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detrimental effects (15). Changes in learning ability,

Electroconvulsive shock (ECS) seizures provide an

animal model of electroconvulsive therapy (ECT) in
humans. Recent evidence indicates that repeated ECS
seizures can induce long-term structural and func-
tional changes in the brain, similar to those found in
other seizure models. We have examined the effects of
ECS on neurogenesis in the dentate gyrus of the adult
rat using bromodeoxyuridine (BrdU) immunohisto-
chemistry, which identifies newly generated cells.
Cells have also been labeled for neuronal nuclear pro-
tein (NeuN) to identify neurons. One month following
eight ECS seizures, ECS-treated rats had approxi-
mately twice as many BrdU-positive cells as sham-
treated controls. Eighty-eight percent of newly gener-
ated cells colabeled with NeuN in ECS-treated sub-
jects, compared to 83% in sham-treated controls. These
data suggest that there is a net increase in neurogen-
esis within the hippocampal dentate gyrus following
ECS treatment. Similar increases have been reported
following kindling and kainic acid- or pilocarpine-in-
duced status epilepticus. Increased neurogenesis ap-
pears to be a general response to seizure activity and
may play a role in the therapeutic effects of ECT.
© 2000 Academic Press
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INTRODUCTION

Electroconvulsive therapy (ECT) has been used since
the late 1930s as an effective and fast-acting treatment
for a variety of psychiatric disorders (1). Most com-
monly, ECT is used in the treatment of depression and
particularly in the treatment of drug-resistant depres-
sion (1). The procedure involves a series of electrically
induced generalized convulsive seizures. Typically,
eight convulsions are administered at 48-h intervals
over the course of 2 1

2 weeks (1).
Although ECT has been proven to be highly effective

at alleviating the symptoms of depression, the treat-
ment remains controversial due to fears of long-term
231
memory, and cognition occur for hours or days follow-
ing ECT (1, 7). In addition, anterograde and retrograde
amnesia occur for events immediately surrounding the
treatment. These may persist for weeks or months (1,
12).

Extensive research has failed to find gross brain
damage resulting from ECT (12). Studies of electrocon-
vulsive shock (ECS), an animal model of ECT, have
also failed to show gross structural damage following
repeated treatments (12). Recent work using the elec-
trical kindling seizure model, however, has shown that
seizures can cause functionally significant and long-
lasting changes in the brain without gross structural
damage. In the kindling model, brief and temporally
spaced seizure episodes result in long-lasting changes
in intracranial evoked potentials (35), axonal sprouting
(41), and cell loss (2, 11, 34, 45).

These discoveries using the kindling seizure model
have prompted a reexamination of the effects of ECT/
ECS on the brain. Recent work from our own and other
laboratories has demonstrated ECS-induced structural
and functional changes similar to those seen in the
kindling model. Long-term increases in the amplitude
of the evoked potentials in the entorhinal–dentate
pathway have been found, as well as aberrant sprout-
ing of dentate granule cell mossy fibers (6, 40, 42).

Seizures cause cell birth as well as cell loss. Produc-
tion of new dentate granule neurons occurs in adult-
hood in several mammalian species and may be com-
mon to all mammals, including humans (10, 14). Kin-
dling, kainic acid, and pilocarpine-induced status
epilepticus have all been found to increase the rate of
neurogenesis in the dentate gyrus (24, 32, 37). The
present study, therefore, was undertaken to examine
the effects of ECS on neurogenesis. During a course of
eight ECS seizures, animals were injected with the
thymidine analog bromodeoxyuridine (BrdU). Bro-
modeoxyuridine is incorporated into the DNA of divid-
ing cells during mitosis and therefore provides a label
for newly born cells and their offspring (30). One month
following ECS, counting of BrdU-positive nuclei was
0014-4886/00 $35.00
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performed in the granule cell layer of the dentate gyrus in the transverse plane using a cryostat with a mic-
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using an optical disector technique and fractionator
sampling scheme modified from West et al. (44). The
proportion of cells double labeled for BrdU and the
neuronal marker neuronal nucleus (NeuN) was also
determined.

MATERIALS AND METHODS

Subjects

Male, albino Wistar rats (320–400 g, Charles River,
St. Constant, Quebec, Canada) were used as subjects.
Subjects were individually housed on a 12-h light–
dark cycle (lights on at 7:00 AM) with food and water
continuously available.

ECS Procedure

Subjects were randomly sorted into “ECS” and “con-
trol” groups. The ECS group received an ECS treat-
ment every second day at 11:00 AM for a course of eight
seizures. This schedule was designed to emulate the
schedule of ECT treatments in clinical settings (1). The
electrical stimulus was delivered through corneal elec-
trodes for a duration of 0.2 s. It consisted of 60-Hz sine
wave pulses, 150 mA in amplitude. Each stimulation
resulted in a tonic–clonic seizure lasting 8 to 10 s.
Sham-treated control animals received identical han-
dling, but no electrical stimulation.

Bromodeoxyuridine Injections

Starting with seizure number 5, ECS-treated and
sham-treated subjects received a single injection of
BrdU (50 mg/kg in 0.9% saline and 0.01 N NaOH;
Sigma-Aldrich) 2 to 3 h following each treatment. In-
jections were also given at the same time on the 3 days
between treatments, resulting in a total of seven injec-
tions.

Tissue Preparation

To examine the effect of ECS on the net production of
new neurons, rats were allowed to survive for 4 weeks
after the last ECS seizure. This delay allows newly
generated neurons to differentiate and presumably in-
tegrate into the granule cell layer of the dentate gyrus.
Subjects were deeply anesthetized with sodium pento-
barbital (65 mg/kg) and perfused transcardially with
ice-cold phosphate-buffered saline (PBS, 100 ml, pH
7.2), followed by 4% phosphate-buffered paraformalde-
hyde (200 ml, pH 7.2). Brains were removed and post-
fixed in 4% phosphate-buffered paraformaldehyde for
18 h. Hippocampi were dissected and placed in PBS
containing 0.1% sodium azide and kept at 4°C until
sectioning.

Before sectioning, left hippocampi were placed in
25% sucrose overnight and then exhaustively sectioned
rotome setting of 40 mm. Every 20th section was se-
lected for subsequent analysis in a systematic random
fashion by randomly choosing the first section in the
first interval of 20 sections (35). A total of 9 to 11
sections per animal was obtained for analysis.

Immunohistochemistry

Following DNA denaturing in 2 N HCl at 37°C for 40
min, free-floating sections were rinsed several times in
PBS over a 15-min period and immunohistochemically
stained for BrdU followed by NeuN. All antibody solu-
tions contained 0.3% Triton X-100 in PBS and 1% normal
goat serum (Sigma). Briefly, sections were first incubated
overnight at 4°C in a pooled anti-BrdU and anti-NeuN
primary antibody solution (rat anti-BrdU, 1:100 dilution,
Accurate Chemical; mouse anti-NeuN, 1:1000, Chemi-
con). They were then washed at room temperature in
PBS. To visualize BrdU immunoreactivity, sections were
incubated for 1.5 h at room temperature in Cy2-conju-
gated goat anti-rat secondary antibody (1:200, Jackson
ImmunoResearch), followed by a wash in PBS. To visu-
alize NeuN immunoreactivity, sections were then incu-
bated in the secondary antibody solution biotinylated
donkey anti-mouse (1:50, Vector Laboratories), followed
by a wash in PBS and streptavidin-conjugated Texas red
(1:200, Gibco BRL) for 1.5 h each at room temperature.
Sections were then washed in PBS, rinsed with distilled
water, and mounted on slides with Permafluor antifade
mounting medium (Lipshaw Imunon).

BrdU and NeuN Quantification

All tissue analysis was performed using a Zeiss
LSM410 confocal laser scanning microscope with a
633 (1.4 N.A.) oil immersion objective lens. Analysis

as done by an investigator “blind” to the treatment
onditions. BrdU-positive nuclei in the entire granule
ell layer (GCL), which included the subgranule zone
defined as two cell widths below the GCL) of each
ection, were counted using the optical disector tech-
ique with a fractionator sampling scheme described

n detail by West et al. (44). Briefly, BrdU-positive
uclei were counted as they came into focus while
canning through the section. The disector height (h)
as set at 10 mm and nuclei within the first 3 mm of the

section was not counted. The section thickness was
measured at roughly the middle of each of the two
blades of the GCL and at the apex. The average of
these measurements was used as the thickness of that
section. The total number of BrdU-positive nuclei in
each hippocampus was then estimated as

N 5 O Q 2 z t/h z 1/asf z 1/ssf, (1)

where ¥ Q2 is the total number of counted BrdU-
positive nuclei in each hippocampus, t is the average
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slice thickness, asf is the areal sampling fraction (equal
to 1 since the entire GCL was sampled), h is the dis-
ector height, and ssf is the section sampling fraction
equal to 1/20 (every 20th section was selected). Double
labeling of each counted BrdU-positive nucleus for
NeuN was confirmed by focusing through the nucleus
with 53 to 83 magnification of the confocal image.

Estimation of total object number in a defined vol-
ume is based on counting objects in a known fraction of
that volume. Estimates obtained using the optical dis-
ector approach with a fractionator sampling scheme
are unbiased in that the technique involves no assump-
tions about the size, shape, or orientation of the objects
under study and, as sample size increases, estimates
approach the true value (39). Estimates are also unaf-
fected by changes in tissue volume before or after tis-
sue processing (44).

RESULTS

Figures 1A and 1B show epifluorescence micro-
graphs of the dentate gyrus of representative sham-
treated control (Fig. 1A) and ECS-treated (Fig. 1B)

FIG. 1. Epifluorescence micrographs (A and B) and confocal ima
euN (red). More BrdU-positive nuclei were found within the granul

olabeled for BrdU and NeuN (C and D, MES-treated rat) were fo
rdU-only labeled nuclei were found mainly within the hilus (D) ar

mm. m, molecular layer. h, hilus.
animals labeled for both BrdU and NeuN. BrdU-posi-
tive nuclei in the GCL of control and ECS-treated an-
imals were found primarily at the hilar border, but
were also occasionally found deeper within the granule
cell layer. Figures 1C and 1D also show confocal im-
ages of cells from an ECS-treated animal which were
double labeled for BrdU and NeuN (Fig. 1C) and BrdU-
positive only (Fig. 1D). Most nuclei of cells that were
colabeled for BrdU and NeuN were large and round
relative to the cell body, consistent with their being
dentate granule neurons. Nuclei that were not co-la-
beled tended to be smaller or elongated in shape and
are presumed to have been glial or endothelial cells
respectively. Nuclei which were labeled for BrdU, but
not NeuN, were frequently seen within the hilus and
much less frequently within the GCL.

Figure 2 shows the mean number (6SD) of BrdU-
positive nuclei in the GCL of ECS and control subjects.
ECS-treated animals had approximately twice as
many BrdU-positive nuclei as control subjects (P ,

.01, two-tailed t test). ECS-treated animals were also
ound to have a significantly larger proportion (88.1%)
f cells colabeled with BrdU and NeuN than untreated

(C and D) of rat dentate gyrus double labeled for BrdU (green) and
ll layer of ECS-treated rats (B) than sham-treated controls (A). Cells
d primarily near the hilar-granule cell layer border while smaller
esumed to be glial cells. (A and B) Bar, 100 mm. (C and D) Bar, 10
ges
e ce
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controls (83.1%, P , 0.05, two-tailed t test). This
ndicates a shift toward the production of neurons or an
nhancement of neuronal survival relative to other cell
ypes.

DISCUSSION

The present study was designed to examine the ef-
fect of ECS on neurogenesis in the dentate gyrus of the
adult rat. It was found that eight ECS seizures in-
creased the number of newly generated neurons in the
granule cell layer. To our knowledge, this is the first
study to show that dentate granule cell neurogenesis
can be increased by ECS. The prolonged seizures of
pilocarpine and kainic acid-induced status epilepticus
have also been reported to increase neurogenesis in the
dentate gyrus of the rat (24, 32), as have the brief and
temporally spaced seizures of the kindling model (2, 31,
37). In the kindling model, even a single afterdischarge
appears to have a significant effect (2). Thus, in rats,
increased neurogenesis seems to be a generalized re-
sponse to seizure activity.

Proliferation vs Survival

Disruption of the blood–brain barrier has been re-
ported to occur for a brief period immediately following
both ECS and ECT treatments (1, 12). It is unlikely
that the increase in the numbers of BrdU-labeled cells
seen here is due entirely to changes in permeability of
the blood–brain barrier to BrdU. If the rate of cell
proliferation were unchanged following ECS treatment
while the blood–brain barrier permeability to BrdU

FIG. 2. Mean estimates (6SD) of total number of BrdU-positive
uclei within the granule cell layer of sham-treated control and
CS-treated rats. *P , 0.01 two-tailed t test. n, number of animals

n each group. Percentages of BrdU-positive nuclei colabeled for
euN are indicated. **P , 0.05 two-tailed t test.
and BrdU to those labeled with BrdU only, would not
be expected to change. We found a significantly larger
proportion of cells colabeled with BrdU and NeuN,
indicating that a greater number of neurons were in
fact produced by increased division of neural progeni-
tor cells and/or by the enhancement of neuronal sur-
vival.

Recent work by Malberg et al. (27) has shown that
administration of a number of antidepressant drugs as
well as ECS results in an increase in dividing cells in
the dentate gyrus. The present study extends these
findings to show that the vast majority of those new
cells become new neurons in the dentate gyrus one
month after the last seizure. Our experimental design
does not allow us to determine whether the net in-
crease was strictly due to a change in neuronal precur-
sor proliferation or to enhanced survival of newly gen-
erated neurons as well. Work by Gould and colleagues
has demonstrated that many newly generated neurons
die and that there is a “sensitive period” where sur-
vival is determined (20). Seizures may enhance the
likelihood of survival of some newly generated granule
neurons which would otherwise be lost. The combined
effects of ECS on both cell proliferation and survival
might therefore result in the increased number of new
neurons seen here.

Functional Integration

Newly generated neurons in the dentate gyrus send
axonal projections to targets in CA3 (28, 38) and re-
ceive synaptic contacts (28). They have also been found
to persist for up to 2 years in humans (14) and are very
likely functionally integrated into hippocampal cir-
cuits. Following seizures, newly generated neurons
which have been labeled for the early postmitotic neu-
ronal marker collapsin response mediator protein-4
(CRMP-4; sometimes referred to as TOAD-64) also ap-
pear to project dendritic processes into the molecular
layer as well as send axonal projections to CA3 (32, 37).
Some newborn neurons may contribute to the aberrant
mossy fiber sprouting seen in the pilocarpine status
epilepticus model (32, 37, 43). Further experiments are
required to determine if and exactly how the newly
generated neurons following seizures are integrated
into existing hippocampal circuitry and whether or not
they are a permanent addition to the total number of
neurons in the granule cell layer.

Recent evidence suggests that the younger popula-
tion of dentate granule cells may have different mor-
phological and physiological properties than the older
population, including fewer dendritic spines and re-
duced GABAergic inhibition resulting in an enhanced
capacity for long-term potentiation (43). Changes in
the proportion of younger to older granule neurons may
therefore alter the functioning of the dentate gyrus as
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crease in evoked potentials found there following ECS
and altering the hippocampal regulation of the hypo-
thalamic–pituitary–adrenal (HPA) axis (18).

Possible Factors Mediating Increased Neurogenesis

Seizures may produce their effects on neurogenesis by
altering the levels of growth factors. Several growth fac-
tors are known to alter the proliferation, differentiation
and survival of neuronal precursors in vitro and in vivo
(9). For example, epidermal growth factor has been re-
ported to increase cell division (22) as well as alter the
ratio of neurons to glia produced in the dentate gyrus
(25). ECS has been found to increase the expression of
several growth factors including nerve growth factor (16),
basic fibroblast growth factor (16), and brain-derived
neurotrophic factor (29). The effects of these on dentate
granule cell neurogenesis have not been well character-
ized as yet, but they provide a possible mechanism for the
promotion of neurogenesis. Further work will be required
to elucidate the possible role of growth factors on seizure-
induced changes in neurogenesis.

Another factor which may play a role in seizure-
induced neurogenesis is seizure-induced cell death.
Seizure activity has been shown to cause necrosis and
apoptosis in the pilocarpine (17, 36), kainic acid (33),
and kindling models (2, 11, 34, 45). ECS seizures may
cause a subtle form of cell death, particularly apopto-
sis, although this has not been studied as yet. While no
direct link between apoptosis and neurogenesis has
been shown, several different manipulations that
cause an increase in apoptosis in the dentate gyrus also
cause an increase in neurogenesis. These include ad-
renalectomy (8), blockade of NMDA receptors (21), ex-
citotoxic and mechanical lesions (23), and ischemia (26,
26). This suggests a possible relationship between the
two processes. Conceivably, cell death may be a stim-
ulus for increased neurogenesis which may then act as
a compensatory mechanism (23).

Possible Relevance to Therapies for Depression

The functional significance of increased neurogen-
esis following ECS and whether it may play a role in
the therapeutic actions of ECT is not known. There is
now evidence of life-long neurogenesis in the dentate
gyrus of human beings (14). If the process in humans is
as sensitive to manipulation as it is in rats, seizures
may have a significant effect on the composition of the
dentate granule cell layer in patients subjected to ECT.

One theory of depression suggests that a dysregula-
tion of the HPA axis may be responsible for some
symptoms associated with depression (13). The hip-
pocampus is known to provide negative feedback to the
HPA axis (5). Neuronal atrophy and hippocampal dys-
function resulting from damage by elevated levels of
corticosteroids may further aggravate HPA dysregula-
neurons following ECT in depressed patients may af-
fect hippocampal function, which in turn may reduce
HPA hyperactivity, alleviating symptoms of depres-
sion. The rapidity of the therapeutic action of ECT may
argue against this possibility. As few as three ECT
sessions over the course of a week may have antide-
pressant effects in some cases (1). Since relapse is
much more likely to occur with fewer sessions, six to
eight sessions are normally required to achieve lasting
results. Neurogenesis may therefore be associated with
the longer-lasting effects of further treatments.

Furthermore, increased production of new granule
neurons may play a role in the therapeutic action of the
antidepressant drugs which affect serotonin (5-hy-
droxytryptamine) reuptake. Drugs which block seroto-
nin reuptake are potent antidepressants, yet have a
delayed therapeutic effect of several weeks. This sug-
gests that a form of adaptation to these drugs, not the
rapid increase in synaptic serotonin levels, is respon-
sible for their therapeutic effects (13). Serotonin has
been shown to upregulate neurogenesis in the dentate
gyrus (3, 4, 19). Blockade of serotonin reuptake may
therefore increase neurogenesis in the dentate gyrus
resulting in delayed effects on the HPA axis and ulti-
mately on the symptoms of depression.

The present data add to a growing body of evidence
suggesting that ECS causes long-lasting structural
and functional changes in the brain (40, 42). Future
research will be required to determine the extent to
which similar changes occur after ECT and whether
they play a role in the therapeutic effects of ECT or are
possibly responsible for the undesirable amnestic ef-
fects of the procedure.
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