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Kindling-induced neurogenesis in the dentate gyrus of the rat
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Abstract

Kindling, a form of neuronal plasticity produced by repeated low intensity electrical brain stimulation, leads to epileptic
seizures. To address possible causes of this phenomenon, we have prepared amygdala-kindled animals and measured neu-
rogenesis, by bromodeoxyuridine incorporation. Early, when focal seizures were present, there was no evidence of a change in
the rate of hippocampal neurogenesis. In contrast, during the later phases of kindling, when secondary generalization was well
established and motor seizures were present, neurogenesis was enhanced by 75—-140%, depending on the hippocampal region.
Double labelling with the neuron-specific marker TOAD-64 demonstrated the presence of numerous new-born granule neurons
in the kindled animals. We propose that the newly-born neurons contribute to the cellular changes and behavioral symptoms
associated with this type of epileptiform brain plasticity. (1 1998 Elsevier Science Ireland Ltd. All rights reserved
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The amygdala kindling model has been widely used for zon et al. [1] who has found that even a single episode of
studies of epilepsy [8,16]. Repeated, temporally spaced, hippocampal electrical stimulation produces cell death in
electrical stimulation of the amygdala leads to the develop- the granule cell layer, which in turn, is followed by cell
ment of secondarily propagated after-discharges in the hip- proliferation. Given that adult neurogenesis in rats and
pocampus and the eventual onset of behavioral seizures. other species can change in response to environmental and

The relevance of numerous reported physiological and neural stimuli [9,10] we have measured neurogenesis during
anatomical changes associated with kindling to seizure the traditional amygdala kindling procedure to determine
development is still not well understood. The dentate whether enhanced proliferation of new neurons is one of
gyrus of the hippocampal formation shows a number of the features of this kindling phenomenon.
these changes. Axonal sprouting from dentate granule neu- Adult male Wistar rats (Charles River) were amygdala
rons, for instance, results in the reorganization of hippocam- kindled according to the standard procedures described pre-
pal circuitry, with abnormal synapses being formed by viously [3]. Age-matched control animals were surgically
mossy fibers in the molecular layer, hilus and CA3 [17]. implanted with electrodes and handled identically but were
These abnormal connections may ultimately lead to a low- not stimulated. In order to explore the relationship between
ered seizure threshold [12]. Parent et al. [14] have found that progression of the kindling phenomenon and the neuronal
chemically-induced seizures or long, intense electrical sti- proliferation, we divided the stimulated subjects into ‘Early’
mulation of the hippocampus promote dentate granule cell and ‘Late’ groups. ‘Early’ stimulated subjects received bro-
proliferation, possibly as a compensatory response inducedmodeoxyuridine (BrdU; 100 mg/kg) injections on the 2nd,
by tissue injury. This idea is supported by a study of Beng- 3rd and 4th stimulation days. ‘Early’ control subjects

received matched BrdU injections. ‘Late’ stimulated sub-

jects received BrdU injections on the days of their 2nd, 3rd
“*Corresponding author. Tel.. +1 416 9782899: fax: +1 416 and 4th stage 5 behavioral seizures as defined by Racine
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these times. The number of cells which incorporated BrdU
was used as an index of cell mitosis.

Animals were killed by decapitation 7 days after the
third and final BrdU injection, the hippocampus ipsilateral
to the electrode was dissected out and fixed. Hippocampi
were cut into dorsal, middle and ventral thirds and sectioned
at 15um. Six random, free-floating sections from each hip-
pocampal third were processed for BrdU immunodetection
[14].

Positively labelled nuclear profiles were counted in the
molecular layer, granule cell layer (GCL) and hilus of the
dentate gyrus. Most of the labelled large nuclei5(um
diameter) located in the GCL and hilus were assumed to
be nuclei of granule neurons [6]. Area measurements were
combined with absolute cell counts to obtain cell density
estimates for each hippocampal section. These estimates are
likely to be valid when the averaged sizes of the counted
nuclei are equal in the compared groups of subjects [7]. We
have verified this assumption by direct measurements of
nuclear diameters in control and experimental groups [11].

To achieve the double labelling of BrdU and a neural-
specific marker, the Turned-On After Division 64kDa
(TOAD-64) protein [13], the tissue was fixed in 4% phos-
phate buffered paraformaldehyde and later processed for
both the protein immunocytochemistry and the BrdU detec-
tion [14]. TOAD-64 was chosen since it labels immature
neurons. Other neuronal markers may not be expressed until
later in development [6]. Sections were viewed under a
confocal microscope with fluorescein isothiocyanate or
Texas Red filter systems for visualization of TOAD-64
and BrdU immunolabelling, respectively.

In control animals, the number of BrdU-labelled nuclei
was the largest in the granule cell layer (GCL), especially
near the GCL/hilus border (Fig. 1). In stimulated animals,
the density of labelled nuclei in the GCL was increased
significantly when compared to controls in the ‘late’ but
not in the ‘early’ group (two-way ANOVA,P < 0.05;

Fig. 2). Area measurements showed that the hilar areas
had significantly increased by 10-35% in the ‘late’ group,
suggesting an overall growth of the dentate gyrus in asso-
ciation with kindling (two-way ANOVA, P < 0.05) as
shown previously [2]. In contrast, in the GCL region,
increases were not significant. High magnification of nuclei
labelled with BrdU shows their correspondence in shape and
size to surrounding neurons, in agreement with previous
reports [6,14]. The identity of the labelled cells in the
hilus and molecular layer is less certain. Most of the Fig. 1. Examples of BrdU positive nuclei in hippocampal sections
BrdU-labelled nuclei probably belong to glial cells since from control (A) and kindled (B) rats, respectively. Most labelled

no TOAD-64 reactive cell bodies were seen in these reaions nuclei (arrow heads) in control animals were near the border
9 between the hilus (hil) and the granule cell layer (GCL) of the dentate

(see below). gyrus. Kindling appeared to increase the rate of cell proliferation, as

In consideration of previous reports of regional differ- indicated by higher numbers of BrdU labelled nuclei, in GCL, parti-
ences in cell proliferation [5], we also separately measured cularly along the subgranular zone (sgz). Hilus and the molecular
the number of labelled nuclei in the dorsal, middle and layer (mol) also showed a few labelled nuclei. Scale bar, 100 um.

. - - . (C) Double-labelled cell in a kindled animal showing BrdU immunor-
ventral thirds of the hlppocampal regions. In control ani eactivity in the nucleus and TOAD-64, neuron specific, immunoreac-

mals, the density of prpliferating_cells in the ventral GCL ity in the cell body and the dendrite (arrow heads). Scale bar, 10
was about 50% lower in comparison to middle and dorsal um.
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portions of the hippocampus. However, the proportional
increase of cell density after kindling was the greatest in
the ventral GCL.

The neuron-specific TOAD-64 immunoreactivity was
dramatically stronger in sections obtained from kindled ani-
mals. The labelling was uniformly heavy and predominantly
localized to the inner edge of the GCL, presumably corre-

75

increase after kindling. The average increase was
143%+ 60 (SE) over the average control value. The mea-
sured intensity of immunoreactive cells may represent the
increased number of neurons or the increase in the fluores-
cence per cell.

These results show that kindling-induced seizures pro-
duce marked changes in the rate of neurogenesis in the

sponding to cell bodies of newly-born neurons. Sections dentate gyrus. In the ‘late’ stimulated group, where the hip-
double-labelled for TOAD-64 and BrdU revealed that pocampus would have experienced repeated episodes of
many of the BrdU-labelled nuclei were localized within reactive discharge, significantly increased neurogenesis
the band of granule cells labelled with TOAD-64. These was seen in the dentate gyrus. The mechanism responsible
cells could be unequivocally identified as immature granule for the increase is not understood.
neurons by their location, size and presence of dendritic  Stressful experience and manipulation of cortisol levels
processes (Fig. 1C). This is in agreement with previous have been shown to reduce granule cell production [4,9]. It
studies showing that a majority of new-born cells in GCL is therefore unlikely that stress associated with seizure is
are neurons and not glia [6,10,14]. acting to cause the increase in granule cell proliferation
Clustering and tight packing of fluorescent cell bodies found here. In preceding studies, using pilocarpine-induced
and processes prevented us from counting the individual status epilepticus [14] and strong electrically-induced dis-
young cells. However, preliminary densitometric analysis charges in the hippocampus [1], the enhanced neurogenesis
of the fluorescent material performed on a subset of four may have been the result of the transient cell damage or
stimulated and three control animals revealed a consistentapoptotic death. In our study, however, the stimulated ani-
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Fig. 2. Density of BrdU positive nuclei in granule cell layer (GCL) was
significantly increased in the ‘late’ group of stimulated animals. The
‘late’ stimulated group (n = 10 animals) was different from the ‘late’
control (n =10 animals), ‘early’ control (n =7 animals) and ‘early’
stimulated (n = 7 animals) groups. Statistical significance was mea-
sured using two-way ANOVA and pairwise multiple comparison pro-
cedure at P < 0.05 (SE are also shown). Only the results from the
middle hippocampal region are illustrated. Other regions also
showed significant increases. The top graph illustrates the experi-
mental protocol. Animals were stimulated once daily starting at day
1. Each animal in the ‘early’ group was injected with BrdU for 3
consecutive days (filled bar) 15 min prior to each kindling stimulation
and all early animals were killed on day 11, 7 days after the last BrdU
injection. In the ‘late’ group, animals were injected for 3 days starting
on the day following the first stage 5 seizure. The time of the first
such seizure varied in different animals but typically occurred on day
12. Animals in ‘late’ group were killed exactly 7 days after their last
BrdU injection, i.e. approximately 24 h after the last recorded seizure.

mals experienced only a single amygdala stimulation per
day and experienced only a few behavioral seizures during
the time of BrdU injections. Extensive excitotoxic tissue
damage is thus unlikely and none was evident in the tissue
samples, although a subtle tissue damage cannot be ruled
out.

In summary, the increased proliferation of granule neu-
rons during kindling confirms that neurogenesis in the den-
tate gyrus is responsive to a variety of neural stimuli. In the
conditions of excessive neuronal activity, such as in epi-
lepsy, new-born granule neurons may contribute to abnor-
mal reorganization of synaptic circuitry and aggravate the
extent of seizures through the formation of ectopic axonal
collaterals and excitotoxic synapses.
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