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Mesial temporal lobe epilepsy (MTLE) is associated with high rates of depression and anxiety. A bidirectional causal relationship has been

suggested, with these psychiatric comorbidities themselves enhancing epileptogenesis, possibly via hypercortisolemia. We examined the

effects on epileptogenesis of chronic supplementation with low-dose corticosterone (CS) in the electrical amygdala kindling rat model.

Adult Wistar rats were ovariectomized and implanted with bipolar electrodes into the left amygdala. After 1 week recovery, one group

(n¼ 7) had CS (3mg/100mlFapprox. 4.5mg/kg/day) and a control group saline (n¼ 7) added to their drinking water, and both groups

underwent twice daily electrical stimulations. Rats were culled 2 weeks after reaching the fully kindled state. A stereological optical

fractionator technique was used to estimate the number of CA1 pyramidal cells in the hippocampus ipsilateral to the stimulations. Fewer

stimulations were required in the CS-supplemented rats than in controls to reach the fully kindled state (32 vs 81, po0.03, Student’s

t-test) and the first Class V seizure (14 vs 57, po0.05). The mean after-discharge length was greater in the CS group (p¼ 0.03, repeated

measures analysis of variance). There was no difference in the mean number of CA1 neurons (1.05� 105 vs 1.04� 105, p¼ 0.98). These

data demonstrate that low-dose CS enhances epileptogenesis in this model of MTLE. This provides support for the hypothesis that

chronic hypercortisolemia, as a result of stress, anxiety, and/or depression, may facilitate the development and progression of epilepsy in

patients with MTLE. The lack of difference in hippocampal CA1 neurons indicates that the mechanism does not primarily involve

pyramidal cell loss.
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INTRODUCTION

Mesial temporal lobe epilepsy (MTLE) is the most common
form of focal epilepsy in adults that is resistant to medical
therapy (Engel Jr et al, 1997). High rates of depression and
anxiety in individuals with epilepsy have been reported in
many studies, with a specific association with MTLE
postulated (Barry et al, 2001; Herman and Cullinan, 1997;
Lambert and Robertson, 1999; Ring and Trimble, 1993).
This association may be due to a combination of
neurobiological and psychosocial factors resulting from
recurrent seizures. In the 5th century BC, Hippocrates first

suggested a bidirectional relationship between epilepsy and
depression when he wrote ‘melancholics ordinarily become
epileptics, and epileptics melancholics’ (Lewis, 1934).
Recently, there has been renewed interest in the possibility
that depression and stress may act to enhance epilepto-
genesis (Karst et al, 1999). Many epilepsy patients and
clinicians have the strong impression that psychological
stress is a risk factor for the illness and provokes the onset
of epilepsy (Frucht et al, 2000; Schmid-Schonbein, 1998).
There is good evidence that seizure frequency in many
patients with chronic epilepsy is aggravated by stress and
can be reduced by psychological means (Schmid-Schonbein,
1998). Furthermore, epidemiological studies have sugges-
ted that depression is a risk factor for epilepsy onset
(Hesdorffer et al, 2000).
One plausible neurobiological mechanism by which stress

and depression could potentially enhance epileptogenesis is
via an effect on the hypothalamic-pituitary-adrenal (HPA)
axis. The normal structure and function of the HPA axis
are tied intimately to the medial temporal lobe, with the
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amygdala and hippocampus playing key roles in HPA
feedback control (Herman and Cullinan, 1997). This raises
the possibility that the HPA axis may be dysfunctional in
hippocampal sclerosis and MTLE. The stress mediator,
corticotrophin-releasing hormone (CRH), is present in
these structures; although its functions there are not yet
well understood, considerable evidence exists for a pivotal
role for CRH in epileptogenesis in infancy and childhood
(Baram and Hatalski, 1998). In a range of animal models,
laboratory stressors and exposure to exogenous glucocorti-
coids result in structural and functional alterations in brain
regions critically involved in MTLE, especially the hippo-
campus and amygdala (Gould et al, 2000; McEwen and
Magarinos, 2001; Vyas et al, 2003). CRH and the HPA axis
are centrally involved in these changes. In humans, trauma,
stress, and pathological states with prolonged elevation of
glucocorticoids (such as Cushing’s syndrome and depres-
sion) are associated with diminished hippocampal volume
on neuroimaging or at autopsy, with evidence of impaired
hippocampal-associated memory on neuropsychological
testing (Belanoff et al, 2001; Gurvits et al, 1996; MacQueen
et al, 2003).
Few studies have directly addressed the possibility that

stress (or stress mediators) affects epileptogenesis. Karst
et al (1999) showed that high-dose corticosterone (CS)
exposure (via a subcutaneous pellet releasing 100mg/day)
in young rats resulted in an acceleration of hippocampal
electrical kindling epileptogenesis compared to controls.
However, the high pharmacological dose of CS used in this
study is unlikely to equate to the physiological alterations
seen in chronic stress and depression. Another study
demonstrated that electrical amygdala kindling rates were
accelerated in adrenalectomized rats when given low-dose
CS replacement in their drinking water (3mg/100mlF
enough to significantly elevate the blood CS levels)
compared to rats given saline only (Edwards et al, 1999b).
However, these results could be equally well explained by an
inhibition of epileptogenesis in rats pathologically deficient
in CS.
In this study, we investigated whether chronic low-dose

CS supplementation in the drinking water (3mg/
100mlFapprox. 4.5mg/kg/day) accelerates amygdala elec-
trical kindling in nonadrenalectomized rats. We also used
histological methods to examine whether any observed
enhancement of epileptogenesis was associated with in-
creased hippocampal pyramidal cell loss. Quantitative
pyramidal cell counts were performed using unbiased
stereological methods in the ipsilateral hippocampal CA1
region, as this was the region where there is maximal
pyramidal cell loss in patients with MTLE as well as in
animal models (Engel Jr et al, 1997; McNamara and Wada,
1997).

MATERIALS AND METHODS

Animals and Treatments

Female nonepileptic Wistar rats aged 16–17 weeks from the
Ludwig Institute of Cancer Research/Department of Surgery
Royal Melbourne Hospital breeding colony were used.
Female rats were chosen for use in this study because the
known gender differences in the incidence of anxiety and

depression in humans (Parker and Hadzi-Pavlovic, 2004).
Rats were ovariectomized at the time of electrode implanta-
tion to remove the effects of fluctuations in sex hormone
levels during the estrous cycle. All rats were allowed free
access to water and rat chow and housed at 201C. Rats were
randomly divided into two groups: one group was treated
with CS in their drinking water (3mg/100mlFapprox.
4.5mg/kg/day, n¼ 7), while the control group was given
normal saline (0.9% NaCl, n¼ 7). The estimate of CS
received was based on dividing the water intake per day by
the weight of the individual rat at that time. This dose of
CS was chosen because it had been shown to elevate plasma
CS levels into the physiological range in adrenalectomized
rats (Edwards et al, 1999b) and, therefore, was felt to be
appropriate to the situation that may exist in chronic stress
states. Kindling stimulations were performed twice daily,
and the time to reach the end point of five Class V seizures
(ie fully kindled; Racine, 1972) compared between the
groups. CS/control supplementation was commenced 2 days
prior to the first electrical stimulation and continued until
the animals were culled (2 weeks after becoming fully
kindled). The animals were weighed weekly. The Ludwig
Institute of Cancer Research/Department of Surgery Animal
Ethics Committee approved all procedures (AEC#23/03).

Surgeries and Amygdala Kindling Procedures

Rats underwent surgery 7 days prior to the start of the
kindling stimulations. Rats were anesthetized with xylazine
(10mg/kg) and ketamine (75mg/kg) intraperitoneally (i.p.).
For the electrode implantations, a single midline incision
was made over the scalp and five holes were drilled through
the skull for extradural ground and reference electrodes
(two) and for anchoring screws (three). Rats were then
placed in a stereotactic head frame to insert a bipolar
electrode into the left amygdala (AP: �3.0; ML: þ 5 relative
to bregma and dorsoventral �6.5mm relative to dura).
Dental cement was then applied to the skull to fix the
electrodes in place. After recovery from surgery animals
were placed in separate boxes for 7 days prior to
commencement of the kindling stimulations.
The electrical kindling stimulations were performed twice

a day with at least a 4-h interval. The rats were stimulated
via the bipolar electrodes using an Accupulser Pulse
Generator/Stimulator (A310, World Precision Instruments,
Sarasota, FL) connected to a battery-operated, optically
isolated, constant stimulus isolator (A360, World Precision
Instruments, Sarasota, FL). Stimulations consisted of a 1 s
train of 1ms biphasic square wave pulses at a frequency of
60Hz with current intensity of 200 mA. Subsequent beha-
vioral changes were observed and classified according to the
Racine classification (Racine, 1972): Class IFfacial clonus;
Class IIFhead nodding; Class IIIFone limb jerking; Class
IVFrearing; and Class VFfalling. Stimulation was ceased
after the rats had five Class V seizures. The behavioral class
of the seizures was determined by direct observation of the
animals by a single observer (TT), and then confirmed by
review of the videotape by a second blinded observer (TOB).
The brain activity was monitored and recorded using the
EEG machine for 1min prior to stimulation and 1min
following the cessation of the after-discharge. The length of
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the after-discharges on the EEG recordings was analyzed
using EEG Profusiont software (Compumedics, Melbourne,
Australia).

Brain Collection and Processing

Rats were kept for 2 weeks once they reached the fully
kindled state and continued to receive the CS or control
supplemented water. Rats were then given an overdose of
anesthetic (xylazine, 20mg/kg) and ketamine (150mg/kg,
i.p) and transcardially perfused with 150ml 0.1M phos-
phate-buffered saline (PBS, pH 7.4) followed by 450ml 4%
paraformaldehyde (PFA in 0.1M PBS, pH 7.2). Rats were
decapitated and the brain was removed and stored in 4%
PFA for 4 h, and then removed to a 20% sucrose solution
(0.1M PBS, pH 7.2) and kept for 48 h at 41C. After 48 h, the
brains were snap frozen with liquid nitrogen. Molds were
set deep into a plastic container filled with isopentane that
was immersed in liquid nitrogen. The frozen brain was
stored at �701C.

Serum CS Assays

Transcardial blood samples (0.3ml) were taken from
anesthetized animals using a heparinized syringe (100U/
ml heparin in 0.9% saline) from the left ventricle, just prior
to performance of the transcardial perfusion. Blood was
spun down by centrifugation for 8min at 12 000 revolutions
per minute. Plasma CS levels were measured by double
antibody Corticosterone Radioimmunoassay (RIA) kit (MP
Biomedicals). All samples were tested in duplicate.

Histological Analysis

In all, 20-mm coronal cryostat sections were cut through the
brain to include the entire hippocampal formation
and amygdala. Every 25th section was mounted and stained
with thionin (0.1%) in acetate buffer for 30min, dehydrated,
and coverslipped. Sections were examined to confirm the
correct electrode placement in the amygdala complex.
In order to investigate whether the low-dose CS admin-

istration resulted in an enhancement of hippocampal
neuronal cell loss, sections from the CS-treated rats and
controls were first visually qualitatively compared for
all regions. Secondly, a quantitative estimation of total
neuronal number, density, and region volume was per-
formed for the pyramidal cell layer of the ipsilateral CA1
region of the hippocampus. These cells were chosen for the
quantification because previous quantitative stereological
studies have shown they, along with those of the CA3 and
dentate hilus region, are the cell types that are maximally
decreased in rats having undergone amygdala kindling, with
neuronal loss being detected after as few as three Class V
seizures (Cavazos et al, 1994). Therefore, it would be
anticipated that if the CS supplementation resulted in
enhanced neuronal cell loss, it would be sensitively detected
by quantification of the CA1 pyramidal neurons.
For the quantification, an unbiased stereological method

was employed, using the optical fractionator (West et al,
1991), in which the number of CA1 neurons was system-
atically counted with the optical dissector technique

(Gunderson and Jensen, 1987) within a known fraction of
the total CA1 hippocampal region. Neurons were counted
under oil immersion with an Olympus microscope (BX50),
which was fitted with an electronic microcator (Multi-
control, 2000) and a video camera and connected to a
computer. Live microscope images were analyzed using the
Complete Assisted Stereological Toolbox (CAST Grid,
Olympus, Denmark) software. The volume of the CA1
region was estimated using the Cavalieri principle as
described previously (Mallard et al, 2000). Measurements
were performed by a single operator (TT) who was blinded
to the treatment group of the animals.

Statistical Analysis

Data were analyzed with the software package Statisticat.
The number of stimulations required to reach five Class V
seizures, the primary end point of the study, was compared
between CS-supplemented and control rats using Student’s
t-test. The length of the after-discharges was compared
between the groups, using analysis of variance (ANOVA)
for repeated measures, for the average of every 10
stimulations through to the maximum number of stimula-
tions that any animal received (ie 150). For animals
receiving fewer stimulations (ie attained five Class 5 seizure
with fewer than 150 stimulations), the length of the after-
discharge for the final stimulation was extrapolated out for
the remaining stimulation time points for this analysis. A
more conservative analysis of the after-discharge lengths
was also performed, utilizing only the number of stimula-
tion points up to and including that which all animals were
stimulated. The CA1 pyramidal cell counts (N), volume (V),
and cell density (D) estimations were compared between the
groups using Student’s t-test. A level of po0.05 was defined
as significant.

RESULTS

CS Dose

The rats drank an average of 43ml of water per day; this did
not differ between those that drank CS or saline. This
equated to an average daily dose of CS for the treatment
group of 1.3mg (or 4.5mg/kg) over the 6–12 week treatment
period (depending on the time to reach the fully kindled
state).

Kindling Stimulations

Fewer stimulations were required in the CS-supplemented
rats than in controls to reach full kindling (mean 32 vs 81,
p¼ 0.03, Student’s t-test), the first Class V seizure (14 vs 57,
p¼ 0.04), the first seizure (6 vs 36, p¼ 0.05), and the first
convulsive seizure (11 vs 46, p¼ 0.05) (Figure 1). The length
of the after-discharges was significantly greater in the
CS-treated group (p¼ 0.03, repeated measures ANOVA)
(Figure 2). When a more conservative analysis of the length
of after-discharges was performed, including only the data
points where all animals were actually being stimulated (ie
20 stimulations), the difference between the groups was
p¼ 0.005 (repeated measures ANOVA).
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Serum CS Levels

The results of the serum CS assays from the transcardial
punctures are summarized in Figure 3. The serum CS
concentrations were 17% higher in the CS-treated animals
than in the control animals, but this difference was not
statistically significant (392 vs 336 ng/ml, p¼ 0.46, Student’s
t-test).

Histological Analysis and Stereological Cell Number
Estimations

No qualitative differences were seen in any subregion of the
hippocampus ipsilateral to the kindling electrodes between
CS-supplemented and control rats. In quantitative studies,
no significant differences were seen between the groups in

the total number of CA1 pyramidal cells, density of the CA1
cells, or in the estimated volume of the CA1 region (all
p40.05, Student’s t-test) (Table 1).

DISCUSSION

Depression occurs in approximately 45% of temporal lobe
epilepsy patients (Altshuler et al, 1999), and there is
evidence it is more common in MTLE than in other types
of partial epilepsy (Quiske et al, 2000). This supports the
view that there is a specific pathophysiological relationship
between MTLE, depression, and chronic stress. Depression
has usually been thought of as a complication of MTLE, that
is, MTLE causes the depression. However, it is also possible
that common factors give rise to both MTLE and depression
(Jobe, 2003), or that depression itself contributes to the
pathogenesis of MTLE (Hesdorffer et al, 2000).
The primary aim of this study was to test the hypothe-

sis that chronic low-dose CS administration accelerates
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epileptogenesis in the amygdala kindling rat model of
MTLE (McNamara and Wada, 1997). This has been the most
studied animal model of focal epilepsy and has practical
advantages for this study over other models of MTLE, such
as the postkainic acid and electrical status epilepticus
models, in that the epileptogenesis occurs in a controlled
and readily quantified manner. In addition, it is less
‘destructive’ than these other models, and therefore the
epileptogenesis can be studied without the potential
confounding effects of widespread, major tissue destruction
in the brain (McNamara and Wada, 1997; Sarkisian, 2001).
Karst et al (1999) had previously reported that CS

supplementation enhanced hippocampal electrical kindling.
We used a different gender of rat (ovariectomized females
rather than males), a different method of kindling
epileptogenesis (amygdala rather than hippocampal), a
different mode of administration of CS (via drinking water
rather than subcutaneous pellet) and, probably most
importantly, a lower dose of CS (approx. 4.5mg/kg/day vs
100mg/day). The dose used in the previous study was
pharmacological rather than physiological, elevating the CS
levels to four times those in the control treated rats, and
therefore the results may not equate as well to the situation
seen in patients with chronic stress and depression. The
dose and method of administration of CS used in our study
has previously been shown to result in accelerated rates of
amygdala kindling in adrenalectomized rats compared with
rats that drank only saline (Edwards et al, 1999b). We
measured the effect of our CS treatment on serum levels of
CS on blood taken from transcardial puncture (Figure 3).
These data show that there was a mild (17%) higher serum
CS level in the CS-treated rats, but this difference did not
attain statistical significance. These results are likely
confounded by the acute stress effects of the anesthetic
and the procedure, which would elevate CS levels in animals
in which the HPA axis was not completely suppressed. This
may, in at least part, explain the lack of significant
difference in CS levels between the groups. However,
importantly, the results confirm that the CS doses used in
this study produced plasma levels that were within the
physiological range, and appropriate to those that are seen
in chronic stress in rats (Gomez et al, 1996).

Two other studies have shown that adrenalectomy
inhibits epileptogenesis in the kainic acid (Lee et al, 1989)
and kindling (Karst et al, 1997) rat models. The results of
our study extend these findings by demonstrating that low
dose of CS also accelerates amygdala kindling in non-
adrenalectomized rats. This supports the hypothesis regard-
ing MTLE that comorbid stress and depression, via chronic
HPA activation and mild hypercortisolemia, may exacerbate
the progressive epileptogenic nature of their disorder.
MTLE in humans is likely a multistep, neurodevelop-

mental disorder with vulnerability conferred in early life
and emergence of the clinical disorder years later, typically
in adolescence or young adulthood (Engel Jr et al, 1997).
Even after the establishment of epilepsy, there is evidence
that the repeated seizures result in ongoing neurobiological
effects on the mesial temporal structures, thereby providing
an opportunity for factors such as chronic stress and
disturbances in HPA function to modulate these effects.
Although not yet studied, it is plausible that stress and
glucocorticoids may contribute to the memory deficits that
commonly accompany human MTLE (Oxbury, 2000), which
are often reported by patients to worsen over time as a
cumulative effect of repeated seizures. In humans, physio-
logical states, which feature prolonged elevation of gluco-
corticoids, are associated with evidence of impaired
hippocampal-associated memory on neuropsychological
testing (Belanoff et al, 2001). In addition, similar changes
are seen after administration of glucocorticoids to healthy
volunteers (Newcomer et al, 1999). The results of our
study extend the spectrum of the neurobiological effects
of glucocorticoids on brain function to an enhancement of
epileptogenesis.
The mechanisms by which hypercortisolemia accelerates

kindling-induced epileptogenesis are uncertain. Glucocorti-
coids are involved in the normal regulation of neuroplas-
ticity and neurogenesis in the hippocampus (McEwen and
Magarinos, 2001) including regulation of dentate gyrus
granule cell turnover and development (Gould et al, 2000),
which are profoundly abnormal in MTLE. The hippocam-
pus and amygdala contain high densities of both Type I
(‘mineralocorticoid’, MR) and Type II (‘glucocorticoid’, GR)
glucocorticoid receptors. Stress-induced memory and learn-
ing impairments in a range of laboratory paradigms are
mediated to a large extent through adrenal glucocorticoids
(Oxbury, 2000). The exogenous administration of high,
pharmacological, doses of glucocorticoids in a range of
laboratory animals results in hippocampal structural change
including atrophy of dendritic processes, death of pyrami-
dal cells in the CA1 and CA3 regions, and inhibition
of dentate granule cell neurogenesis (Gould et al, 2000;
McEwen and Magarinos, 2001).
In this study, we found no differences between CS-

supplemented and control rats in the stereological estimates
of the CA1 pyramidal neuronal numbers, neuronal density,
or CA1 volume in the hippocampus ipsilateral to the side of
the stimulation (Table 1). This finding suggests that the
acceleration of epileptogenesis in rats chronically exposed
to low-dose CS is unlikely to be primarily due to
glucocorticoid enhancement of neuronal excitotoxicity.
We cannot exclude the possibility that subtle enhanced
neuronal loss in the CS-supplemented rats may have
occurred in cell types or brain regions other than the CA1

Table 1 Total Number and Density of CA1 Pyramidal Cells and
Volume of the CA1 Region in CS-Supplemented (n¼ 7) and
Control (n¼ 7) Rats that Underwent Electrical Amygdala Kindling

Total cell number Volume (mm3) Density (n/mm3)

CS

Mean 1.05� 105 0.35 3.47� 105

Min 0.59� 105 0.14 1.92� 105

Max 2.23� 105 0.76 4.88� 105

Control

Mean 1.04� 105 0.32 3.99� 105

Min 0.62� 105 0.08 1.92� 105

Max 2.53� 106 0.79 7.33� 105

p-value 0.97 0.83 0.54
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pyramidal neuron region such as inhibitory interneurons
within the hippocampus or neurons in extrahippocampal
limbic structures such as the amygdala. However, it is the
CA1 pyramidal neurons along with those in CA3 and the
dentate hilus that have been shown by previous quantitative
stereological studies to be decreased to the greatest extent
in rats having undergone amygdala kindling (Cavazos et al,
1994). Importantly, it is these same cell types that are
maximally lost in patients with chronic MTLE (Babb and
Brown, 1987; Babb et al, 1984). Additionally, it was in the
CA1 pyramidal neurons, in the study of Karst et al (1999),
that significant neurophysiological changes (ie increased
amplitude of population spike and of voltage-gated Ca2þ

currents) were detected in brain slices taken from kindled
rats treated with high-dose CS vs control kindled rats.
Furthermore, in our study a careful qualitative examination
of neuronal cell numbers in all hippocampal brain regions
demonstrated no obvious differences between the CS-
treated and control animals.
The lack of neuronal cell loss demonstrated in low-dose

CS-treated rats in this study suggest that the enhancement
of amygdala kindling results from a functional alteration in
the neurophysiological firing properties of limbic neurons
and circuitries. It has been demonstrated that chronic stress
in rats results in a loss of arborization, not just cell number,
and this would not have been detected by our methods
(McEwen and Magarinos, 1997). Glucocorticoids are also
known to play an important role in the normal regulation of
electrical activity in hippocampal circuitry and play an
important role in long-term potentiation (LTP), long-term
depression (LTD), and learning (de Kloet, 1991). LTP is
thought to play a role in the development of kindling and
epileptogenesis (McNamara and Wada, 1997). CS is also
involved in modulating neuronal excitability (Joels and
de Kloet, 1992). The study of Karst et al’s demonstrated
enduring electrophysiological changes on hippocampal
slices taken after full kindling from CS-supplemented rats,
even at a time when CS levels and hippocampal corticoster-
oid receptor mRNA levels were no longer elevated (Karst
et al, 1999). Another recent study of restraint stress on
hippocampal LTP in the rat found an association between
stress and the occurrence of epileptic after-discharges in the
CA3 region following high-frequency stimulation (Pavlides
et al, 2002).
It should be noted that the rats in this study were

ovarectomized females. Sex hormones, including estrogens,
progesterones, and testosterone, have been shown to have
important effects on seizures, and to influence kindling
rates in rats (Edwards et al, 1999a, b). Estrogens have been
shown to synergize with CS replacement in adrenalecto-
mized rats (Edwards et al, 1999b). In this current study, the
animals were castrated in order to test the effect of low-dose
CS supplementation in nonadrenalectomized independent
of any confounding effects of circulating sex hormones.
Future studies could examine the effect of CS in non-
castrated, nonadrenalectomized animals, as well the inter-
actions of the various sex hormones. It is also acknowledged
that this study could not determine the mechanism under-
lying the observed effect of CS, for example, whether the
observed acceleration of kindling epileptogenesis was a
direct effect of CS, or resulted from a secondary effect on
another mediator.

In conclusion, the results from this study demonstrate
that low-dose CS supplementation enhances epileptogenesis
in the amygdala kindling rat model of MTLE. This provides
support for the hypothesis that chronic mild hypercortiso-
lemia, as a result of stress, anxiety, and/or depression, may
facilitate the development and progression of epilepsy in
patients with MTLE. The lack of a significant difference
between CS-supplemented and CS-nonsupplemented ani-
mals in quantitative hippocampal CA1 cell estimations
indicates that the mechanism for the enhanced epilepto-
genesis does not primarily involve CS enhancement of
pyramidal neuronal loss.
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