsy [47]. Recently, experimental studies of genetic rat
models of absence epilepsy have indicated that the perioral region
of somatosensory cortex initiates the seizure activity in the first
milliseconds of a seizure and then entrains the thalamus to sustain
the activity in the thalamo-cortical circuit and produce generalized
spike-and-wave activity [36,48]. One of the most studied genetic
rat models are the Genetic Absence Epilepsy Rats from Strasbourg
(GAERS), a fully inbred strain of rats, with 100% of animals dis-
playing the EEG and behavioural characteristics similar to those
observed in human absence epilepsy [12]. No structural changes
were observed in these animals but several changes at the subcel-

lular level have been shown, such as changes in receptor subunits
and ion channel expressions. For example, the mRNA of the alpha1G
subunit of low-voltage activated calcium channel was elevated
in the neurons of ventral posterior relay nuclei of the thalamus
in GAERS compared to control animals [56], mRNA and protein

dx.doi.org/10.1016/j.brainresbull.2011.02.002
http://www.sciencedirect.com/science/journal/03619230
http://www.elsevier.com/locate/brainresbull
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82 Ö. Danış et al. / Brain Resea

xpression of voltage-gated sodium channels Nav1.1 and Nav1.6
ere increased in the perioral somatosensory cortex of another rat

bsence epilepsy model [27].
In this study, we analyzed the protein profiles from three areas

f the rat brain to investigate any differences in intracellular
rotein expressions in absence epilepsy, using two-dimensional
lectrophoresis (2-DE). Proteins that showed different level of
xpression between the non-epileptic control and the GAERS
at groups were detected and identified by nano LC–ESI-MS/MS.
hese brain areas were: (1) the parietal cortex that includes
he perioral region of somatosensory focus for absence seizures;
2) the thalamus that plays an important role in the generation
f spike-and-wave activity; and (3) the hippocampus where no
pike-and-wave activity has been recorded. Although the hip-
ocampus does not reveal spike-and-wave activity, studies using
-deoxyglucose utilization and functional magnetic resonance

maging showed that the hippocampus is affected in absence
pilepsy [38,37].

. Materials and methods

.1. Materials

Immobilized pH-gradient (IPG) strips, tributyl phosphine, ampholyte pH
–10 were purchased from BioRad (BioRad Laboratories, Hercules CA, USA).
ithiothreitol (DTT), acrylamide, N,N′-methylenebisacrylamide, TEMED (N,N,N′ ,N′-

etramethyl-ethane-1,2-diamine), iodoacetamide, protease inhibitor cocktail, Tris,
rea, thiourea, ASB-14, alfa-naphtol, anti-rabbit IgG (whole molecule) – alkaline
hosphatase antibody produced in goat, fast red, nitrocellulose membranes were
ll from Sigma Chemical Co., St. Louis, MO, USA. Myelin basic protein antibody was
rom Abcam Inc., Cambridge, MA, USA. Anti-14-3-3 zeta was from Anaspec, San Jose,
A, USA. All the chemicals used were analytical grade.

.2. Experimental animals

Four to six months old male non-epileptic control Wistar (n = 6) and GAERS
n = 8) rats weighing 250–300 g were used in the study. All the animals were housed
n a temperature-controlled room (20 ± 3 ◦C) with a 12-h light–dark cycle and were
llowed free access to commercial rat pellets and tap water. Experiments were
arried out in accordance with the European Communities Council Directive of
4 November 1986 (86/609/EEC) and the experimental protocol was approved by
he Animal Care and Use Committee of Marmara University (Protocol number:
3.2004.Mar).

.3. Sample preparation

Animals were decapitated under ether anaesthesia, brains were quickly
emoved and washed twice in ice cold homogenization buffer consisting of 7 M urea,
M thiourea, 1% (w/v) ASB-14, 40 mM Tris base, 0.001% (w/v) bromophenol blue, 1%

v/v) tributylphosphine, 5% (v/v) protease inhibitor cocktail, 0.5% (w/v) ampholyte
H 3–10. After the brain was placed in a dish on ice, parietal cortex and hippocampal
issue were dissected from one hemisphere, thalamic tissue was dissected from the
ther hemisphere.

For each experimental animal about 40–60 mg wet weight of tissue from the
ippocampus, thalamus and parietal cortex were separately grounded up in liquid
itrogen and the fine powder was mixed with 500 �L of homogenization buffer.
fter sonication on an ice for approximately 15 s, the suspension was incubated at
oom temperature for an hour and centrifuged at 30,000 × g for 50 min at 25 ◦C. The
rotein content of the supernatant was determined by using the Bradford method
6].

.4. Two-dimensional gel electrophoresis (2-DE)

Four hundred micrograms of protein from each brain region of each animal was
sed for 2-DE. 17 cm linear pH 3–10 IPG strips were used for the first dimension.
he passive rehydration was carried out for 12 h. Isoelectric focusing was performed
y using a Protean IEF cell (BioRad Laboratories, Hercules, CA, USA). Focusing was
tarted at 250 V, and after 20 min the voltage was gradually increased to 10,000 V
n a linear mode during 150 min and, finally, 10,000 V was applied until 52 kV h was
eached. The temperature was kept at 20 ◦C. After isoelectric focusing the strips
ere equilibrated in equilibration buffer I and equilibration buffer II for 15 min each
equentially according to the manufacturer’s instructions. The equilibrated strips
ere then placed onto second dimension 12.5% SDS–PAGE gels. The SDS–PAGE was

onducted in a standard Tris–Glycine–SDS buffer in Protean II xi Cell (BioRad Labo-
atories, Hercules, CA, USA) at a constant current setting of 20 mA/gel for 1 h, then
t 40 mA/gel until the bromophenol blue dye reached the end of the gel. Gels were
tained by the colloidal Coomassie staining method [41].
ulletin 84 (2011) 381–388

2.5. Image analysis and determination of proteome differences

Stained gels were scanned by a GS-800 calibrated densitometer (BioRad Lab-
oratories, Hercules, CA, USA) and the PDQuest 2D-gel analysis software (Version
8.0.1, BioRad Laboratories, Hercules, CA, USA) was used to process and analyze the
gel images. For each data analysis set, we used five technical replicates for each
biological replicate of GAERS and Wistar protein extracts. Following the automatic
detection mode, spots were manually edited, so that the spots that were not present
in all replica gels were excluded from the analysis. For quasiquantitative compar-
isons, protein spots observed in the GAERS and control groups were normalized for
the total density of each gel after calibration by manual indication of the lowest
and highest density spots. Normalized density values were used for comparisons,
and spots exhibiting at least a 1.5 fold increase or decrease was identified by mass
spectrometry.

2.6. In-gel digestion

Excised protein spots were subjected to in-gel trypsin digestion. The spots were
briefly washed three times by adding and removing alternating 100 mM (NH4)2CO3,
50% acetonitrile and 50 mM (NH4)2CO3 solutions. After removing the supernatant,
the protein spots were overlaid by 200 ng trypsin in 50 mM (NH4)2CO3, 10% ace-
tonitrile in H2O. Incubation was carried out overnight at 37 ◦C and was stopped
by adding 0.5 volumes of 2% formic acid. After incubation for 1 h the supernatant
was transferred to a new reaction tube or directly applied to nano-LC–ESI-MS/MS
analysis.

2.7. Nano-LC–ESI-MS/MS analysis

Protein identification using Nano LC–ESI-MS/MS was performed by Proteome
Factory (Proteome Factory AG, Berlin, Germany). The MS system consists of an Agi-
lent 1100 NanoLC system (Agilent Technologies, Waldbroon, Germany), a PicoTip
emitter (New Objective, Woburn, MA, USA) and an Esquire 3000 plus ion trap MS
(Bruker, Bremen, Germany). Protein spots were in-gel digested by trypsin (Promega,
Mannheim, Germany) and applied to nano LC–ESI-MS/MS. After trapping and desalt-
ing the peptides on an enrichment column (Zorbax SB C18, 0.3 mm × 5 mm, Agilent
Technologies, Waldbroon, Germany) using 1% acetonitrile, 0.1% formic acid solu-
tion for 5 min, peptides were separated on a Zorbax 300 SB C18, 75 �m × 150 mm
column (Agilent Technologies, Waldbroon, Germany) using an acetonitrile, 0.1%
formic acid gradient from 5% to 40% acetonitrile within 40 min. MS spectra were
automatically taken by Esquire 3000 plus according to the manufacturer’s instru-
ment settings for nano-LC–ESI-MS/MS analyses. Proteins were identified using the
MS/MS ion search of Mascot search engine (Matrix Science, London, UK) and nr
protein database (National Center for Biotechnology Information, Bethesda, MD,
USA). Search parameters used for MS/MS ion search of the Mascot Search engine
are as follows: variable modifications; oxidation, mass values; monoisotopic, pro-
tein mass; unrestricted, peptide mass tolerance: ±0.1%, fragment mass tolerance;
±0.5 Da, maximum missed cleavages; 1. Instrument type is ESI-QUAD-TOF, number
of queries is 300. Probability-based Mowse scores above the calculated threshold
value (p < 0.05) were considered for protein identification.

2.8. Western blotting

Western blotting was carried out according to Towbin et al. [57]. After comple-
tion of the 2-DE, the polyacrylamide gels were soaked in transfer buffer (100 mM
Tris, 135 mM glycine) and then transferred onto nitrocellulose membranes (Sigma
Chemical Co., St. Louis, MO, USA). The membranes were washed three times in TBST
(50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween 20) and then blocked in 2% BSA
in TBS (50 mM Tris, pH 7.5, 150 mM NaCl) for at least 2 h. The membranes were
probed with the primary antibody specific for 14-3-3 zeta (1:1000), myelin basic
protein (1:1000) in blocking buffer, respectively. The membranes then were washed
five times in TBST and incubated with a goat anti-rabbit IgG alkaline phosphatase
(1:30,000) in blocking buffer for 1 h. After that the membranes were washed three
times in TBST and stained with fast red/� naphtol solution for 1 min.

Analyze-it 2.20 software (Analyse-it Software Ltd., Leeds, UK) was used for the
statistical analyses of the 2D-Gel data. Student’s t-test was applied to compare the
intensity of spots from the control and GAERS groups. Changes in protein expression
were considered significant if p < 0.05.

3. Results

3.1. 2-DE of proteins in parietal cortex, thalamus and
hippocampus
Protein extracts from the parietal cortex, thalamus and hip-
pocampus of GAERS (n = 8) and control animals (n = 6) were
separated by 2-DE and the protein spots were visualized by
colloidal Coomassie staining and compared between the GAERS
and the controls using the PDQuest 2D-gel analysis software as



Ö. Danış et al. / Brain Research Bulletin 84 (2011) 381–388 383

F ntrol
C the re
A s.

d
w
8
M
t

3

3

(
s
d
B
C
t
a
m
f
i
P
l
e
i

3

t
t
p
I
3
T
n
G
T

ig. 1. Two-dimensional gel electrophoresis patterns of parietal cortex tissue of co
x2 with arrows in the figures. Magnified images represent the regions defined in
TP synthase and 14-3-3 zeta isoform, respectively, by nano LC–ESI-MS/MS analysi

escribed under Section 2. For each sample, over 800 proteins
ere resolved in a 2-DE gel. Among the differentiated protein spots
reached statistically significant differences in expression level.
ost significantly, two protein spots from each brain region (6 in

otal) were identified by nano-LC–MS/MS.

.2. Proteins differentially expressed in absence epileptic animals

.2.1. Parietal cortex
Fig. 1 shows 2-DE patterns for the parietal cortex of the controls

Fig. 1A) and the GAERS (Fig. 1B). Comparison of these patterns
hows two protein spots (Cx1 and Cx2) expressed at significantly
ifferent levels and these were identified by nano-LC–ESI-MS/MS.
oth proteins, Cx1 and Cx2 were upregulated in GAERS (p < 0.01).
x1 was matched to the delta subunit of mitochondrial ATP syn-
hase; Cx2 was matched to the 14-3-3 zeta isoform by SwissProt
nd non-redundant NCBI search. In the Mascot search 17 queries
atched with 14-3-3 zeta and 7 of these are unique peptides,

or more details see supplementary Table S1. Subcellular local-
zation of these identified proteins was predicted with WoLF
SORT (http://wolfpsort.seq.cbrc.jp) [23]. Cx1 was suggested to be
ocalized in mitochondria whereas Cx2 in the cytoplasm. The prop-
rties of these differentially expressed protein spots are shown
n Table 1.

.2.2. Thalamus
Fig. 2 shows the comparison of 2D gel patterns obtained from

he thalamus of control (Fig. 2A) and GAERS (Fig. 2B). Two differen-
ially expressed spots (T1 and T2) were identified as myelin basic
rotein and macrophage migration inhibitory factor, respectively.

n the Mascot search, 7 queries matched with this T2 protein and

of these are unique peptides for more details see supplementary

able S1. T1 was predicted to be localized in the cytoplasm and
ucleus, whereas T2 in the cytoplasm. Both were upregulated in
AERS (p < 0.05). The results related to these spots are shown in
able 1.
(A) and GAERS (B) groups. Up-regulated spots in the GAERS are shown as Cx1 and
ctangular boxes of each gel. Spots Cx1 and Cx2 were identified as subunit delta of

The expression levels of the differentially expressed spots are
given as fold-change in Fig. 4.

3.2.3. Hippocampus
Comparison of 2D gel patterns of hippocampus tissues from

control (Fig. 3A) and GAERS (Fig. 3B) spots is shown in Fig. 3.
Two differentially expressed protein spots (H1 and H2) were iden-
tified as macrophage migration inhibitory factor and 0-beta 2
globin, respectively. In the Mascot search, 12 queries matched
with macrophage migration inhibitory factor (H1) and 2 of these
are unique peptides. In H2, 15 queries matched with 0-2-beta
globin and 3 of these are unique peptides for more details
see supplementary Table S1. H1 was predicted to be localized
in the cytoplasm and nucleus, whereas H2 in the cytoplasm.
H1 was upregulated in GAERS compared to the control group
(p < 0.01). However, H2 was downregulated (p < 0.05). The infor-
mation related to these spots is shown in Table 1.

All identified protein sequences were given in supplementary
data.

3.3. Western blotting

The verification of myelin basic protein identified in the thala-
mus and the 14-3-3 zeta isoform in the parietal cortex was carried
out by Western blotting. The blotting spots are shown in Fig. 5.

4. Discussion

This proteomics study showed alterations in the expression of
intracellular proteins obtained from the parietal cortex, thalamus
and hippocampus in rats with genetic absence epilepsy. The iden-

tified proteins were the delta subunit of ATP synthase and the
14-3-3 zeta isoform in the parietal cortex, myelin basic protein
and macrophage migration inhibitory factor in the thalamus, and
macrophage migration inhibitory factor and 0-beta 2 globulin in
the hippocampus.

http://wolfpsort.seq.cbrc.jp/
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Table 1
Differentially expressed proteins in GAERS identified by Nano LC–ESI-MS/MS.

Spot no Protein identity Accession no
(NCBI–swissprot)

Taxonomy Subcellular
localization

Function PM*/SC/Mascot
score

Change in
epilepsy

Two-tailed
p value

Cx1 ATP synthase
subunit delta,
mitochondrial

BAB27577–P35434 Mus musculus Mitochondria H+ ion
transport and
ATP synthase

1/8%/72 ↑ 0.01

Cx2 14-3-3 zeta
isoform

AAA80544–P63102 Rattus
norvegicus

Cytoplasm Protein
complex
binding

7/3%/402 ↑ 0.01

T1 Myelin basic
protein

AAB59712–P04370 Mus musculus Cytoplasm and
nucleus

structural
constituent of
myelin sheath

2/14%/91 ↑ 0.05

T2 Macrophage
migration
inhibitory
factor

AAA62644–P30904 Rattus
norvegicus

Cytoplasm and
nucleus

Cytokine 3/33%/115 ↑ 0.05

H1 Macrophage
migration
inhibitory
factor

AAA62644–P30904 Rattus
norvegicus

Cytoplasm and
nucleus

Cytokine 2/15%/112 ↑ 0.01

H2 0-Beta 2 globin CAA47877–Q62670 Rattus
norvegicus

Cytoplasm Heme binding 3/23%/180 ↓ 0.05

S MS an
s upreg
s

s
s
d
h

F
a
m

pot numbers correspond to 2D gels in Figs. 1–3. Proteins were identified by MS/
tatistical confidence criteria according to MASCOT and BLAST scoring schemes. ↑:
earch engine. PM: peptides matched and SC: sequence coverage.
The delta subunit of ATP synthase that was identified from the
pot Cx1 in the parietal cortex, is a part of the F1 complex of the ATP
ynthase. ATP synthase is an important enzyme in the mitochon-
rial electron transport chain. It catalyses the production of ATP,
ydrolyzes ATP to ADP and to inorganic phosphate, and controls

ig. 2. Two-dimensional gel electrophoresis patterns of thalamic tissues of control (A) an
rrows in the figures. Magnified images represent the regions defined in the rectangula
acrophage migration inhibitory factor, respectively, by nano LC–ESI-MS/MS analysis.
alysis and MASCOT search of MS/MS spectra with BLAST. All identifications met
ulated and ↓: downregulated. Subcellular localization is predicted by WoLF-PSORT
the proton gradient across the mitochondrial membrane. The delta
subunit of ATP synthase exhibits hydrogen ion transmembrane
transporter activity and is a part of the catalytic core of the ATPase
complex [58]. Several subunits of the ATP synthase F1 complex are
related directly or indirectly to a number of diseases. Examples are:

d GAERS (B) groups. Up-regulated spots in the GAERS are shown as T1 and T2 with
r boxes of each gel. Spots T1 and T2 were identified as myelin basic protein and
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Nav1.6 in the somatosensory cortex [27] and hyperpolarization-
activated cation (HCN1) channel expression [40]. The increased ion
channel expression may result in increased expression of 14-3-3 in
the parietal cortex of genetic absence epilepsy rats. An induction
ig. 3. Two-dimensional gel electrophoresis patterns of hippocampus tissues of con
ith arrows in the figures. H1 is found to be up-regulated in GAERS while H2 is dow

ach gel. Spots H1 and H2 were identified as macrophage migration inhibitory facto

euro-degenerative diseases such as Leigh’s disease [11], Batten’s
isease [45] and Alzheimer‘s disease [53]. As the subunit delta con-
ists of part of an electrochemically driven rotor component that is
ssential for ATP synthesis within the F1 motor unit [25,20,59], it
ay be concluded that phosphorylation of the delta subunit may

overn the rate of rotor rotation [28]. In the present study, the delta
ubunit of ATP synthase was found to be upregulated in the pari-
tal cortex of GAERS. Upregulation in the expression of the delta
ubunit of ATP synthase indicates an increase in ATP synthesis that
orrelates with increased cellular activity in the parietal cortex [22].
arietal cortex has been shown to be responsible for the initiation
f spike-and-wave discharges [36,48] and shows increased basal
evels of metabolic activity in GAERS [38,39,16]. Spike-and-wave
ctivity in this region was associated with higher neuronal activity
40]. These findings, in parallel with the increased ATP synthesis,
hus can be related to the increased level of the delta subunit of ATP
ynthase.

The other spot, Cx2, 14-3-3 zeta isoform (Cx2) identified in the
arietal cortex is predicted to be a cytoplasmic protein by WoLF
SORT. This zeta isoform is a member of 14-3-3 protein family,
hich is a highly conserved eukaryotic protein, and has seven iso-

orms in mammals. Five of these isoforms (�, �, �, �, and �) have

he highest expression level in the brain and are largely neuronal
1,21]. In recent years an increasing number of papers reporting
ossible physiological functions of 14-3-3 in mammalian tissues
ave been published, including protein trafficking, ion channel and
ynaptic function, cell cycle control, apoptosis, cancer, schizophre-
) and GAERS (B) groups. Differentiated spots in the GAERS are shown as H1 and H2
ulated. Magnified images represent the regions defined in the rectangular boxes of
0-beta 2 globin, respectively, by nano LC–ESI-MS/MS analysis.

nia and neurodegenerative diseases [21,60,32,4]. Both Niu et al. [43]
and Benzing et al. [3] showed that 14-3-3 controls the function of
protein ‘regulator of G protein signalling’. Further, Rajan et al. [49]
showed that 14-3-3 has a crucial role in the membrane localization
of ion channels. In line with these finding, earlier studies in genetic
rat models of absence epilepsy showed upregulation of several
ion channels, including voltage-gated sodium channels Nav1.1 and
Fig. 4. The fold change of differentiated spots in parietal cortex (Cx1: subunit delta
of ATP synthase; Cx2: 14-3-3 zeta isoform), in thalamus (T1: myelin basic protein;
T2: macrophage migration inhibitory factor) and hippocampus (H1: macrophage
migration inhibitory factor; H2: 0-beta 2 globulin).
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ig. 5. 2D Gel electrophoresis and Western-blotting of parietal cortex and thalamu

f matrix metalloprotease-9 in the WAG/Rij model has also been
emonstrated [55].

Thalamic tissues of the GAERS group revealed elevated myelin
asic protein (spot T1) levels, the main components of the myelin
embrane [44]. Myelin basic protein is responsible for adhesion

o the cytosolic surfaces of multilayered compact myelin and is
resent in the cytosol on non-compacted regions of myelin [5].
urther, myelin basic protein is a transcriptional activator in the
ucleus [13], functioning in cell signalling [18]. Martins-de-Souza
t al. have been found that myelin basic protein is upregulated in
ostmortem mediodorsal thalamus tissues [33]. Recently Kim et al.
26] have shown that myelin basic protein interacts directly with
he large conductance Ca2+-activated K+ (BKCa) channel in vivo and
hat calmodulin (CaM) interacts with it indirectly via myelin basic
rotein. BKCa channels are sensors for membrane voltage and intra-
ellular Ca2+ that link cell excitability, signalling and metabolism.
he gain of function in the BKCa channel was linked with gener-
lized epilepsy with paroxysmal dyskinesia [15], suggesting that
ncreased Ca2+ sensitivity led to a greater potassium conductance
o that enhancement of inhibitory currents can switch neurons into
bursting mode as seen in absence epilepsy. Similarly, upregulation
f myelin basic protein in the thalamus of GAERS can play a role in
he hyperpolarization in the thalamic relay cells that are responsi-
le for the generation and maintenance of spike-and-wave activity.
yperpolarization of thalamo-cortical neurons and a subsequent

ebound low-threshold Ca2+ spike are involved in the spike-and-
ave oscillatory activity and physiopathology of absence epilepsy

35].
We found that the macrophage migration inhibitory factor

spots H1 and T2) is upregulated in both hippocampal and thala-
ic regions of GAERS relative to controls. The migration inhibitory

actor is universally expressed in immune and nonimmune tis-
ues and has extensive actions in the immune, endocrine, and
ervous systems [2,42]. In the nervous system it was shown that

t is constitutively expressed in neurons in the hippocampus,
ortex, hypothalamus and pons [2] playing a role in the modula-
ion of nitric oxide and prostaglandin production, catecholamine

etabolism, regulation of neuronal sensitivity to glucocorticoids
19] and increases in neuronal delayed rectifier K+ currents [34].

igration inhibitory factor, as a proinflammatory cytokine, plays

pivotal regulatory role in the immune response and is impli-

ated in the pathogenesis of many acute and chronic inflammatory
iseases such as sepsis, acute respiratory stress syndrome, multi-
le sclerosis, neuro-Behcet’s disease, and romatoid arthritis [9,14].

nvolvement of inflammation and inflammatory cytokines in the
ions showing immunoreactive spots of 14-3-3 zeta and myelin basic protein.

generation of spike-and-wave discharges has been shown by
Kovacs et al. [29]. In that study, injection of lipopolysaccharide,
which activates inflammatory mediators in the brain, increases the
number of spike-and-wave discharges in genetic absence epilepsy
rats.

The other protein identified in the hippocampus, H2, was 0-beta
globulin, a part of the beta-chain of the hemoglobin protein [52].
Expressions of alpha- and beta-hemoglobin proteins have been
shown in neuronal tissue in rodents as well as in humans. They
are suggested to be related to the oxygenation of the tissues and
to oxidative stress in neurons [50,54]. In the present study 0-beta
globulin was found to be down-regulated in GAERS. Interestingly,
H-ferritin mRNA, which has been shown to suppress beta-globulin
gene expression in the brain [8], has been found to be up-regulated
in the hippocampus of GAERS [30]. This up-regulation of H-ferritin
mRNA may have resulted in decreased expression of 0-beta glob-
ulin in the hippocampus. However, the functional consequence of
these findings needs further research.

5. Conclusions

This study showed changes in the intracellular protein expres-
sion by proteomics techniques 2-DE combined with MS in GAERS
relative to non-epileptic control rats. The changes at the level of ion
channels and receptors are thought to play a principal role in the
generation of spike-and-wave activity and intracellular proteins
are not primarily responsible for the altered neuronal excitability
during seizures. Nevertheless, there are significant experimental
data suggesting these soluble proteins play an essential role in the
generation of energy (delta subunit of ATP synthase), ion channel
localization and signal transduction (14-3-3 zeta), inflammatory
processes (macrophage inhibitory factor), membrane K+ conduc-
tance (myelin basic protein, 0-beta globulin) that are important
in neuronal function and excitability. Yet, the definite function of
these proteins and their relation to the mechanisms of absence
epilepsy need to be investigated in future studies.
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tral stalk in bovine F1 ATPase at 2.4 Å resolution, Nat. Struct. Biol. 7 (2000)
1055–1061.

21] H. Hermeking, The 14-3-3 cancer connection, Nat. Rev. Cancer 3 (2003)
931–943.

22] HongF S, P.L. Pedersen, ATP synthase and the actions of inhibitors utilized to
study its roles in human health, disease, and other scientific areas, Microbiol.
Mol. Biol. Rev. 72 (2008) 590–641.

23] P. Horton, K.J. Park, T. Obayashi, N. Fujita, H. Harada, C.J. Adams-Collier, K.
Nakai, WoLFPSORT: protein localization predictor, Nucleic Acids Res. 35 (2007)
W585–W587.

24] R.Q. Hue, M.A. Cortez, H.Y. Man, Y.T. Wang, O.C. Snead, 3rd. Alteration of GLUR2
expression in the rat brain following absence seizures induced by gamma
hydroxybutyric acid, Epilepsy Res. 44 (2001) 41–51.
25] Y. Kato-Yamada, H. Noji, R. Yasuda, K. Kinosita Jr., M. Yoshida, Direct observa-
tion of the rotation of epsilon subunit in F1-ATPase, J. Biol. Chem. 273 (1998)
19375–19377.

26] H. Kim, S. Jo, H.J. Song, Z.Y. Park, C.S. Park, Myelin basic protein as a bind-
ing partner and calmodulin adaptor for the BKCa channel, Proteomics 7 (2007)
2591–2602.

[

lletin 84 (2011) 381–388 387

27] J.P. Klein, D.S. Khera, H. Nersesyan, E.Y. Kimchi, S.G. Waxman, H. Blumenfeld,
Dysregulation of sodium channel expression in cortical neurons in a rodent
model of absence epilepsy, Brain Res. 1000 (2004) 102–109.

28] Y.H. Ko, W. Pan, C. Inoue, V. Pedersen, Signal transduction to mitochondrial ATP
synthase: Evidence that PDGF-dependent phosphorylation of the d-subunit
occurs in several cell lines, involves tyrosine, and is modulated by lysophos-
phatidic acid, Mitochondrion 1 (2002) 339–348.

29] Z. Kovács, K.A. Kékesi, N. Szilágyi, I. Abrahám, D. Székács, N. Király, E. Papp, I.
Császár, E. Szego, K. Barabás, H. Péterfy, A. Erdei, T. Bártfai, G. Juhász, Facilita-
tion of spike-wave discharge activity by lipopolysaccharides in Wistar Albino
Glaxo/Rijswijk rats, Neuroscience 140 (2006) 731–742.

30] B. Lakaye, B. de Borman, A. Minet, L. Arckens, M. Vergnes, C. Marescaux, T. Grisar,
Increased expression of mRNA encoding ferritin heavy chain in brain structures
of a rat model of absence epilepsy, Exp. Neurol. 162 (1) (2000) 112–120.

31] P. Loiseau, B. Duchà, J.M. Pàdespan, Absence epilepsies, Epilepsia 36 (1995)
1182–1186.

32] D. Martins-de-Souza, D.N. Emmanuel, A. Schmitt, P. Falkai, P. Gormanns, G.
Maccarrone, C.W. Turck, W.F. Gattaz, Proteome analysis of schizophrenia brain
tissue, World J. Biol. Psychiatr. 11 (2010) 110–120.

33] D. Martins-de-Souza, G. Maccarrone, T. Wobrock, I. Zerr, P. Gormanns, S. Reck-
owa, P. Falkai, A. Schmitt, C.W. Turck, Proteome analysis of the thalamus and
cerebrospinal fluid reveals glycolysis dysfunction and potential biomarkers
candidates for schizophrenia, J. Psychiatr. Res. 44 (2010) 1176–1189.

34] T. Matsuura, C. Sun, L. Leng, A. Kapurniotu, J. Bernhagen, R. Bucala, A.E. Mar-
tynyuk, C. Sumners, Macrophage migration inhibitor factor increases neuronal
delayed rectifier K+ current, J. Neurophysiol. 95 (2006) 1042–1048.

35] D.A. McCormick, D. Contreras, On the cellular and network bases of epileptic
seizures, Ann. Rev. Physiol. 63 (2001) 815–846.

36] H.K. Meeren, J.P. Pijn, E.L. Van Luijtelaar, A.M. Coenen, F.H. Lopes da Silva, Cor-
tical focus drives widespread corticothalamic networks during spontaneous
absence seizures in rats, J. Neurosci. 22 (2002) 1480–1495.

37] J.E. Motelow, H. Blumenfeld, Functional neuroimaging of spike-wave seizures,
Methods Mol. Biol. 489 (2009) 189–209.

38] A. Nehlig, M. Vergnes, S. Boyet, C. Marescaux, Local cerebral glucose utilization
in adult and immature GAERS, Epilepsy Res. 32 (1998) 206–212.

39] A. Nehlig, M. Vergnes, S. Boyet, C. Marescaux, Metabolic activity is increased
in discrete brain regions before the occurrence of spike-and-wave discharges
in weanling rats with genetic absence epilepsy, Brain Res. Dev. Brain Res. 108
(1998) 69–75.

40] H. Nersesyan, P. Herman, E. Erdogan, F. Hyder, H. Blumenfeld, Relative changes
in cerebral blood flow and neuronal activity in local microdomains during
generalized seizures, J. Cereb. Blood Flow Metab. 24 (2004) 1057–1068.

41] V. Neuhoff, N. Arold, D. Taube, W. Ehrhardt, Improved staining of proteins in
polyacrylamide gels including isoelectric focusing gels with clear background
at nanogram sensitivity using Coomassie Brilliant Blue G-250 and R-250, Elec-
trophoresis 9 (1988) 255–262.

42] J. Nishihira, Macrophage migration inhibitory factor (MIF): its essential role
in the immune system and cell growth, J. Interferon Cytokine Res. 20 (2000)
751–762.

43] J. Niu, A. Scheschonka, K.M. Druey, A. Davis, E. Reed, V. Kolenko, R. Bodnar, T.
Voyno-Yasenetskaya, X. Du, J. Kehrl, N.O. Dulin, RGS3 interacts with 14-3-3 via
the N-terminal region distinct from the RGS (regulator of G-protein signalling)
domain, Biochem. J. 365 (2002) 677–684.

44] W.T. Norton, S.E. Poduslo, Myelination in rat brain: Method of myelin isolation,
J. Neurochem. 21 (1973) 749–757.

45] D.N. Palmer, I.M. Fearnley, J.E. Walker, N.A. Hall, B.D. Lake, L.S. Wolfe, M. Haltia,
R.D. Martinus, R.D. Jolly, Mitochondrial ATP synthase subunit c storage in the
ceroid-lipofuscinoses (Batten disease), Am. J. Med. Genet. 42 (1992) 561–567.

46] C.P. Panayiotopoulos, Typical absence seizures and their treatment, Arc. Dis.
Child. 81 (1999) 351–355.

47] J.L. Perez Velazquez, E.H. Bertram, O.C. Snead, Idiopathic generalized epilepsy,
in: S. Gilman (Ed.), Neurobiology of Disease, Elsevier Inc, Amsterdam, 2007, pp.
289–296.

48] P.O. Polack, I. Guillemain, E. Hu, C. Deransart, A. Depaulis, S. Charpier, Deep
layer somatosensory cortical neurons initiate spike-and-wave discharges in a
genetic model of absence seizures, J. Neurosci. 27 (2007) 6590–6599.

49] S. Rajan, R. Preisig-Müller, E. Wischmeyer, R. Nehring, P.J. Hanley, V. Renigunta,
B. Musset, G. Schlichthörl, C. Derst, A. Karschin, J. Daut, Interaction with 14-3-
3 proteins promotes functional expression of the potassium channels TASK-1
and TASK-3, J. Physiol. 545 (2002) 13–26.

50] F. Richter, B.H. Meurers, C. Zhu, V.P. Medvedeva, M.F. Chesselet, Neurons
express hemoglobin alpha- and beta-chains in rat and human brains, J. Comp.
Neurol. 515 (2009) 538–547.

51] M.J. Ryu, D. Kim, U.B. Kang, J. Kim, H.S. Shin, C. Lee, M.H. Yu, Proteomic analysis of
gamma-butyrolactone-treated mouse thalamus reveals dysregulated proteins
upon absence seizure, J. Neurochem. 102 (2007) 646–656.

52] H. Satoh, N. Inokuchi, Y. Nagae, T. Okazaki, Organization, structure, and evo-
lution of the nonadult rat beta-globin gene cluster, J. Mol. Evol. 49 (1999)
122–129.

53] H. Schagger, T.G. Ohm, Human diseases with defects in oxidative phosphoryla-

tion. 2. F1F0 ATP-synthase defects in Alzheimer disease revealed by blue native
polyacrylamide gel electrophoresis, Eur. J. Biochem. 227 (1995) 916–921.

54] D.W. Schelshorn, A. Schneider, W. Kuschinsky, D. Weber, C. Krüger, T.
Dittgen, H.F. Bürgers, F. Sabouri, N. Gassler, A. Bach, M.H. Maurer, Expres-
sion of hemoglobin in rodent neurons, J. Cereb. Blood Flow Metab. 29 (2009)
585–595.

http://dx.doi.org/10.1016/j.brainresbull.2011.02.002


3 rch B

[

[

[

[

89–100.
[59] M. Yoshida, E. Muneyuki, T. Hisabori, ATP synthase—A marvelous rotary engine
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