
HIPPOCAMPAL CELL PROLIFERATION AND EPILEPTOGENESIS
AFTER AUDIOGENIC KINDLING ARE NOT ACCOMPANIED BY MOSSY
FIBER SPROUTING OR FLUORO-JADE STAINING

R. N. ROMCY-PEREIRA AND N. GARCIA-CAIRASCO*

University of São Paulo, Ribeirão Preto School of Medicine, Avenue
Bandeirantes 3900, 14049-900 Ribeirão Preto, São Paulo, Brazil

Abstract—Repetitive sound-induced seizures, known as au-
diogenic kindling (AK), gradually induce the transference of
epileptic activity from brainstem to forebrain structures along
with behavioral changes. The aim of our work was to corre-
late the behavioral changes observed during the AK with
possible alterations in neuronal proliferation, cell death, hip-
pocampal mossy fiber sprouting and in the EEG pattern of
Wistar audiogenic rats, a genetically susceptible strain from
our laboratory.

Susceptible and non-susceptible animals were submitted
to repeated sound stimulations for 14–16 days and hip-
pocampal mitotic activity was studied through the incorpo-
ration of bromodeoxyuridine (BrdU). Cell death and mossy
fiber sprouting were assessed, respectively, by using Fluoro-
Jade and Timm staining, 2 and 32 days after the last kindling
stimulation. In addition, we used immunofluorescent double
labeling for a glial and a mitotic marker to evaluate newly
born cell identity. Some animals had hippocampus and
amygdala electrodes for EEG recordings.

Our results show that kindled animals with 6–11 general-
ized limbic seizures (class IV–V) had increased cell prolifer-
ation in the dentate gyrus when compared with animals with
zero or one to three seizures. BrdU-positive cells labeled on
day 2 and on day 32 were both GFAP negative. In the later
group, rounded and well-defined BrdU-positive/GFAP-nega-
tive nuclei were seen in different portions of the granule cell
layer. We did not observe any Fluoro-Jade or differential
Timm staining in kindled animals at both killing times. How-
ever, EEG recordings showed intense epileptic activity in the
hippocampus and amygdala of all animals with limbic
seizures.

Therefore, our data indicate that AK-induced limbic epi-
leptogenicity is able to increase the hippocampal mitotic rate,
even though it does not seem to promote neuronal death or
mossy fiber sprouting in the supragranular layer of the den-
tate gyrus. © 2003 IBRO. Published by Elsevier Science Ltd.
All rights reserved.
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Audiogenic seizures are generalized tonic-clonic convul-
sions induced by high-intensity sound stimulation that can
be elicited in genetically susceptible animals, such as the
Wistar audiogenic rat (WAR) strain maintained in our lab-
oratory (Doretto et al., 2003). These seizures are gener-
ated in brainstem nuclei (Kesner, 1966; Garcia-Cairasco,
2002) and when chronically evoked, promote the appear-
ance of limbic behaviors, which are associated to forebrain
neuronal activation of the cortex, amygdala and hippocam-
pus (Marescaux et al., 1987; Naritoku et al., 1992; Simler
et al., 1999; Moraes et al., 2000).

Recent data have shown that the appearance of limbic
behaviors during this forebrain recruitment depends on the
amygdala activation and that audiogenic kindling (AK) po-
tentiates a subsequent hippocampal or amygdalar electri-
cal kindling (Hirsh et al., 1994, 1997). It indicates the
occurrence of an indirect sensitization of the hippocampus
and amygdala by the repeated sound stimulations. Elec-
troencephalogram (EEG) studies have also demonstrated
the transference of paroxysmal discharges from the infe-
rior colliculus and then to cortex and amygdala (Moraes et
al., 2000), as well as a progressive nuclear labeling of
c-Fos protein in mesencephalic, diencephalic and telence-
phalic nuclei at different AK stages (Simler et al., 1994,
1999; Clough et al., 1997). In this case, c-Fos labeling was
first observed occurring in the amygdala and then, in the
hippocampus during kindling.

Despite several reports on the cellular responses in-
duced by kainate (Ben-Ari, 1985), pilocarpine (Covolan
and Mello, 2000) and amygdala kindled seizures (Sutula,
1991), very few studies have been done concerning the
plastic changes following AK. In one of these studies,
Garcia-Cairasco et al. (1996) showed that audiogenic kin-
dled animals had a more intense Timm staining (specific
for glutamatergic terminals containing zinc) in the basolat-
eral amygdala, perirhinal and piriform cortices, but not in
the hippocampus, when compared with non-seizing,
sound-stimulated animals. It indicated that repeated audio-
genic seizures could induce synaptic changes in certain
limbic areas involved in the development of the character-
istic myoclonus and rearing behaviors observed during the
AK. Furthermore, extracellular unit recordings in the cen-
tral nucleus of the inferior colliculus and medial geniculate
body showed an increased number of acoustically evoked
action potentials after AK (N'Gouemo and Faingold, 1996,
1997), suggesting a kindling-induced sensitization of this
midbrain–forebrain pathway, perhaps related to the onset
of limbic seizures. Finally, preliminary results have also
suggested that AK is able to induce an increase of cell
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proliferation in the hippocampus of rats undergoing limbic
seizures (Pereira and Garcia-Cairasco, 2000), as ob-
served in the granule cell layer (GCL) of the dentate gyrus
(DG) in different epilepsy models (Bengzon et al., 1997;
Parent et al., 1997, 1998; Scott et al., 2000).

In order to get a more integrated analysis of the AK
process, our work focused on the evaluation of hippocam-
pal-cell proliferation, neuronal degeneration and mossy
fiber sprouting responses following different patterns of AK
seizures in susceptible animals. Electroencephalographic
monitoring was used to correlate the above-mentioned
morphological changes with neuronal excitability following
recruitment of the forebrain.

EXPERIMENTAL PROCEDURES

Animals

A total of 12 Wistar (non-susceptible, R) male rats and 47 adult
male WARs (5–9 months old) were used in the following experi-
ments. WARs were derived from the Wistar strain of albino rats by
brother–sister matings and have been selected for audiogenic
seizure sensitivity along 27 generations (Doretto et al., 2003). The
animals were provided by the main breeding stock of the Ribeirão
Preto School of Medicine and by the Vivarium of the Physiology
Department. All experimental procedures were performed accord-
ing to the Brazilian Society for Neuroscience and Behavior Reg-
ulations for Animal Experimentation and all efforts were made in
order to minimize animal suffering.

Experiment 1

In this experiment, we used 16 adult male WARs kept four/cage at
24 °C in a 12-h light/dark cycle (lights on at 0700 h) with free
access to food and water. They were submitted to AK and their
tissues processed for bromodeoxyuridine (BrdU) incorporation
and Fluoro-Jade histochemistry.

Experiment 2

Twelve adult male Wistar non-susceptible rats (R) and 31 WARs
were used in the following experiment. They were submitted to AK
and had hippocampal and amygdalar EEGs simultaneously re-
corded during all kindling sessions. Subsequently, their tissues
were processed for BrdU immunohistochemistry and BrdU/GFAP
immunofluorescent double labeling, Fluoro-Jade and Neo-Timm
histochemistry.

Audiogenic test

As the audiogenic trait is not present in 100% of the WARs and,
eventually, some non-susceptible rats are sound sensitive, we
tested all animals for sound-induced seizures before starting the
AK. The audiogenic test consisted of exposing the animals to a
high-intensity sound, three times in 5 days by using a recorded
doorbell at 110 dB SPL, in an acoustically isolated chamber (1
stimulus/day; every other day; at the same daytime, 1600–1800
h). Behavioral evaluations were done throughout the tests by the
assignment of mesencephalic and limbic indexes to each animal
(Racine, 1972; Garcia-Cairasco et al., 1996). In each stimulus, the
sound was turned off either after a tonic seizure or 1 min after its
presentation.

AK after the audiogenic test

The rats were kept in their home cages and handled for at least 1
week before starting the AK. The AK protocol consisted of 1 min

of habituation inside the chamber (PRE) followed by sound pre-
sentation for a maximum of 1 min or until a tonic seizure was
observed (SOUND). After turning off the sound, the animals were
observed for an additional period of at least 1 min (POST). Ani-
mals were acoustically stimulated twice a day (at 0800–1000 h
and 1600–1800 h) during 14 days (28 stimulations; experiment 1)
or 16 days (32 stimulations; experiment 2) with the same intensity
and sound presentation criteria as for the audiogenic test. Behav-
ioral evaluations were done during all the experiments and limbic
behaviors observed during kindling were ranked using the Racine
scale: I, orofacial automatisms; II, head myoclonus; III, forelimb
myoclonus; IV, rearing; V, rearing followed by loss of balance and
falling (Racine, 1972). Class IV and V seizures were considered
as generalized limbic seizures (GLS) and were used to group
WARs in experiments 1 and 2.

Electrode implantation and EEG

Stainless steel electrodes (��0.125 mm) were implanted under
deep anesthesia (ketamine hydrocloride:xylazine, 14:1 mg/kg,
Agener União, São Paulo, Brazil and Bayer, São Paulo, Brazil;
respectively) using stereotaxic coordinates for the left basolateral
complex of amygdala (�6.3 mm posterior to bregma; 4.5 mm
lateral to midline; �4.5 mm ventral to dura) and the left DG
(�2.0 mm posterior to bregma; 4.7 mm lateral to midline;
�7.1 mm ventral to dura; Paxinos and Watson, 1997). A screw
was implanted in the frontal bone and served as our reference
electrode. Animals were kept in individual cages and allowed to
recover for 5 days during which they were handled to reduce
stress. Video-EEGs were daily recorded during the 32-stimulation
protocol of the AK using a video camera and an EEG acquisition
system connected to a personal computer. The sound stimulation
apparatus triggered all the EEG recordings. EEGs were amplified,
digitized (Signal conditioner: CyberAmp 320, Axon Instruments,
CA, USA; A/D converter: Biopac Systems Inc., MP100, San Fran-
cisco, CA, USA) and finally, stored in a microcomputer using the
Acknowledge software package (Biopac Systems Inc.) for off-line
analysis. Recording parameters used: sampling rate, 500 Hz;
amplification, 1,000�; filtering 0.1 Hz–1 kHz. Off-line band-pass
filtering (1–50 Hz) was applied to all EEGs before analysis. In
addition, a source-follower circuit using field effect transistors was
used in the recording cable in order to reduce movement artifacts
(Moraes et al., 2000). During every kindling session, EEG was
recorded for at least 1 min during PRE (baseline), 1 min during
SOUND (seizure) and 2 min during POST (post-ictal) phases.
Control (sham-stimulated) animals were submitted to the same
experimental conditions, but the sound was kept off. Finally, the
rats were assigned to four groups: R (sound-stimulated non-
susceptible; n�06), R-sham (sham-stimulated non-susceptible;
n�06); WAR (sound-stimulated WARs; n�21) and WAR-sham
(sham-stimulated WARs; n�10).

BrdU injections and tissue processing

Following the last sound stimulation, all animals received four
BrdU injections (Sigma, St. Louis, MO, USA; 50 mg/kg, i.p. dis-
solved in NaCl 150 mM) 6 h apart each other. Animals in exper-
iment 1 were deeply anesthetized and perfused 24 h after the last
BrdU injection. Animals in experiment 2 were perfused 1 or 30
days after their last injection, corresponding to 2 and 32 days after
their last sound stimulation, respectively: WAR-1d sham, WAR-
30d sham, WAR-1d and WAR-30d. R rats were perfused 1 day
after the final BrdU injection (i.e. 2 days after their last sound
stimulation). Briefly, the rats were deeply anesthetized and per-
fused with NaCl 150 mM (100 ml) and 4% paraformaldehyde in
PBS 100 mM pH 7.4 (500 ml). Rats from experiment 2 were
additionally perfused with 0.1% Na2S in Millonig’s buffer: 120 mM
phosphate buffer/0.2 mM CaCl2 (250 ml) after saline. The brains
were removed, post-fixed in the aldehyde solution and cryopro-
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tected in 30% sucrose in PBS 100 mM pH 7.4 at 4 °C. They were
then frozen in isopentane/dry ice and sectioned. Cryostat coronal
sections were obtained from six different areas along the antero-
posterior axis (I: �2.6 mm; II: �3.1 mm; III: �3.6 mm; IV:
�4.1 mm; V: �4.6 mm; VI: �5.1 mm: in reference to bregma;
Paxinos and Watson, 1997). Sixteen-micrometer sections were
mounted on slides and 40 �m sections were collected in cryopro-
tection solution (30% ethyleneglycol�30% sucrose in PBS
100 mM pH 7.4) and stored at �20 °C.

BrdU immunohistochemistry

We analyzed the hippocampal mitotic activity in animals following
different patterns of seizures using immunohistochemistry for
BrdU, a thymidine analog that is incorporated by dividing cells
throughout the S-phase of the cell cycle (Nowakowski et al.,
1989). In experiment 1, the animals were killed 24 h after the last
BrdU administration and they were used for cell proliferation stud-
ies. In experiment 2, on the other hand, BrdU-positive nuclei were
examined 30 days after the last BrdU injection, in order to evaluate
the identity and permanence of the newly generated cells in the
tissue. Nuclear BrdU incorporation was immunohistochemically
detected using a commercially available kit (BrdU staining kit,
Oncogene, Boston, MA, USA; HCS-24). Briefly, the slides con-
taining 16�m sections were incubated in 3% H2O2 in 100% meth-
anol for 30 min, rinsed in PBS 10 mM pH 7.4 (3�, 2 min) followed
by PBS/glycine 0.1 M pH 7.4 incubation for 5 min. After washing
in PBS (2�, 2 min), the sections were partially digested with
0.125% trypsin for 15 min, rinsed in distilled water (3�, 2 min),
incubated in denaturing solution for 30 min and washed in PBS
(3�, 2 min). Sections were incubated in PBS/2% BSA solution for
1 h, and then for 12 h, in the biotinylated anti-BrdU antibody
solution (BrdU kit). Following several rinses in PBS (6�, 2 min),
they were incubated with the avidin–biotin–peroxidase complex
(ABC kit, Vector Laboratories, Burlingame, CA, USA) for 30 min,
re-washed in PBS (6�, 2 min) and then, reacted for 2 min with the
DAB solution from the BrdU kit. All reactions were done at 25 °C.

Immunofluorescence

In order to investigate the identity of the BrdU-labeled cells in the
DG, we used immunofluorescent double labeling employing anti-
BrdU (mitotic marker) and anti-GFAP (astroglial marker) antibod-
ies. Additionally, literature data on the cellular neuroanatomy of
the DG also helped us to evaluate the labeled cells (Amaral and
Witter, 1994). Sections (40 �m) were washed in PBS 10 mM pH
7.4 (3�, 5 min), PBS/glycine 0.1 M (2 min), rinsed in PBS (2�, 2
min) and then incubated in 0.1% trypsin at 37 °C (15 min). After
rinses in PBS (3�, 2 min), DNA denaturation was obtained by
incubating the sections in HCl 2 N, pre-warmed at 37 °C (30 min).
It was followed by washes in PBS (3�, 2 min) and incubation with
blocking solution (PBS/0.3% Triton X-100/4% BSA) for 4 h. An
antibody cocktail (mouse anti-BrdU, 1:300�rabbit anti-GFAP,
1:500, Calbiochem, Temecula, CA, USA) was used to double
label GFAP- and BrdU-positive cell bodies, for 14 h at 25 °C.
Following several washes in PBS (6�, 5 min), the sections were
sequentially incubated with Alexa 488 conjugated anti-mouse (1:
600, Molecular Probes, Eugene, OR, USA) and Texas Red con-
jugated anti-rabbit (1:1000, Molecular Probes) antibodies. Follow-
ing, they were washed in PBS (6�, 5 min), incubated in 0.05%
Hoechst 33342 (Molecular Probes) solution in Tris–HCl 50 mM pH
7.4, re-washed in PBS (6�, 5 min) and then mounted on slides
using Fluoromount G (Electron Microscopy Sciences, Washing-
ton, PA, USA).

Fluoro-Jade staining

Fluoro-Jade (Histo-Chem Inc., Jefferson, AR, USA) is a fluores-
cein derivative that has been suggested to specifically stain de-

generating neurons (Schmued et al., 1997). Here, it was used to
look for neuronal death associated with the AK seizures. Before
starting the staining protocol, the slides were dried for 2 h at 37 °C.
They were then incubated in 100% ethanol for 3 min followed by
1 min in 70% ethanol and rinsed in distilled water for 1 min. They
were incubated in a 0.06% potassium permanganate solution with
mild agitation, washed in water (3�, 2 min) and incubated in a
0.0001% Fluoro-Jade solution (in acetic acid 0.1%) for 30 min at
25 °C. Finally, the slides were washed in water (6�, 3 min), dried
at 37 °C and coverslip mounted in xylene using Entellan (Merck,
Rio de Janeiro, Brazil) as mounting medium. Slides coming from
an animal submitted to a pilocarpine status epilepticus (90-min
S.E.; perfused 15 days later) were introduced in the assay as our
positive control (Turski et al., 1983).

Timm staining

The evaluation of hippocampal mossy fiber sprouting was carried
out using the Timm staining which labels zinc containing glutama-
tergic terminals present in synapses between granule cells and
CA3 pyramidal neurons (Danscher, 1981). Our main interest was
to analyze the effects of isolated seizures induced by AK, on the
synaptic reorganization and its potential correlation with hip-
pocampal cell proliferation. The semi-quantitative 0–6 scale of
Jolkkonen et al. (1997) associated with a blind analysis was used
to detect major silver granule precipitation in the supragranular
layer of the DG, as can be observed in other limbic seizure models
(Tauck and Nadler, 1985; Covolan and Mello, 2000). Brain sec-
tions mounted on slides were developed for Timm staining (Babb
et al., 1991) by using the following solution: 120 mM citrate buffer,
hidroquinone 100 mM (Sigma, St. Louis, MO, USA), arabic gum
36% (w/v, Sigma) and silver nitrate 0.08% (w/v, Cennabras, Gua-
rulhos, São Paulo, Brazil). The reaction was carried at 21 °C for
2 h, under light protection and stopped by washing with tap water.
The slides were dehydrated and coverslipped with Canada bal-
sam. To avoid differences between assays and false negatives, all
slides were developed in the same bath and the experiment was
done in duplicate (each assay containing 37 slides).

Cell counting and histological analysis

All slides were coded and shuffled in order to provide an unbiased
analysis. Bright-field images and fluorescent double-labeled sec-
tions were analyzed through Olympus BX-60 microscope coupled
to an image acquisition CCD cooled camera (750 L, Optronics,
Goleta, CA, USA) and a laser scanning confocal microscope Leica
TCS_NT (Leica Microsystems, Heidelberg, Germany),
respectively.

Experiment 1

We counted BrdU-labeled nuclei in a total of six sections (16 �m)
per animal, corresponding to three regions of the brain antero-
posterior axis (�2.6 mm; �4.1 mm and �5.1 mm: in reference to
bregma; Paxinos and Watson, 1997), and only included those
rounded and densely stained nuclear profiles observed in the
sub-granular zone of the DG in both hippocampi, also considering
those detected in an one-cell-body zone toward the hilus. Cell
nuclei with smaller than 7 �m in diameter were excluded. The
counts were done with a 400� magnification.

Experiment 2

For Timm staining, mossy fiber sprouting in the supragranular
layer of the DG was evaluated through the use of a semi-quanti-
tative scale of granule distribution (Jolkkonen et al., 1997). It ranks
the staining intensity and distribution of the silver granules present
in the DG in a 0–6 scale: 0, no granules; 1, sparse granules; 2,
homogeneous granule distribution; 3, high number of granules in
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a continuous pattern or eventually in clusters; 4, high number of
granules forming a confluent layer; 5 confluent and dense layer of
silver granules; 6, granules covering the supragranular region and
at least half width of the inner molecular layer. Six sections (12
hippocampi) per animal were observed in magnifications of 100�
and 400�. For Fluoro-Jade stain, all the sections were observed
and analyzed for the presence or absence of Fluoro-Jade-positive
nuclei of degenerating neurons in all the main areas of the brain
(cortex, thalamus, hippocampus, amygdala, septum and substan-
tia nigra). Sections from the pilocarpine-treated animal (positive
control) were used as a reference to identify patterns of positively
stained nuclei. For the immunofluorescent double labeling, we
analyzed the presence, distribution and co-labeling of nuclei pro-
files inside the GCL and adjacent to its border, with glial (GFAP)
and mitotic (BrdU) markers.

Statistical analysis

Our data were submitted to an analysis of variance followed by a
multiple comparison test (Student-Newman-Keuls) considering a
confidence interval of 5%. The Timm quantification was submitted
to an analysis of variance (Kruskal-Wallis) followed by a multiple
comparison test considering a confidence interval of 5%.

RESULTS

Behavioral evaluation of the audiogenic test and AK

Before starting kindling, all animals (susceptible WARs
and non-susceptible Rs) were exposed to three high-inten-
sity acoustic stimulations on alternate days, in order to test
their sensitivity to audiogenic seizures. The majority (43/
47; 91%) of the WAR animals showed to be highly sensi-
tive to sound presentation, undergoing different levels of
brainstem seizures, usually observed as wild running,
jumping and tonic-clonic episodes (TCV) followed by fore-
limb–hind-limb extensions. We did not see any behavioral
limbic seizure, as often characterized by head and limb
myoclonus followed by rearing and falling due to loss of
balance (Racine, 1972). There was also no noticeable
effect of these preliminary audiogenic tests on the semiol-
ogy of seizures observed during the AK. However, with the
recurrence of the AK stimulations, 50% of the susceptible
animals showed a gradual combination of brainstem-de-
pendent seizures with limbic seizures. The limbic seizures
triggered by the AK often occurred after the first wild run-
ning episode and before the TCV, and were almost always
followed by a second round of running and jumping epi-
sodes. Animals with no limbic recruitment had only brain-
stem-related behaviors throughout the AK. In contrast,
non-susceptible animals were free of any type of seizures
both during the audiogenic test and during the kindling,
being considered resistant. In experiment 1 (WARs,
n�16), 87% of all animals had at least 20 TCV and 81%
underwent limbic seizures in 28 kindling episodes, indicat-
ing a very homogeneous group with regard to audiogenic
susceptibility and incidence of limbic seizures. The aver-
age number of TCV and forelimb extension per rat was
15.6�5.0 and 8.9�6.6 (mean�S.D.), respectively. Be-
sides, GLS were experienced by 56% of the rats, of which
25% had at least six episodes. In experiment 2 (12 non-
susceptible and 31 WARs: 21 sound-stimulated, 10 sham-
stimulated), 45% of the sound-stimulated WARs had at

least 20 TCV and 57% underwent limbic seizures in 32
kindling episodes. The average number of TCV and fore-
limb extension per rat was 15.5�9.2 and 11.4�9.1
(mean�S.D.), respectively. Although the fraction of ani-
mals undergoing GLS was lower than in experiment 1
(30% compared with 56%), 25% of the animals showed
more than six GLS episodes during AK. In addition, we
observed that their first limbic seizures were evenly distrib-
uted between class II (50%) and III (42%), with progressive
appearance of class IV and V seizures. The animals were
grouped according to the number of GLS experienced
during the AK for the subsequent analysis: animals with six
to 11 GLS, animals with one to three GLS and animals
without GLS.

Cell proliferation after limbic seizures

Fig. 1 shows the quantification of the BrdU-positive nuclei
stained in the DG from animals with zero, one to three and
six to 11 class IV–V seizures. Clusters of positively stained
nuclei were most frequently observed in the subgranular
zone of the DG (Figs. 1C, 2), but in rare occasions, they
were also seen in the hilus. In fact, it is in accordance with
the described localization of cell progenitors in the adult
hippocampus (Gould and Cameron, 1996), where the sub-
granular zone can be seen as a source of newborn granule
cells to the adult DG. Cell quantification showed an in-
creased number of BrdU-positive nuclei in the DG of ani-
mals with six to 11 when compared with animals with zero
or one to three class IV–V seizures (Fig. 1D). No differ-
ences were detected between the zero and one to three
class IV–V groups. Two different patterns of staining were
observed in the GCL of animals with six to 11 class IV–V
seizures. Nuclei with a dense and homogeneous labeling
were present in the subgranular zone associated with nu-
clei having scattered patches of stained chromatin, per-
haps pyknotic cells (Fig. 2). In fact, cell death and prolifer-
ation has already been shown to coexist in a tissue of high
plasticity rate, as the hippocampus, following seizures
(Bengzon et al., 1997). As a high proliferation rate does not
necessarily mean the survival and incorporation of the
newly generated cells in the DG, we investigated hip-
pocampal-dividing cells 30 days after BrdU administration,
time necessary for dentate proliferating cells to migrate
and differentiate in granule neurons. We also compared
them with cells labeled 1 day after BrdU injection. Fig. 3
shows a BrdU/GFAP double-labeling immunofluorescence
of the DG, 1 day after the last BrdU injection. The BrdU-
positive nuclei, stained in green, were localized in the
subgranular zone and did not co-localize with the glial
marker. It was possible to visualize glial processes going
through the GCL, near the BrdU-stained cluster of nuclei.
In Fig. 4, 30 days after the BrdU incorporation, we could
see BrdU-positive nuclei with rounded morphology and
sizes around 10–15 �m in diameter. These nuclei could be
found in different portions of the GCL (Fig. 4A, B) and
possibly originated from subgranular migrating cells as no
BrdU-labeled cell was found in the upper rows of the CGL,
1 day after BrdU. Besides, the BrdU-labeled nuclei ob-
served in the lower row of the GCL 30 days after BrdU
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injection had a different aspect from those labeled 1 day
after BrdU. They were larger, rounded/well-defined and
usually seen isolated when compared with the not always
rounded and clustered nuclei observed 1 day after BrdU
injection.

Electrophysiology

Due to the transference of neuronal paroxysms from the
brainstem to the forebrain, usually induced by the AK, EEG
activity was monitored during the kindling protocol. We
recorded EEG signals from the hippocampus and amyg-
dala in sound-stimulated WARs and controls (WAR-sham,
R, R-sham) during every stimulus of the kindling. Fig. 5
shows EEG recordings during a typical brainstem seizure
(first stimulus, ST1) and during a brainstem-induced limbic
seizure (nineteenth stimulus, ST19). In the ST1, no obvi-
ous epileptic spikes were observed in both areas, even

though most animals had severe tonic-clonic seizures.
Low-amplitude slow oscillations (approximately 2 Hz)
could be seen in the hippocampus and amygdala immedi-
ately after the TCV episodes while the rats were in a
catatonic-like posture and unresponsive to sensory stimuli.
Although we have used a high impedance input interface in
the cable head stage (Moraes et al., 2000), some move-
ment artifacts could be observed after bouncing episodes.
With the progression of kindling, amygdalar and hippocam-
pal neurons fired hyper-synchronously and showed epilep-
tiform paroxysms in the EEG, as seen in Fig. 5 (ST19). The
discharges showed different onset times (8 s in hippocam-
pus; 16 s in amygdala) and bursting frequencies (6–9 Hz
hippocampus; 3 Hz amygdala). In the hippocampus, the
paroxysms occurred earlier and at a much higher rate of
bursts than in the amygdala. Fig. 5 also shows a DC-shift
in the hippocampus EEG that was absent in the amygdala,

Fig. 1. BrdU-positive nuclei in the dentate gyrus of WARs with low and high frequency of GLS. (A) Animals with zero, no GLS, (B) one to three GLS
and (C) six to 11 GLS episodes. (D) Animals undergoing six to 11 AK-induced limbic seizures showed an increased number of BrdU-labeled nuclei
in the DG when compared with animals with zero or one to three seizures. Labeled nuclei were counted in the GCL-hilar border (average�S.E.M.).
* Analysis of variance followed by Student-Neumann-Keuls multiple comparison test (P�0.05, 6–11 versus 0 and 1–3). Scale bar�200 �m.
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starting after the hind-limb tonic extension (Fig. 5, ST19-
HLE). It persisted while the animals experienced head
myoclonus (class II seizure). Animals undergoing class IV
or V seizures had an even more intense pattern of epilep-
tiform spikes in both areas, but with a similar EEG signa-
ture as seen in class II seizures.

AK and mossy fiber sprouting

The evaluation of hippocampal mossy fiber sprouting
was carried out in sections of susceptible (WARs) and

non-susceptible animals (R), 2 days and 32 days after
the last sound-stimulation: R, R-sham, WAR-1d,
WAR-1d sham, WAR-30d and WAR-30d sham animals.
In Fig. 6 we show the Timm staining in the DG molecular
layer of representative WARs. Sham-stimulated
WARs-1d or WARs-30d had no seizures and did not
show any significant precipitation of silver grains in the
molecular layer at both time points analyzed (Fig. 6A, B).
However, and interestingly, we also could not see any
difference in the silver grain distribution in either
WARs-1d or WARs-30d, with high number of limbic
seizures (Fig. 6C, D; more than five class IV–V sei-
zures). In two animals killed 32 days after their last
seizure, we observed a subtle shadow of silver staining
in the DG supra-granular layer, corresponding to one
(disperse granules) in the Jolkkonen’s scale, but no
statistical difference was detected for the group when
compared with controls. Non-susceptible (R) rats also
did not show any sign of silver precipitation in the mo-
lecular layer. Therefore, mossy fiber sprouting in the
molecular layer of the DG does not seem to occur in
WARs perfused 2 days or 1 month after kindling when
compared with control rats.

AK and neuronal degeneration

Neuronal degeneration was analyzed by using Fluoro-
Jade staining, a fluorescein derivative that has high affinity
for acidophilic somata and neuronal processes, indicative

Fig. 2. BrdU-positive (arrowheads) and pyknotic nuclei (arrows) in the
GCL-hilar border of the dentate gyrus from animals with six to 11 GLS.
ML, molecular layer. Scale bar�15 �m.

Fig. 3. Representative confocal laser scanning micrographs of the dentate gyrus of a WAR, 1 day after the last BrdU injection. In green, BrdU-positive
nuclei, indicating mitotic activity, in red, GFAP-positive nuclei and in blue, nuclear counter-staining with Hoechst 33342. Clusters of BrdU-positive
nuclei were mostly observed along the subgranular zone of the granule cell layer and were usually absent of GFAP co-labeling.
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of intra-cellular degeneration events (Schmued et al.,
1997). A pilocarpine-treated animal was used as our pos-
itive control and showed intense Fluoro-Jade labeling of
neuronal somata in the hippocampus CA1 sub-field and
hilus (Fig. 7A, B), as well as in CA3, amygdala, perirhinal
and cingulate cortices (data not shown), 15 days after a
90-min status epilepticus episode, as described previously
(Poirier et al., 2000). However, in audiogenic kindled
WARs, we did not observe any somatic labeling 2 or 32
days after their last seizure. Their tissue staining was not
different from the control animals, except for some punc-
tiform structures labeled in the retro-splenial cortex and
alveus and dorsal subiculum (Fig. 7C, D) as well as, in
lateral habenula and anterior thalamus (data not shown).

DISCUSSION

Our results show that GLS induced by AK in WARs are
able to increase cell proliferation rate in the hippocampus,
but not to promote mossy fiber sprouting in the supra-
granular layer of the DG nor neuronal degeneration, when
evaluated by BrdU incorporation, Timm staining and
Fluoro-Jade histochemistry. In addition, the newly gener-
ated cells observed in the DG do not co-localize with the
astroglial marker (GFAP) and are mostly restricted to the
subgranular zone in animals analyzed 1 day after the
mitotic marker (BrdU) injection. BrdU-positive nuclei (but
GFAP-negative) could be observed in the upper rows of
the GCL, in animals 30 days after the BrdU injection, but

Fig. 4. Immuno-detection of BrdU incorporation in the granule cell layer of WARs, 30 days after the last BrdU injection. In A, confocal laser scanning
micrographs of a BrdU/GFAP double-labeling immunofluorescence. Green represents BrdU-positive nuclei; red, GFAP-positive nuclei and blue,
nuclear counter-staining with Hoechst 33342. In B and C, BrdU immunohistochemistry showing BrdU-positive nuclei in different zones along the
granule cell layer. Scale bar�60 �m.
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not in animals 1 day after BrdU, suggesting migration and
survival of the mitotic cells after seizures. Although we
have not used a neuronal specific marker to co-label the
BrdU-positive nuclei, the fact that BrdU-positive/GFAP-
negative and well-defined nuclei (10 �m) were seen
scattered throughout the GCL 30 days after the BrdU
injection suggests they are newborn neurons, as it has
been shown in different animal models (Gould and Cam-
eron, 1996; Kuhn et al., 1996; Parent et al., 1997).
Finally, EEG monitoring confirmed the appearance of
severe epileptic discharges in the hippocampus and
amygdala after repeated acoustic stimulations associ-
ated with limbic behaviors, but showed that it is not
sufficient to promote mossy fiber sprouting or Fluoro-
Jade staining in susceptible animals. Higher rates of cell
proliferation in the DG were observed in animals with the
most intense HIPPO and AMYG epileptic spikes.

Behavioral changes during the AK

The behavioral evolution during the AK was very similar
to our previous descriptions concerning the appearance
of myoclonic limbic behaviors along with generalized

brainstem seizures (Garcia-Cairasco et al., 1996). How-
ever, new observations were done regarding the inci-
dence of brainstem and limbic seizures and their sever-
ity among the WARs. From a total number of 47 animals
(experiment 1 and experiment 2), 84% showed at least
one TCV during the three tests of audiogenic sensitivity
before starting the kindling protocol. In addition, 7% had
wild running episodes and 9% did not experience any
seizure, reflecting a high degree of genetic selection for
the audiogenic susceptibility trait. The progression of
seizure severity over 17–20 generations of inbreeding in
WARs was recently demonstrated by Doretto et al.
(2003). Although none of the WARs of the present work
had limbic seizures during the audiogenic tests, they
were present in 69% of the animals during the AK.
Forty-three percent had GLS (class IV–V, Racine,
1972), of which 25% occurred more than five times in
28 –32 sound stimuli. It demonstrates that the AK pro-
motes, in WARs, the appearance of limbic behaviors in
a significant fraction of the animals, which have similar
semiology as that observed in amygdala kindling (God-
dard et al., 1969) as well as in individual limbic seizures

Fig. 5. EEG recordings in the hippocampus (HIPPO) and amygdala (AMYG) of WARs during the AK. In ST 1 (first stimulus), we did not observe any
epileptiform spike before, during or after ictal behaviors. However, in ST 19 (stimulus 19), severe TCV and limbic seizures (head myoclonus-class II,
dotted line) were accompanied by intense paroxysmal activity in the HIPPO and AMYG. The first spike bursts occurred in the HIPPO just before the
TCV and were then observed in the AMYG after forelimb–hind-limb extensions. In ST1 and ST19, amplifier overloads represent movement artifacts
during WR (running and bouncing) episodes. WR, wild running; TCV, tonic-clonic convulsion; FLE, forelimb extension; HLE, hindlimb extension.
Recording parameters: sampling rate 500 Hz, amplification 1000�, filtering 0.1 Hz-1 kHz and off-line filtering 1–50 Hz.
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of pilocarpine-induced status epilepticus (Turski et al.,
1983). This is in agreement with recent data showing a
progressive hyper-excitability of the amygdala after re-
peated audiogenic seizures in WARs (Moraes et al.,
2000). It was also interesting to observe, that once the
animals experienced their first limbic seizures, their ictal
behavior progressed basically to two different patterns
during kindling. They evolved from class II (head myoc-

lonus) to class V (rearing and falling) seizures or per-
sisted as class II seizures, with eventual episodes of
purely tonic-clonic convulsions.

AK and cell proliferation

We observed a clear effect of the GLS induced by the AK,
on the cell proliferation rate at the hippocampus. Animals

Fig. 6. Absence of mossy fiber sprouting (evaluated by Timm staining) in kindled WARs, 2 (WAR-1d) and 32 (WAR-30d) days after their last sound
stimulation. Bright-field images from hippocampi of sham-stimulated (A, B) and sound-stimulated WARs (C, D). WARs-sham had no seizures after 32
kindling stimulations as well as no detectable mossy fiber sprouting. In C, the animal (WAR-1d) had 15 limbic seizures (12 class IV–V) plus 18
tonic-clonic convulsions. In D, the animal (WAR-30d) underwent two limbic plus 11 tonic-clonic seizures. Sound- stimulated and sham-stimulated
non-susceptible (R) animals had similar Timm staining as WARs-sham (not shown).

Fig. 7. Neuronal degeneration evaluated by Fluoro-Jade staining in Pilocarpine-treated (A, B) and audiogenic-kindled (C, D) animals. (A, B) Intense
cytoplasmic Fluoro-Jade staining in the hippocampus CA1 and hilus of pilocarpine-treated rats, respectively, 15 days after 90 min of status epilepticus.
(C, D) Punctiform, but not cytoplasmic, labeling in the retro-splenial cortex and alveus-subiculum of kindled WARs-30d. Schematic drawings, on the
right, depict the specific brain regions magnified in A, B and C, D. Scale bars�100 �m (in A and B), 30 �m (in C and D).
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that experienced a higher number of GLS also showed
increased number of BrdU-immunoreactive cells counted
in the subgranular zone of the DG, with statistically signif-
icant differences detected between animals with six to 11
class IV–V seizures and those with zero or one to three
class IV–V seizures.

Similar increases in hippocampal cell proliferation have
also been shown in different animal models of epilepsy that
evoke intense limbic seizures such as pilocarpine and
kainate status epilepticus (Parent et al., 1997; Bengzon et
al., 1997; Covolan and Mello, 2000), amygdala kindling
(Parent et al., 1998; Scott et al., 1998; Nakagawa et al.,
2000) and electroconvulsive shock (Scott et al., 2000).
However, in contrast to these models, AK initially activates
brainstem areas, which if persistently stimulated, may in-
duce epileptic activity in cortical and limbic structures
(Marescaux et al., 1987; Naritoku et al., 1992; Garcia-
Cairasco et al., 1996; Moraes et al., 2000). This specific
characteristic of the paradigm enabled us to show that cell
proliferation in the DG was associated with the type and
number of seizures the subjects experienced. High num-
ber of brainstem seizures as well as low number of limbic
seizures was not able to increase the number of BrdU-
labeled cells in the hippocampus, even though hippocam-
pal and amygdalar epileptic discharges, recorded daily in
the EEG, were observed in all animals with limbic seizures
and in one animal with only brainstem seizures during the
kindling (data not shown). Therefore, if the mitotic activity
in the DG depends on the amount of excitation reaching
the hippocampus, it is plausible to think that hippocampal-
demanding tasks could also modulate the production of
new neurons in a physiologically functioning hippocampus.

The fact that we did not detect statistical differences
between zero and one to three class IV–V seizures, but
rather a tendency, suggests a possible gradual effect of
the seizures on the hippocampal mitotic rate. This is in
accordance with data obtained from amygdala-kindled
rats, in which an increased number of BrdU-labeled nuclei
was observed in animals with nine to 10 and 19–20 class
IV–V seizures when compared with controls with zero and
four to six class IV–V seizures (Parent et al., 1998). Na-
kagawa et al. (2000) have shown a similar effect of the
number and severity of seizures on the abundance of
BrdU-labeled cells in the DG. However, both groups also
found unexpected effects on BrdU labeling in some ani-
mals experiencing the most elevated number of seizures.

Considering the identity of the mitotic cells, fluorescent
double labeling with GFAP and BrdU antibodies, 1 day
after BrdU injection, revealed that essentially all BrdU-
positive cells lying in the subgranular zone did not co-
localize with GFAP-positive staining, suggesting that at
least part of these cells had neuronal phenotype (Fig. 3). In
fact, 30 days after the last BrdU injection, we did not see
any clusters of BrdU-positive cells, but rather we observed
BrdU-positive/GFAP-negative nuclei placed in the middle
and upper rows of the GCL (Fig. 4). These nuclei were
rounded and compact (see Fig. 4A–C) contrasting to large
and invaginated nuclei observed in chandelier and basket
interneurons present in the GCL (Freund and Buzsaki,

1996). Although chandelier cells may be found within or
immediately adjacent to the GCL, basket cells are often
found in the hilar border. Therefore, together with previous
studies showing similar distribution of BrdU-labeled cells 1
day and 4 weeks after BrdU injections, we suggest that the
proliferating cells generated after AK-induced limbic sei-
zures could differentiate and become incorporated in the
GCL as new neurons. However, it has still to be shown
how many of these cells become glia, granule cells or
interneurons.

Although we do not know the precise mechanisms
involved in the increase of hippocampal cell proliferation
following limbic seizures, some factors are well known to
affect normal adult neurogenesis in rats and could possibly
be implicated during AK: NMDA neurotransmission, stress
and neurotrophins (Cameron et al., 1998; Lindvall et al.,
1994). The NMDA transmission and the glucocorticoid
release during stressful events are known to have inhibi-
tory effects on hippocampal neurogenesis. On the other
hand, the expression and release of hippocampal neuro-
trophins after seizures have been shown to increase in
different epilepsy models and to promote mossy fiber neo-
synaptogenesis (Gall, 1993; Lindvall et al., 1994). So, it is
reasonable to think that during AK, more frequent and
intense limbic seizures induce an increased release of
neurotrophins (e.g. BDNF, NGF and NT-3) in the hip-
pocampus, which ultimately would promote the activation
of granule cell progenitors. NMDA receptor activation and
stress should attenuate this effect. Actually, it is still un-
clear how these and other factors sum together to yield a
net increase in hippocampal neurogenesis after seizures.
Ictal events in neonatal brains seem to have a different
modulation on the granule cell proliferation (McCabe et al.,
2001).

Mossy fiber sprouting in the supragranular layer of
the DG

Timm histochemistry was used to evaluate mossy fiber
sprouting in the supragranular layer of the DG of animals 2
and 32 days after their last AK stimulation. In Fig. 6, we can
see a complete absence of silver granule intensification in
the supragranular layer of representative WARs when
compared with controls. The highest Timm scores ob-
served in kindled WARs were evaluated to be one (sparse
granules along the supragranular layer). The same was
observed in sound-stimulated R animals. As a result, our
data show that AK did not promote mossy fiber sprouting in
the supragranular layer of DG in WARs, as previously
reported (Garcia-Cairasco et al., 1996).

The absence of mossy fiber sprouting after the AK may
be related to the particular characteristics of the AK para-
digm, the number/severity of limbic seizures and/or the
time for tissue analysis after the insult. During the AK, the
epileptic circuitry is expanded from mesencephalic to fore-
brain limbic areas and in fact, it is different from what is
observed during amygdala and hippocampal kindling
(Goddard et al., 1969; Racine, 1972, Lerner-Natoli et al.,
1984a, b), sometimes associated with mossy fiber sprout-
ing (Represa et al., 1989; Cavazos et al., 1991). It is
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possible however that an even higher number of severe
limbic seizures than those showed in our study is neces-
sary to promote a significant and measurable mossy fiber
sprouting. Previous data from our laboratory have shown
that, even 160 days after 80 AK-stimulations, an additional
16 stimuli of amygdala kindling are insufficient to induce
mossy fiber sprouting in the supragranular layer of the DG
of WARs (Galvis-Alonso et al., 2000). However, it is pos-
sible to observe increased optical density in the Timm-
stained amygdala, perirhinal cortex and piriform cortex in
kindled WARs (Garcia-Cairasco et al., 1996; Galvis-
Alonso et al., 2000). Similar absence of mossy fiber sprout-
ing has also been shown in the amygdala-kindling model
(Mohapel et al., 2000, Osawa et al., 2001), sometimes with
no evidence of neuronal loss (Osawa et al., 2001). In
addition, Longo and Mello (1997, 1998) have demon-
strated that mossy fiber sprouting induced by pilocarpine
can be blocked by cycloheximide without blocking sponta-
neous recurrent seizures. However, there is still debate on
the relationship between pilocarpine-induced mossy fiber
sprouting and spontaneous seizures (Williams et al.,
2002). Since WARs do not seem to show spontaneous
seizures, the increasing severity of seizures during AK
does not necessarily need to be associated with mossy
fiber sprouting.

Therefore, our data support earlier studies showing
that mossy fiber sprouting is not necessarily associated
with repetitively induced limbic seizures and we hypothe-
size that other mechanisms could be involved in the limbic
hyper-excitability after the AK, such as increased hip-
pocampal neurogenesis and/or an unbalance in the gluta-
matergic-GABAergic neurotransmission in the midbrain
projections toward the hippocampus and amygdala (Ribak
and Morin, 1995; for a review on brainstem-limbic circuitry
in kindled audiogenic seizures, see Garcia-Cairasco,
2002). Furthermore, a very recent study by Li et al. (2002)
shows that, by using synaptophysin as a marker of sei-
zure-induced synaptogenesis, it is possible to detect dif-
ferent territories of plasticity well beyond the hippocampus.

Cell death

Fluoro-Jade histochemistry has been suggested to specif-
ically label degenerating neurons as demonstrated by co-
staining of brain tissues using Fluoro-Jade and GFAP or
NeuN (Schmued et al., 1997). In addition, it seems to have
chemical affinity for degenerating neurons, in contrast to
the dark-cell method that can label “suffering cells,” not all
necessarily prone to die (Toth et al., 1998). At least for the
pilocarpine model, the best labeling window for Fluoro-
Jade occurs between 24 h and 7 days after the insult
(Poirier et al., 2000). For the AK paradigm this is the first
time Fluoro-Jade has been used to analyze neuronal de-
generation and represents an initial effort to search for cell
loss in this model of limbic seizures.

Our results show that our positive control, from a pilo-
carpine status epilepticus animal (1.5 h S.E., perfused 24 h
after the S.E.), had a very clear Fluoro-Jade labeling. An
intense and abundant number of stained cells were ob-
served in limbic areas such as the hippocampus CA1,

hilus, amygdala and perirhinal cortex, with cellular distri-
bution detected in the soma and the dendrites of pyramidal
cells (Fig. 7A, B).

Although some pyknotic nuclei were found near BrdU-
labeled cells in the sub-granular zone, it is likely to reflect
a turnover of mitotic cells rather than a cell death event
triggered by seizures. Moreover, they were always adja-
cent to the GCL. Cell degeneration has been observed to
be associated with seizure-induced neurogenesis in limbic
structures (Bengzon et al., 1997; Covolan et al., 2000).

However, we were not able to identify somatic labeling
of Fluoro-Jade in both intact (1 day) or implanted (1 day/30
days) audiogenic kindled WARs. No sign of cellular degen-
eration was detected in the thalamus, hypothalamus, hip-
pocampus, amygdala, somatosensory cortex, perirhinal
cortex, piriform cortex and substantia nigra (data not
shown).

These results are in accordance with previous findings
showing that hippocampal or amygdalar kindling does not
promote neuronal degeneration (Bertram and Lothman,
1993; Khurgel et al., 1995; Osawa et al., 2001). Particu-
larly, Bertram and Lothman (1993) showed that 1500 in-
termittent kindled seizures did not affect the number of
neurons in the DG compared with controls without stimu-
lation. In contrast, neuronal loss has been reported in other
kindling models (Cavazos and Sutula, 1990; Cavazos et
al., 1994; Mody, 1999).

A possible explanation for the absence of Fluoro-Jade
staining in the AK model could be the fact that it promotes
a more subtle activation of limbic structures during each
sound stimulation episode. Although the animals can
reach class V seizures, they occur with a different kinetics
and in a very distinct seizure context, along with wild
running and generalized tonic seizures (Garcia-Cairasco
et al., 1996). Nevertheless, in some implanted animals, we
observed a punctiform and fibrous labeling in the retro-
splenial cortex and alveus/dorsal subiculum (Fig. 7C, D),
which were never associated with the electrode tract. No-
tably, these areas have some direct or indirect relation to
limbic structures activated during limbic seizures (Miller et
al., 1987; Covolan and Mello, 2000). Schmued et al. (1997)
working in other models have suggested that similar label-
ing pattern could represent degenerating axonal terminals.
This labeling pattern was not observed in control animals
exposed to the same experimental setup.

Other possible explanations for the absence of Fluoro-
Jade staining in the present study would be the occurrence
of cell death in a different time window from those analyzed
here, or a neuroprotective effect of repeated seizures dur-
ing kindling (Kelly and McIntyre, 1994). Because we car-
ried out the Fluoro-Jade staining for the cumulative effect
of several seizures with an interval of at least 48 h after the
last seizure, further experiments should be designed to
determine the best Fluoro-Jade window for AK seizures,
not only after the last seizure but also during the kindling
protocol. Additional estimative of neuronal density in other
brain areas would be helpful to understand eventual de-
generative or protective effects of AK.
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Electrophysiology, seizures and cellular responses

Implanted animals were simultaneously recorded from
amygdalar and hippocampal electrodes during all stimula-
tion episodes during the AK protocol (16 days; 2�/day).
Our main finding shows that paroxysmic activity in the
hippocampus and amygdala was not always correlated
with limbic seizures and the increase in number of BrdU-
labeled nuclei in the GCL; epileptic discharges and high
mitotic rate were not synonyms. In contrast, high levels of
BrdU incorporation were observed only in animals with
frequent and severe behavioral limbic seizures. These
corresponded to a very high frequency of epileptic dis-
charges in amygdala and hippocampus during the kindling.
No correlation was observed between EEG paroxysms
and Timm or Fluoro-Jade staining.

We could observe remarkable changes in the EEG
activity of the amygdala and hippocampus after repetitive
sound stimulations in all animals showing limbic seizures
(Fig. 5). However, these high amplitude poly-spike bursts
were also observed in one animal that never expressed
limbic behaviors during the AK (data not shown), indicating
that electrographic limbic seizures could also occur without
their behavioral correlates. Previous reports have also
shown hippocampus or amygdala paroxysmal activity in-
tensely occurring during the AK (Hirsh et al., 1994; Moraes
et al., 2000).

Some neuronal projections could account for this mid-
brain-to-forebrain electrographic seizure propagation. The
first one is the projection from the inferior colliculus to the
amygdala, via the auditory thalamus. Collicular sensitiza-
tion could, indirectly, hyper-stimulate the amygdala and,
due to its low-threshold for seizures, induce limbic myoc-
lonus behaviors. Hirsh et al. (1997) have shown that amyg-
dalar, but not hippocampal, lidocaine injections abolish
these behaviors during the AK, demonstrating the role of
amygdala in the expression of limbic behaviors in the AK.
The second candidate could be the connection between
the pontine reticular formation to the hippocampus. It is
known that this brainstem structure is critical to the motor
output of the audiogenic seizures and has a significant
increase in its neuronal activity during these seizures
(Faingold, 1999). Furthermore, it has been shown that
electrical stimulation or lesions in the nucleus reticularis
pontis oralis can induce or extinguish the hippocampal 	
wave oscillation, indicating its involvement in the hip-
pocampal neuronal modulation (Vertes, 1981). For further
information on this complex circuitry, insights on acoustic-
motor and acoustic-limbic anatomical and functional inter-
actions during the progression from acute to kindled au-
diogenic seizures, mainly in WARs, were recently pre-
sented by Garcia-Cairasco (2002).

CONCLUSION

In our study we have shown that AK evokes intense par-
oxysmic electrographic activity simultaneously, in the hip-
pocampus and amygdala, inducing an increase in hip-
pocampal cell proliferation in animals with high number of
GLS. The newly generated cells did not co-localize with the

astroglial marker and could be found in different levels of
this layer, suggesting that these cells proliferate, migrate
and become part of the GCL, as it has been observed for
granule neurons. However, the plastic responses triggered
by the repetitive sound stimulations were not sufficient to
promote mossy fiber sprouting in the supra-granular layer
of the DG. We also could not detect Fluoro-Jade labeling in
the major forebrain areas analyzed (cortex, hippocampus,
amygdala and thalamus), suggesting a possible lack of
neuronal degeneration in the AK paradigm. Together,
these findings bring an important contribution to the under-
standing of how repetitive seizure episodes affect the brain
functioning during adulthood.
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