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Abstract

Balb/c GABAg( 1)’/ ~ mice develop complex epileptiform activity, including spontaneous and audiogenic generalized seizures, 6—8
weeks after birth. The neuronal systems involved in these epilepsies have not been identified yet. Because the hippocampus is critically
involved in epileptiform activity, we now investigated whether this brain region exhibits seizure-related alterations. Using semi-
quantitative immunohistochemistry, we studied the temporal and cellular hippocampal expression pattern of two seizure-sensitive
calcium-binding proteins, calbindin-D-28k and calretinin, in GABAB(I)#* mice. One month after birth, before the onset of overt
epileptiform activity, wild-type (WT) and GABAB(I)#* mice exhibit comparable expression profiles for the two calcium-binding
proteins. Three months after birth, once the epileptic phenotype is established, we observe clear alterations in the expression of calcium-
binding proteins in the dentate gyrus area. GABAp( 1)7/7 mice exhibit a 50% decline in the staining intensity of calbindin-D-28k
expressing neurons and a 70% increase in the number of calretinin-positive neurons when compared to WT littermates. Six months after
birth, the down-regulation of calbindin-D-28k protein is even more pronounced, while the calretinin expression in GABAB(I)_/ ~ mice
reverts to the pattern seen in WT littermates. Our data demonstrate that the absence of functional GABAg receptors causes epileptiform
activity through a mechanism that crucially involves dentate gyrus granule cells, and that this pathological activity is accompanied by

adaptive changes.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

v-Aminobutyric acid (GABA), the predominant inhibi-
tory neurotransmitter in the mammalian central nervous
system, signals through ionotropic GABA, and metabo-
tropic GABAg receptors. GABAGg receptors are coupled to
G-proteins and modulate synaptic transmission by control-
ling neurotransmitter release and by causing postsynaptic
hyperpolarization [1,2]. It is well known that an imbalance
of excitatory to inhibitory synaptic transmission can cause
epileptic seizures. In fact, many anti-convulsant drugs
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exert their therapeutic effect by enhancing GABAergic
inhibition through a direct modulation of GABA metabo-
lism or GABA, receptor function. Whether compounds
that target GABAg receptors could be used to treat epilepsy
is far from clear because of the paradoxical findings that
GABAj agonists and antagonists can be both pro- and anti-
convulsant, depending on the experimental model [3—8]. It
was therefore interesting to examine whether a constitutive
genetic loss of GABAg receptors would produce an epi-
leptic phenotype. GABAB(U*/* and GABABQ)*/ ~ mice
were produced in a number of laboratories [9-12]. Because
GABAg receptors are formed through the co-assembly of
GABAg(;) with GABAg ) subunits, all these mice essen-
tially exhibit a complete lack of functional GABAg recep-
tors, which consistently produces epileptiform activity.
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C57BI6 or C57B16/129Sv GABAg;, '~ mice die within
3—4 weeks after birth, presumably due to the strong
penetrance of seizure activity. Balb/c GABAg, '~ and
GABAg(, '~ mice are viable but suffer from spontaneous
epileptic seizures that become apparent 6-8 weeks after
birth [9,10]. It was shown that adult Balb/c GABAg, 1)_/_
mice display a complex epileptic phenotype, characterized
by frequent spontaneous clonic seizures and sporadic
tonic-clonic and absence-type seizures [9]. Besides,
GABAB(I)#* mice are very susceptible to audiogenic
stimulation, which reliably precipitates tonic-clonic con-
vulsions.

In order to address how the lack of GABAg receptors
produces an epileptic phenotype in GABAB(I)_/ ~ mice, it
is important to identify the brain regions and neuronal
systems that are involved in seizure activity. Hippocampus
and amygdala are two key structures implicated in con-
vulsive generalized and temporal lobe seizures [13,14].
The prevalent seizures observed in GABAg;,”’~ mice are
therefore likely to involve limbic structures. Calbindin-D-
28k (CB) and calretinin (CR) are two calcium-binding
proteins that are often found to be up- or down-regulated in
epilepsy. Intracellular Ca®* plays a critical role in the
generation and the establishment of epilepsy in the hippo-
campus [15] and therefore the expression of Ca®*-binding
proteins is frequently changed as a result of epileptic
activity. In the hippocampus, CR and CB are predomi-
nantly expressed in subsets of interneurons and principal
cells [16-18]. In order to know whether the epileptiform
activity in GABAg;, '~ mice is associated with changes in
the expression of known seizure-sensitive proteins in lim-
bic structures, we analyzed the spatial expression pattern of
CB and CR in the hippocampus of GABAB(I)_/ ~ mice
before and after the onset of apparent epileptiform activity.

2. Materials and methods
2.1. Animals

All experiments conformed to Swiss legal requirements.
Mice were killed at the age of 1 month (before the onset of
overt seizures), 3 months (after the onset of seizures) and 6
months (advanced stage of epilepsy). All experimental
mice were derived from breedings of Balb/c GABAg;,"~
mice [9]. Four pairs of knock-out and wild-type (WT)
littermates were used for each stage analyzed.

2.2. Tissue preparation

The mice were anesthetized with isoflurane and then
decapitated. The brains were immediately removed and
fixed for 3 days at 4 °C by immersion into 4% freshly
depolymerized paraformaldehyde in 0.1 M phosphate buf-
fer (pH 7.4). Coronal 50 pm thick sections were cut using a
vibroslicer (DTK-zero 1, DSK, Kyoto, Japan). The sec-

tions were collected in 0.02 M phosphate-buffered saline
(PBS, pH 7.4) and stored at 4 °C.

2.3. Immunohistochemistry for calcium-binding proteins

The free-floating sections were rinsed for 30 min in
0.02 M PBS containing 2% H,0O, at room temperature.
The sections were washed for 1 h in 0.02 M PBS contain-
ing 1% bovine serum albumin (BSA; Sigma, St. Louis,
USA) and 0.1% Triton X-100, followed by incubation
overnight at 4 °C with rabbit anti-calbindin (1:2000;
Swant, Bellinzona, Switzerland) or rabbit anti-calretinin
(1:2000; Swant) antibodies in PBS/BSA/Triton. The sec-
tions were rinsed twice for 15 min in PBS/BSA/Triton and
once for 15 min in PBS. Detection of bound primary
antibody was via the avidin—biotin complex system (Vector
Laboratories, Burlingame, CA, UK). Briefly, the sections
were first incubated for 2 h at room temperature with a
biotinylated anti-rabbit antibody (1:400 in PBS), followed
by a I h incubation with peroxidase-labeled avidin—biotin
complex (1:100 avidin and 1:100 biotin). After several
washes with PBS, the sections were stained with 0.05%
3,3’-diaminobenzidine (DAB; Sigma) in 0.05 M Tris pH
7.5 and 0.006% H,O,. The sections were finally slide-
mounted and coverslipped for observation under a light
microscope. Experiments without primary or secondary
antibodies were performed as a control. A set of sections
was stained with toluidine blue to compare the cytoarch-
itectonic organization of the hippocampus in WT and
GABAg(, ™ mice.

2.4. Quantification and statistical analysis

Ten hippocampal sections per animal were examined
through a Leica Dialux 20 transmission light microscope
and pictures were captured with a color 3-CCD video
camera (JVC KY-F55B). The images were digitalized
under identical conditions (transmission light, camera
voltage). Semi-quantification of CB- and CR-immunos-
taining intensity was performed in the CA1/2, CA3 and
dentate gyrus regions using the Scion imaging software
(Scion Corporation, Frederick, MD, USA). CR-immuno-
positive cells were counted manually in the left and right
hemispheres of the dentate gyrus under the microscope.
Results for WT and GABAg(;,”’~ mice were represented
as percentage of WT £+ S.E.M., compared by one-way
ANOVA followed by a Scheffé’s test. Changes were
considered significant if P < 0.05.

3. Results

At all ages analyzed, we do not observe obvious mor-
phological differences between the hippocampi of
GABAg;,”’~ mice and WT littermates, using toluidine
blue staining (Fig. 1).
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Fig. 1. Toluidine blue staining of coronal sections through the hippocampus of wild-type (WT) (A, C, E) and GABAB(I)_/ “mice (B,D,F)at1 (A, B),3(C,D)

or 6 (E, F) months of age. The cytoarchitecture of the hippocampus is identical in wild-type and GABAB(D*/’

3.1. Calbindin-D-28k expression is down-regulated in the
dentate gyrus of GABAg.;)~" mice

The CB expression pattern in the hippocampal forma-
tion of WT mice (Fig. 2A-E) agrees well with that
described earlier [16,19,20]. We observe a marked differ-
ential distribution of CB-immunostaining between the
dentate gyrus, CA3 and CA1/2 regions. In the dentate
gyrus, CB-immunoreactivity localizes to the cell bodies
and dendrites of granule cells, as well as to the mossy
fibers projecting to the CA3 area. No immunoreactive cells
are seen in the CA3 pyramidal cell layer. A few intensely
stained cells are observed in the stratum radiatum/lacu-
nosum region of the CA3 area, most likely corresponding
to interneurons. In the CA1/2 area, CB-immunostaining is
present mainly in the pyramidal cell bodies and some
scattered interneurons (arrow in Fig. 2A), as well as in the
Schaffer collaterals. While 1-month-old GABAg, "~
mice exhibit a similar CB-staining pattern and intensity
as WT mice throughout the hippocampus (Fig. 2A and B),

mice at all ages analyzed. Scale bar = 400 pwm.

GABAg(;,”’~ mice of 3 and 6 months of age exhibit a
significant decrease of the CB-staining intensity in specific
areas of the hippocampal formation, following a spatio-
temporal pattern (Fig. 2C—F). Concomitant with the devel-
opment of epileptic seizures, GABAB(D_/_ mice exhibit a
significant decrease of the CB-staining intensity in dentate
gyrus granule cells (Fig. 2C-F). The decrease in staining
intensity is approximately 50% (P < 0.001) and 70% (P <
0.001) at 3 and 6 months of age, respectively (Table 1). In
3-month-old GABAg;,”’~ mice, the reduced expression
of CB in the granule cell bodies does not result in a decline
in the intensity of CB-immunoreactivity in the mossy
fibers (Fig. 2C and D). However, in 6-month-old
GABAB(lf/ ~ mice, a drastic 80% (P < 0.0005) decline
in the intensity of CB-immunoreactivity is seen in the
mossy fibers compared to WT mice (Fig. 2E and F; Table
1). At all ages analyzed, no significant difference in CB-
immunoreactivity is observed in the CA1/2 area of
GABAg(;, '~ mice as compared to WT littermate mice
(Fig. 2A-F).
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Fig. 2. CB-immunoreactivity in coronal sections through the hippocampus of WT (A, C, E) and GABAB(I)’/ “mice (B,D,F)at1 (A, B),3(C,D)or6 (E, F)
months of age. While the pattern of CB-immunoreactivity is not altered in 1-month-old GABAB(I)*’ ~ mice, we observe a decline in CB staining intensity in the

dentate gyrus of 3-month-old GABAg;,”’

~ vs. WT mice (arrow in D). In 6-month-old animals, this decrease in CB-immunoreactivity is also seen in the mossy

fibers and is accentuated in the dentate gyrus (arrows in F). DG, dentate gyrus; MF, mossy fibers. Scale bar = 400 wm.

3.2. GABAg;)”"~ mice exhibit a transient increase in
calretinin-positive neurons

The immunohistochemical CR-staining pattern that we

observe in the dentate gyrus of WT mice agrees well with
earlier data [21,22]. In WT mice, we detect CR-immunor-

Table 1

eactivity in a few faintly stained infragranular granule cells
(at the interface of the hilus; arrow in Fig. 3A), as well as in
few scattered interneurons (arrowhead in Fig. 3A). In
addition, hilar mossy cells are weakly immunoreactive
for CR while their projections to the inner molecular layer
(IML) are strongly stained (Fig. 3A). No difference in

Semi-quantitative analysis of changes in the staining intensity of calbindin-D-28k and in the number of calretinin-immunopositive neurons in the hippocampus

of WT and GABAg;, ™ mice

Marker Area 1 month 3 months 6 months
WT KO WT KO WT KO
CB DG 100 + 10 123 + 13 100 + 7 51+ 117 100 + 18 31 £ 9™
MF 100 + 8 103 + 8 100 + 7 93 + 11 100 + 16 16 + 3™
CAL/2 100 + 14 117 £ 19 100 + 13 81+ 9 100 + 11 89 + 14
CR DG 100 + 10 98 +5 100 + 5 170 + 30 100 + 10 101 +5

CB, calbindin; CR, calretinin; MF, mossy fibers. The data are represented as mean percentage (+S.E.M.) of the WT value.
* P < 0.05 as compared with the WT value using a one-way ANOVA followed by a Scheffé’s test.
** P < 0.001 as compared with the WT value using a one-way ANOVA followed by a Scheffé’s test.
" P < 0.0005 as compared with the WT value using a one-way ANOVA followed by a Scheffé’s test.
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Fig. 3. CR-immunoreactivity in coronal sections through the dentate gyrus of WT (A, C, E) and GABAB(I)_’ “mice (B,D,F)at1(A,B),3(C,D)or6 (E, F)
months of age. GABAB(I)" " mice exhibit a transient increase in the number of CR-positive neurons in the subgranular zone of the dentate gyrus at the age of 3
months (arrow in D). GL, granule cell layer; H, hilus; IML, inner molecular layer; ML, molecular layer. Scale bar = 300 pwm.

CR-immunoreactivity is observed between 1-month-old
GABAg(;,’~ mice and WT littermates (Fig. 3A and B).
However, in 3-month-old mice, a transient 70% increase in
the number of immunoreactive infragranular neurons is
seen in GABAB(D*/ ~ versus WT mice (P < 0.05; Fig. 3C
and D; Table 1). These neurons are strongly immunoreac-
tive and exhibit an intensely stained dendritic arborisation.
In 6-month-old GABAg(;, '~ mice the pattern of CR-
immunoreactivity reverts to the one seen in WT mice with
the presence of rare CR-immunopositive neurons in the
infragranular zone of the dentate gyrus (Fig. 3E and F).

4. Discussion

In this study we use two known seizure-sensitive cal-
cium-binding proteins, CB and CR, to identify neuronal
populations that are involved in the generation and/or
progression of seizure activity in GABAB(D*/ ~ mice.

Our results indicate that the hippocampal formation, in
particular the dentate gyrus, exhibits changes concomitant
with the development of seizure activity.

4.1. Relation to GABAp receptor expression

Our results demonstrate that the dentate gyrus of
GABAg(;,”’~ mice exhibits changes in the expression
pattern of calcium-binding proteins, and that these altera-
tions take place with or shortly after the onset of epileptic
seizure activity. The granule cells of the dentate gyrus are
ideally located for initiating and spreading of epileptic
seizures because their projections, the mossy fibers, repre-
sent the major input to the CA3 area. In the dentate gyrus,
GABAg receptors are mostly detected in the molecular
layer, which is contacted by the perforant pathway and
inhibitory dentate hilar cells. GABAgp receptors are
expressed to a lesser extent in the hilus and almost absent
in granule cell bodies. In addition, it has been shown that
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GABAG receptors are expressed presynaptically on mossy
fibers [23], where they restrict glutamate release from the
terminals. This is in line with experiments in brain slices of
C57BI6 GABAg(;, '~ mice where the lack of GABAg
receptors resulted in increased NMDA-dependent excit-
ability in the CA3 field [24]. Neither CB nor CR is
normally expressed in CA3 pyramidal cells. Therefore,
any seizure-related changes in CA3 neurons would have
gone undetected using CB and CR immunohistochemistry.

4.2. Calbindin-D-28k expression is down-regulated
in the dentate gyrus of GABAp; )_/ " mice

At 1 month of age, prior to the onset of apparent epileptic
seizures, the expression pattern of CB is unchanged in
GABAg,’ mice compared to WT littermates. However,
after 3 months CB-immunoreactivity is significantly
decreased in granule cells of the dentate gyrus, which is
followed by a delayed decrease in CB-immunoreactivity in
the mossy fibers in the CA3 area. A decrease in CB-
immunoreactivity in these brain regions has been reported
in other models of epilepsy as well as in patients that suffer
from mesial temporal lobe epilepsy [25-27]. Ca®* has been
shown to inhibit the transcription of the CB gene [28].
Therefore, the decrease in CB protein levels in the dentate
granule cells of GABAg;,”’~ mice may be attributed to an
increased Ca®* influx as a result of increased presynaptic
glutamate release and/or reduced postsynaptic inhibition.
However, Sonnenberg et al. have demonstrated that a
decrease in CB protein amounts is not necessarily corre-
lated with a decrease in CB mRNA, suggesting that the
translation and/or the degradation of CB are also regulated
during epilepsy [29]. This may be a reason why in
GABAB(lf/ ~ mice, the decline in CB contents is delayed
in the mossy fibers as compared with the granule cell layer.
The loss of CB in granule cells may, in turn, lead to a
protective inactivation of high-voltage activated L-type
Ca®* channels [30-33]. The fact that the decrease in CB
expression affects the dentate gyrus but not the CA1/2 fields
could be due to a differential control of Ca** homeostasis.
Indeed, it has been shown that epilepsy or ischemic insults
can result in higher increase of Ca®* influx in the dentate
granule cells than in CA1 pyramidal cells [34-37].

4.3. Calretinin expression is transiently up-regulated
in the dentate gyrus of GABAp, )_/_ mice

The absence of functional GABApg receptors in
GABAg(, ’~ mice leads to a transient but impressive
increase in the number of CR-positive neurons in the
subgranular layer of the dentate gyrus. Such an increase
has been observed in several animal models of epilepsy as
well as in patients suffering from temporal lobe epilepsy
[38]. The detection of CR in granule cells of the dentate
gyrus may reflect the presence of newly generated neurons
that are formed as a consequence of the epileptic seizures

[21,39-41]. Furthermore, the temporary expression of CR
in the dentate gyrus of GABAB(I)#* mice at the age of 3
months is in accordance with previous reports demonstrat-
ing that CR is a transient marker for maturing granule cells
in adult dentate gyrus [40]. After maturation, these newly
generated neurons integrate slowly into the hippocampal
circuitry [42], mature into functional neurons that exhibit
some of the morphological and electrophysiological prop-
erties of granule cells [43] and develop a strong afferent
input [44]. Besides, these CR-positive neurons could
become CB-positive after maturation [40,45]. The stimu-
lated hippocampal neurogenesis observed in a variety of
models for epilepsy is expected to reflect an adaptive
process to cell death, which particularly affects the granule
cell population [46,47]. However, the fact that we and
others [48-51] found no evidence for cell death in the
granule cell layer in parallel to epilepsy seizures does not
support this hypothesis.

In conclusion, our study identifies the dentate gyrus as a
likely structure to be involved in the generation and/or
maintenance of the seizure activity observed in Balb/c
GABAg;, '~ mice. However, it is reasonable to expect
that additional brain regions are involved in generating and
propagating of seizures in these mice.
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