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Abstract

This review focuses on a nhumber of laboratory tepes which can be used complementary to electro-
physiology in animal models of temporal lobe eilem order to assess the structural and molecbkses of
epileptic syndromes. Immunohistochemistry is useddentifying changes in certain molecules, reoeptand
neuron subpopulations. Advantages and drawbackisi®method are discussed, mentioning also thedtrons
of quantitative measurements. Thaminobutyric acid (GABA)ergic inhibitory interneurs control the excitab-
ility of cortical networks, therefore emphasis iseg to the methods used for identification of ¢heslls and the
expression of GABA receptor subtypes. The useaftit@tive real time polymerase chain reaction (RPPCR)
in studying GABA(A)-receptor subunit expressioprissented in detail. It is underlined the neceskitglevise
experiments where the behavioral and electrophggiohl modifications are studied in parallel wittmet
neuroanatomic, cellular and molecular changes imlesrto investigate the causal relationship betwden
altered morphological/laboratory parameters and thiaical symptoms.
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Rezumat

In acest referat sunt prezentate metode de labowce pot fi folosite in mod complementar elegtrof
ziologiei cu scopul studierii bazelor structuraiemoleculare ale sindroamelor epileptice utilizambdele expe-
rimentale pe animale ale epilepsiei de lob tempoh@unohistochimia este utilizapentru identificarea unor
modificiri moleculare, a unor receptori sau subpopiilde neuroni. Sunt prezentate avantajglédezavantajele
acestei metode, mgonandsi limitele misuratorilor cantitative. Interneuronii inhibitori GABAgici (y-amino-
butyric acid) controleaz excitabilitatea reelelor corticale. Din acest motiv, s-a pus acceatnpetodele folosite
pentru identificarea acestor celujea expresiei subtipurilor de receptori pentru GABZste prezentata detaliat
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utilizarea reagiei de polimerizare in lancantitativz Tn timp real (RT-QPCR) pentru studierea expresidiuni-
tatilor receptorilor GABA(A). Este subliniatnecesitatea introducerii unor experimente in caredificirile

electrofiziologicesi de comportament sunt studiate in paralel cu sthinte neuroanatomice, celularg mole-
culare, cu scopul investigii relasiilor cauzale dintre parametrii morfologici sau daborator si simptomatolo-

gia clinica.

Cuvinte cheieimunohistochimie, reae de polimerizare in lanepilepsie, modele pe animale

Epileptic syndromes are one of the
most frequent neurological diseases affecting
0.5-3% of the globe’s population. The number
of people affected indirectly by this disease (i.e.
family members, etc) is actually much higher.
(1) Although usually the disease is not lethal

may be only a consequence of abnormal activ-
ity. In order to understand the mechanisms in-
volved, it is necessary to study the time course
of such changes. Experiments that could ad-
dress the causal relation between structure and
function are difficult (or impossible) to carry

the loss of consciousness can lead do dangerous out in human patients. Only animal models can

situations (i.e. when driving, etc). Almost indif-
ferently of the type of epilepsy the disease will
lead to psychopathological complications (hipo-
sexuality, memory loss, depression) as well as
the stigmatization of the patients.(2) Thus epi-
lepsy causes an important socio-economic bur-
den as well as affects the quality of life for both
patients and relatives.

Epileptic seizures are caused by an ar-
ray of complex neurochemical, pathophysiolo-
gical and anatomical alterations of the brain;
therefore epilepsy cannot be considered and
treated as a homogenous disease. That's why
both in fundamental research as well as the
clinical practice instead ,epilepsy” is better to
use ,epileptic syndromes”. By this term we
refer to a series of diseases different from many
points of view but sharing two criteria: (1) the
presence of epileptic modifications on electro-
encephalographic recordings and (2) the recur-
rence of fairly similar clinical symptoms, which
start and end abruptly — called convulsions or
ictus. At the very foundation of these symptoms
lies the hyperexcitability of a population of
neurons with transient abnormally synchronized
activity.

Cellular and molecular changes in cer-
tain neurons and glial cells have been proposed
as determinants for the development of spon-
taneous seizures. A morphologic change found
in association with an epileptic syndrome may
be causally related to the abnormal discharge or

assess the causal relationship between structural
abnormalities and epileptogenesis.(3)

This review focuses on a number of
laboratory techniques which can be used com-
plementary to electrophysiology in animal mod-
els of temporal lobe epilepsy (TLE) in order to
assess the structural bases of epileptic syn-
dromes.

In rodents, large dosages of pilo-
carpine(4) or kainic acid(5) introduced system-
ically or intracerebrally induce severe acute
seizures with subsequent status epilepticus,
which is followed by a quiescent period of usu-
ally several weeks. This latent period is fol-
lowed by the development of spontaneous re-
current seizures. An other induction method is
kindling, whereby repetitive, focal application
of initially subconvulsive electrical stimulation
ultimately results in intense partial and general-
ized convulsive seizures.(6)

Neuronal cell loss is one of the most
frequently described modification in human
TLE.(7) Nissl staining (e.g. with cresyl violet)
offers a detailed qualitative overview of light
microscopic features of the brain tissue.
However, because Nissl staining is not specific
to cell types, quantitative counts of neurons or
glial cells are better carried out on tissue that
has been processed for a cell specific marker
(e.g. NeuN immunohistochemistry for neurons,
glial fibrillary acidic protein (GFAP) for glia
and glutamic acid decarboxylase (GAD) for in-
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hibitory y-aminobutyric acid (GABA)ergic in-
terneurons.

The most obvious modifications are the
cell death in hilus, CA3 and CA1 pyramidal
layer of hippocampus and sprouting of mossy
fibers in the dentate gyrus of epileptic hippo-
campi.(8) In the cortex principal cells are inter-
mingled with inhibitory interneurons, therefore
the information regarding the cell loss does not
indicate whether all cell types are affected or
just a certain type of cell. .Interneurons control
the excitability of principal cell networks. In the
kainate model of epilepsy it has been shown
that the GABAergic interneurons are relatively
resistant to excitotoxic damage.(9) Inhibitory
interneurons, however, do not form a homogen-
ous population. Some studies show that subpop-
ulations of GABAergic interneurons are select-
ively lost following prolonged seizures or status
epilepticus.(10) Interneurons differ in their
morphological, electrophysiological and neuro-
chemical features and these differences are
functionally relevant. Identifying classes and
subclasses of interneurons is very difficult task
and a universally acceptable classification
scheme is just emerging.(11)

Immunohistochemistry have been par-
ticularly valuable in epilepsy research by identi-
fying changes in receptors, interneuron subpop-
ulations and certain molecules. Distinct popula-
tions of interneurons can be identified by im-
munostaining against two calcium binding pro-
teins, calbindin (CB) and parvalbumin (PV), the
neuropeptide somatostatine (SOM) and dfie
subunit of GABAA receptorsall-GABAAR).
Using these markers besides positive identifica-
tion of interneurons, the differentiation of the
most important interneuronal subpopulations
(basket, bistratified, axo-axonic cells) is pos-
sible. Calbindin immunoreactivity is observed
in interneurons that make synaptic connections
with a variety of cells, including smooth non-
pyramidal (GAD positive) neurons, and pyram-
idal and spiny non-pyramidal cells in the hippo-
campus and/or cortex. PV immunoreactive in-
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terneurons, in contrast, primarily innervate prin-
cipal cell soma and their axon initial segment.
(12) Especially in the CAl area SOM is ex-
pressed in bistratified cells co-expressing PV.
The 01-GABAAR is expressed both in PV ex-
pressing principal cells and interneurons in the
hippocampus with a strong immunoreactivity of
cell bodies and dendrites which probably rep-
resents extrasynaptic receptors contributing to
the strong tonic inhibition of hippocampal neur-
ons.(13)

Although immunohistochemical meth-
ods are very useful for identification of neuron-
al subpopulations and their expression of func-
tionally important molecules the results should
be interpreted with caution. Loss of staining for
a certain marker in a subpopulation of neurons
may not necessarily mean the loss of those
cells, because the cells may survive, but no
longer produce the protein of interest. Or they
can even make the protein, but its structure has
been modified, so that the antibody no longer
recognizes the epitope against it was produced.
Immunohistochemistry focusing entirely on cell
bodies may give negative results for proteins
that have exclusive dendritic or axonal localiza-
tion. Even if proteins are produced in the cell
body and are transported to the appropriate tar-
get sites, slow turnover and low somatic con-
centration may make the protein undetectable at
the cell body. These limitations can be partially
avoided using multiple antibodies that provide
complementary information.

When immunohistochemistry is used
for identification of neuron subpopulations, es-
pecially when rare cell types have to be marked,
relatively thick sections (60-8@m) must be
used. In this case the penetration of the reagents
in the depth of slices can be incomplete. In or-
der to overcome this, usually longer incubation
periods are used, the vials are put on rocking
table and the primary antibody is often left
overnight on specimens. Quantitative measure-
ments are difficult on immunostained speci-
mens due to the variable staining intensity seen
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with different primary antibody concentration
and exposure time, variable visibility associated
with choice of secondary antibody and several
uncontrolled factors (degree of fixation, sec-
tioning method, etc). Furthermore, sometimes it
is difficult to decide what level of staining
should be considered immunopositive. Subject-
ive determinations are acceptable in cases of
clear positivity-negativity dichotomy. Com-
puter programs can provide a more objective
basis for quantitative densitometric measure of
immunostained tissue.

In models of epilepsy not only cell
death is observed but also permanent changes in
excitatory and inhibitory transmission. It has
been suggested that hypersynchrony may arise
from altered inhibitory synaptic transmission
owing to inappropriate GABAA receptor ex-
pression.(14) On the other hand, in other studies
altered expression of GABAA receptor subunits
was proposed to be compensatory to interneur-
onal loss and not causative.(15) Differences in
GABAA receptor expression on interneurons
may have a significant impact on the control of
synchronous behavior and as such could be an
important pathophysiological mechanism for
seizure induction.(16)

In situ hybridization can clearly identi-
fy the cells which are making the mRNA for a
given protein but provides no information
where the protein is localized for appropriate
function. The results are easily quantifiable and
provide data regarding which cell are able to
make a certain protein and in what quantities. If
the cellular localization of the protein (and
MRNA) is not important for the given scientific
guestion, a more precise method, quantitative
real time polymerase chain reaction (RT-
QPCR) can be used.

Several experimental models of TLE
suggest that expression of GABAA receptors in
the hippocampus, amygdala and adjacent cor-
tical areas is abnormal. In genetically seizure-
prone rats an overexpressionod, a3 andab
subunits is observed, which normally predom-
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inate the immature brain. Conversely in seizure-
resistant strains the major subunit found in
adult, theal is overexpressed.(17) For an exact
comparison of MRNA transcription in different
samples it is crucial to choose the appropriate
reference gene. Endogenous controls can nor-
malize the expression levels of target genes by
correcting differences in the amount of cDNA
that is loaded into PCR reaction wells. The
ideal endogenous control must have a constant
RNA transcription level under different experi-
mental conditions, therefore usually con-
stitutively expressed housekeeping genes, or ri-
bosomal RNAs such as 18S are used. In experi-
ments using rats, the commercially available
pre-designed probe and primer sets for glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH),
an enzyme involved in the glycolytic pathway,
and beta actin (ACTB), component of the cyto-
skeleton are tempting choices. Although GAP-
DH and ACTB are commonly used as endogen-
ous controls, some studies suggest that they are
not appropriate for all experimental conditions.
(18)

It was demonstrated that GAPDH be-
sides being a glycolytic enzyme, it functions as
a kinase too, which is involved in the phos-
phorylation of the GABAA-receptoml-sub-
unit, a mechanism necessary to maintain normal
GABAergic neurotransmission.(19) This glyco-
lysis-dependent phosphorylation of the-sub-
unit was found to be deficient in human epilep-
togenic cortex obtained during curative surgery,
(20) therefore GAPDH seems to be an inappro-
priate control gene for RT-QPCR used in anim-
al models of epilepsy.

It was shown by immunoblot analysis
that in kainate-induced seizures the ACTB con-
tent of the postsynaptic terminals is decreased,;
(21) acute dendritic injury and actin depolymer-
ization was observed in vivo after status epi-
lepticus.(22) These results suggest that ACTB
expression may be affected by epileptogenesis,
so it is safer to avoid as endogenous control.

Synaptophysin has been shown to be
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stably expressed under conditions of status epi-
lepticus, (23, 24) therefore even if it is not avail
able as a pre-designed commercial kit, we con-
sider that synaptophysin is a more reliable en-
dogenous control.

As changes in GABAA-receptor sub-
unit expression plays an important role in the
etiology of TLE, it is important to clarify the in-
tracellular signalling pathways leading to these
modifications. For this purpose primary neuron-
al cell cultures can be used as a model system.
Signalling inhibitors and/or activators can be
applied and subsequent Western blot analysis
can be performed on the whole cell lysates.(25)
Using identically treated plates, cells can be
used for protein extraction and Western blot in
parallel with DNA/RNA extraction and PCR or
RT-QPCR.

Most of the presented laboratory meth-
ods provide a static picture of the mechanisms
involved, therefore they show a one-point-in-
time snapshot of the system of interest. In order
to investigate the causal relationship between
the altered morphological/laboratory parameters
and the clinical symptoms, it is necessary to de-
vise experiments where the behavioral and elec-
trophysiological modifications are studied in
parallel with the neuroanatomic, cellular and
molecular changes. In this sort of experiments
the analysis can be performed at several points
in time during epileptogenesis. Modifications
that appear before the animal reaches a given
stage of epileptogenesis can not be a con-
sequence of abnormal function of the system.

In future, a well designed kindling pro-
tocol (which assures a progressive development
of epileptic symptoms) combined with the
above presented immunohistochemical and mo-
lecular biological methods will be necessary to
investigate the pathologic modification causally
involved in epileptogenesis. The results of such
studies may open the way for developing truly
antiepileptic drugs instead of symptomatic anti-
convulsive ones.

23

Acknowledgements

This work was supported by grants
CNCSIS PNII/IDEI 1126/2007 and TD
553/2006.

References

1. DuaT, de Boer HM, Prilipko LL, Saxena S. Epi-
lepsy Care in the World: results of an
ILAE/IBE/WHO Global Campaign Against Epi-
lepsy survey. Epilepsia2006 Jul;47(7):1225-31.

2. Coelho T. The key to ending stigma. Epilepsy
Behav2006 Feb;8(1):3-4.

3. Wenzel HJ, Schwartzkroin PA. Morphologic ap-
proaches to the characterization of epilepsy models
In: Pitkdnen A, Schwartzkroin PA, Moshé SL, edit-
ors. Models of seizures and epilepsy: Elsevier200
p. 629-51.

4. Cavalheiro EA, Santos NF, Priel MR. The pilo-
carpine model of epilepsy in mice. Epilepsial996
Oct;37(10):1015-9.

5. Nadler JV. Kainic acid as a tool for the study of
temporal lobe epilepsy. Life sciences1981 Nov
16;29(20):2031-42.

6. Goddard GV. Development of epileptic seizures
through brain stimulation at low intensity.
Nature1967 Jun 3;214(5092):1020-1.

7. Houser CR. Neuronal loss and synaptic reorgan-
ization in temporal lobe epilepsy. Advances in neur
0logy1999;79:743-61.

8. Sutula T, He XX, Cavazos J, Scott G. Synaptic
reorganization in the hippocampus induced by ab-
normal functional activity. Science (New York,
NY1988 Mar 4,239(4844):1147-50.

9. Sloviter RS, Zappone CA, Harvey BD, Bu-
manglag AV, Bender RA, Frotscher M. "Dormant
basket cell" hypothesis revisited: relative vulidra
ities of dentate gyrus mossy cells and inhibitary i
terneurons after hippocampal status epilepticus in
the rat. The Journal of comparative neurology2003
Apr 21;459(1):44-76.

10. Buckmaster PS, Dudek FE. Neuron loss, gran-
ule cell axon reorganization, and functional change
in the dentate gyrus of epileptic kainate-treatsd.r
The Journal of comparative neurologyl997 Sep
1;385(3):385-404.

11. Ascoli GA, Alonso-Nanclares L, Anderson SA,



24

Barrionuevo G, Benavides-Piccione R, Burkhalter
A, et al. Petilla terminology: nomenclature of fea-
tures of GABAergic interneurons of the cerebralcor
tex. Nature reviews2008 Jul;9(7):557-68.

12. Somogyi P, Klausberger T. Defined types of
cortical interneurone structure space and spike tim
ing in the hippocampus. The Journal of
physiology2005 Jan 1;562(Pt 1):9-26.

13. Semyanov A, Walker MC, Kullmann DM.
GABA uptake regulates cortical excitability via Icel
type-specific tonic inhibition. Nature neuros-
cience2003 May;6(5):484-90.

14. Nusser Z, Hajos N, Somogyi P, Mody I. In-
creased number of synaptic GABA(A) receptors un-
derlies potentiation at hippocampal inhibitory syn-
apses. Nature1998;395(6698):172-7.

15. Bouilleret V, Loup F, Kiener T, Marescaux C,
Fritschy JM. Early loss of interneurons and delayed
subunit-specific changes in GABA(A)-receptor ex-
pression in a mouse model of mesial temporal lobe
epilepsy. Hippocampus2000;10(3):305-24.

16. Mcintyre DC, Hutcheon B, Schwabe K, Poulter
MO. Divergent GABA(A) receptor-mediated syn-
aptic transmission in genetically seizure-prone and
seizure-resistant rats. J Neurosci2002 Nov
15;22(22):9922-31.

17. Poulter MO, Brown LA, Tynan S, Willick G,
William R, Mcintyre DC. Differential expression of
alphal, alpha2, alpha3, and alpha5 GABAA receptor
subunits in seizure-prone and seizure-resistant rat
models of temporal lobe epilepsy. J Neurosci1l999
Jun 1;19(11):4654-61.

18. Radonic A, Thulke S, Mackay IM, Landt O,
Siegert W, Nitsche A. Guideline to reference gene
selection for quantitative real-time PCR. Biochemic
al and biophysical research communications2004
Jan 23;313(4):856-62.

19. Laschet JJ, Minier F, Kurcewicz |, Bureau MH,

Revista Roméanhde Medicii de Laborator Vol. 14, Nr. 1, Martie 2009

Trottier S, Jeanneteau F, et al. Glyceraldehyde-3-
phosphate dehydrogenase is a GABAA receptor
kinase linking glycolysis to neuronal inhibition. J
Neurosci2004 Sep 1;24(35):7614-22.

20. Laschet JJ, Kurcewicz |, Minier F, Trottier S,
Khallou-Laschet J, Louvel J, et al. Dysfunction of
GABAA receptor glycolysis-dependent modulation
in human partial epilepsy. Proceedings of the Na-
tional Academy of Sciences of the United States of
America2007 Feb 27;104(9):3472-7.

21. Wyneken U, Smalla KH, Marengo JJ, Soto D,
de la Cerda A, Tischmeyer W, et al. Kainate-induced
seizures alter protein composition and N-methyl-D-
aspartate receptor function of rat forebrain pastsy
aptic densities. Neuroscience2001;102(1):65-74.

22. Zeng LH, Xu L, Rensing NR, Sinatra PM,
Rothman SM, Wong M. Kainate seizures cause
acute dendritic injury and actin depolymerization i
vivo. J Neurosci2007 Oct 24;27(43):11604-13.

23. Mahata SK, Marksteiner J, Sperk G, Mahata
M, Gruber B, Fischer-Colbrie R, et al. Temporal
lobe epilepsy of the rat: differential expressidn o
mRNAs of chromogranin B, secretogranin Il, syn-
aptin/synaptophysin and p65 in subfield of the hip-
pocampus. Brain research1992 Nov;16(1-2):1-12.
24. Meguro R, Lu J, Gauvrilovici C, Poulter MO.
Static, transient and permanent organization of
GABA receptor expression in calbindin-positive in-
terneurons in response to amygdala kindled seizures
Journal of neurochemistry2004 Oct;91(1):144-54.
25. Roberts DS, Hu Y, Lund IV, Brooks-Kayal
AR, Russek SJ. Brain-derived neurotrophic factor
(BDNF)-induced synthesis of early growth response
factor 3 (Egr3) controls the levels of type A GABA
receptor alpha 4 subunits in hippocampal neurons.
The Journal of biological chemistry2006 Oct
6;281(40):29431-5.



