Increased Neurogenesis in a Model of
Electroconvulsive Therapy
Torsten M. Madsen, Alexandra Treschow, Johan Bengzon, Tom G. Bolwig,
Olle Lindvall, and Anders Tingström
Background: Electroconvulsive therapy (ECT) is a
widely used and efficient treatment modality in psychiatry,
although the basis for its therapeutic effect is still unknown. Past research has shown seizure activity to be a
regulator of neurogenesis in the adult brain. This study
examines the effect of a single and multiple electroconvulsive seizures on neurogenesis in the rat dentate gyrus.
Methods: Rats were given either a single or a series of 10
electroconvulsive seizures. At different times after the
seizures, a marker of proliferating cells, Bromodeoxyuridine (BrdU), was administered to the animals. Subsequently, newborn cells positive for BrdU were counted in
the dentate gyrus. Double staining with a neuron-specific
marker indicated that the newborn cells displayed a
neuronal phenotype.
Results: A single electroconvulsive seizure significantly
increased the number of new born cells in the dentate
gyrus. These cells survived for at least 3 months. A series
of seizures further increased neurogenesis, indicating a
dose-dependent mechanism.
Conclusions: We propose that generation of new neurons
in the hippocampus may be an important neurobiologic
element underlying the clinical effects of electroconvulsive
seizures. Biol Psychiatry 2000;47:1043–1049 © 2000
Society of Biological Psychiatry
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Introduction

I

nduction of seizures in the form of electroconvulsive
therapy (ECT) has been used in the treatment of
psychiatric disorders for more than 60 years. Particularly
in the treatment of severe major depression, evidence for
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the effectiveness and superiority of ECT over other treatments is clear and convincing (Janicak et al 1985).
Nonetheless, despite much effort to clarify the basis for the
beneficial effects of this treatment modality, its mechanism of action is still largely unknown. The generalization
of seizures that is a prerequisite for the therapeutic effect
(Sackeim et al 1996) probably exerts a strong influence on
diencephalic-limbic structures, the biochemistry of which
is disturbed in major depression (Goodwin 1990).
Among particular structures calling for attention in
relation to depression is the hippocampus. Because animal
studies have demonstrated a profound effect on a number
of signaling molecules, including monoamines, neuropeptides, and growth factors, in the hippocampus (Mathé
1999; Mongeau et al 1997; Nibuya et al 1995) and this
region also is vulnerable to stressful stimuli and increased
glucocorticoid levels (McEwen 1999), we found it relevant to focus particularly on the hippocampal formation in
a study on the effects of ECT in an animal model. The
hippocampus is crucial for the formation of memory
(Squire 1986a), and many elderly patients display gross
depression-related memory impairment (depressive
pseudodementia) that disappears following recovery. Further, a decreased hippocampal volume has been reported
in patients with repeated episodes of major depression
(Shah et al 1998; Sheline et al 1996, 1999).
Clinical efficacy of ECT requires seizures of a longer
duration than 20 –30 sec for each of typically 6 –10
seizures to ensure maximal response (American Psychiatric Association 1990). This treatment gives rise to transient cognitive impairment (Squire 1986b), but no other
side effects have been consistently documented, although
both ECT and electroconvulsive seizure (ECS), the animal
model for this treatment modality, have been carefully
examined for accompanying tissue damage (Devanand et
al 1994; Vaidya et al 1999).
The dentate gyrus of the hippocampal formation is a site
for continuos neurogenesis during adult life in animals,
including humans (Altman and Das 1965; Eriksson et al
1998; Gould et al 1998). Proliferation, differentiation, and
survival of dentate granule neurons are influenced by a
number of physiologic and environmental conditions
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(Kempermann et al 1997b; van Praag et al 1999). In
rodents, brain insults such as global ischaemia (Liu et al
1998) and experimentally induced seizures markedly increase hippocampal neurogenesis, although primarily following extended periods of seizure or in association with
neuronal damage (Bengzon et al 1997; Parent et al 1998).
In our study, we have analyzed neurogenesis in the
dentate gyrus of rats following ECS. The objectives were
first to explore the possibility that a single ECS triggers
neurogenesis and, if so, whether repeated ECS would
further increase cell proliferation. Second, we hoped to
determine whether the newly formed neurons were short
lived or exhibited long-term survival. Finally, we hoped to
determine if ECS leads to neuronal death by an apoptotic
mechanism as previously reported for kindling-evoked
seizures (Bengzon et al 1997). To assess cell proliferation,
we used the thymidine analogue, bromodeoxyuridine
(BrdU), which is incorporated into DNA in dividing cells
in the S-phase and can be detected by immunohistochemistry. Neurons were identified by the presence of the
neuron-specific marker NeuN. Apoptosis was detected by
enzymatic labeling of cleaved DNA fragments in the
apoptotic cells.

Methods and Materials
Animals and Design of Study
We used adult male Wistar rats (Møllegaard Breeding Center, Ll.
Skensved, Denmark), which weighed between 250 and 400 g at
the beginning of the study. The animals were housed three per
cage and were allowed free access to ordinary lab chow and
water.
The time course of maximal proliferation was assessed by two
injections of BrdU with a 12-hour intervals, starting at different
time points (0, 3, 5, 7, and 9 days) after ECS (n ⫽ 5 per time
point). Rats survived 48 hours after the last injection of BrdU. As
maximal cell proliferation seemed to occur on days 3 and 5 after
the ECS, BrdU was administered from day 3 to day 6 in the
single ECS experiment. Each rat received six injections of BrdU
at 12-hour intervals, starting 72 hours after the administration of
a single ECS or sham treatment. The animals were then allowed
to survive for 1 or 3 months (n ⫽ 5 in each group). For the
repeated ECS experiment, four groups (n ⫽ 7 in each) were used.
Starting on day 1, the animals received either one ECS, 10 ECSs
(one daily for 10 days), five ECSs (on days 1, 3, 5, 7, and 9), or
10 sham treatments (one daily for 10 days). BrdU was administered twice daily from day 1 to day 21 of the experiment (a total
of 42 injections). The animals were allowed to survive for 14
days after the last injection of BrdU.
In a separate experiment to detect apoptotic cells, rats were
administered either one or a series of 10 ECSs (one daily) or
given corresponding sham treatments. Animals were analyzed 2
and 4 hours after the last ECS (n ⫽ 5 in each of the groups).

Administration of Electroconvulsive Seizures
Electroconvulsive seizures were delivered through earbar electrodes (50 mA, 0.5 sec, 50 Hz unidirectional square wave pulses)
and consistently resulted in a period of tonic-clonic seizure
activity of less than 1 min. Sham-treated rats were handled
identically to the ECS treated animals except that no current was
passed.

Administration of Bromodeoxyuridine
Bromodeoxyuridine was dissolved in potassium phosphate buffered saline (KPBS) in all experiments and was administered
intraperitoneally in a dose of 37.5 mg/kg per injection.

Detection of Neurogenesis
Animals were anaesthetized with Equithesin (SAD, Copenhagen,
3.3 mL/kg intraperitoneally) and transcardially perfused with
heparinized saline for 2 min., followed by 4% paraformaldehyde
for 13 min. The brains were removed from the skull and allowed
to postfix in the fixative overnight. Before sectioning on a
freezing microtome, the brains were transferred to 20% sucrose
in phosphate buffered saline (KPBS) until they sunk. The brains
were cut in the frontal plane through the hippocampus in
40-–thick sections.
Sections were washed three times in KPBS and then exposed
to 1M HCl at 65°C for 30 min. After three washes in KPBS
0.25% Triton X-100, the sections were incubated in blocking
buffer (KPBS ⫹ 0.25% Triton X-100 [KPBS-T] ⫹ 5% normal
donkey serum (Harlan Sera-lab, Belton, UK) ⫹ 5% normal horse
serum [Sigma, St. Louis]) for 1 hour at room temperature. The
sections were then exposed to the primary antibody solution
(blocking buffer ⫹ 1% rat-anti-BrdU (Harlan Sera-lab, MAS
250p) ⫹ 1% mouse anti-NeuN (MAB377, Chemicon, Temecula,
CA) for 36 hours at 4°C and slow shaking. Then, after two
washes with KPBS-T, sections were again blocked with two
washes with KPBS-T ⫹ 2% normal donkey serum (Harlan
Sera-lab) ⫹ 2% normal horse serum. Then sections were
incubated in the same blocking buffer with the secondary
antibodies (0.5% Cy-3 donkey-anti rat IgG [Jackson 712-165153, Jackson ImmunoResearch, West Grove, PA] and 0.5%
biotin horse-anti-mouse IgG [Vector BA–2001, Vector Laboratories, Burlingame, CA]) for 2 hours in the dark. Finally, before
three washes in KPBS, the sections were incubated with KPBS-T
and 0.4% of flourescine avidin D (Vector A 2001) for 2 hours.
After drying and mounting in polyvinyl alcohol-1-4-diazabicyclo-[2,2,2]-octane mounting medium, sections were analyzed by
fluorescence or confocal microscopy.

Detection of Apoptosis
Rats were rapidly decapitated, the brains removed and frozen in
powdered dry ice. The brains were kept at ⫺80° until sectioning
on a cryostat. To visualize apoptotic cells, the Oncor Apoptag kit
(Oncor cat #S7110) was used according to the manufacturers
specifications.

Figure 1. A single electroconvulsive seizure (ECS) stimulates
cell proliferation. Double immunofluoroscence images showing
a rat dentate gyrus from (top) a sham-treated animal and
(bottom) an ECS treated-animal. Bromodeoxyuridine (BrdU)
was injected six times with 12-hour intervals, starting 72 hours
after ECS. Animals survived 1 month after the ECS treatment.
Red cells are positive for the mitotic marker BrdU, and green
cells are positive for the neuronal marker NeuN. Scale bar, 50
m.

Figure 2. Survival of newborn cells. Quantification of the
number of newly formed cells per 40-m section of rat dentate
gyrus 1 month (left) or 3 months (right) after treatment with a
single electroconvulsive seizure (ECS). Cells in the granular and
hilar regions were counted. A single ECS significantly increased
the number of bromodeoxyuridine-labeled cells compared with
sham treatment (***Significance, p ⬍ .0001; Bonferroni/Dunn
correction. Error bars, SEM). No significant difference in the
number of bromodeoxyuridine (BrdU)-labeled cells was observed between the 1-month survival and the 3-month survival
animals.

Figure 3. Newborn cells are mainly neurons. Confocal image
documenting the neuronal phenotype of proliferating cells in the
dentate gyrus. In the medial portion of the dentate gyrus from a
rat 3 months after a single electroconvulsive seizure (top), red
(bromodeoxyuridine [BrdU] positive) cells are clearly visible. To
assess colocalization of BrdU and the neuronal marker NeuN
(green), a cutoff level for both colors (white box, center) was
chosen. Bottom: Cells with intensities above the cutoff level in
both channels appear white. This documents the neuronal phenotype of the newborn cells. For comparison, arrows in the
bottom panel point to BrdU-labeled cells that are not positive for
NeuN. Scale bar, 20 m.
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Quantification of Cell Proliferation
Sections through the dorsal hippocampus (⫺3.3 mm to ⫺4.5
mm, relative to bregma; Paxinos and Watson 1986) were
analyzed by observers blind to the treatment. For the single ECS
experiments, all BrdU-labeled cells in the dentate gyrus including the hilus were counted. In the multiple seizure experiment,
only labeled cells in the subgranular zone (SGZ) were counted.
Cells lying within two cell diameters of the granule cell and hilar
border were included in the SGZ count. Counting was performed
using a fluorescent microscope with 40x objective. Four to six
sections per animal were counted, and the counts were averaged
and expressed as means per dentate gyrus or SGZ, respectively.
Confocal microscopy was performed on double-labeled sections. Z-series of sections fron the medial tip of the dentate gyrus
were collected. The digitally acquired sections were of a thickness of approximately 1 m, and about 20 sections were obtained
by the digital sectioning. Subsequently, BrdU positive cells were
analysed for the colocalisaation of NeuN immunoreactivity.

Results
Proliferation and Survival of Newly Generated
Cells after a Single ECS
Cell proliferation was analyzed in the hippocampal formation. In unstimulated animals, BrdU-labeled cells were
seen along the inner border of the dentate granular cell
layer indicating an ongoing, basal-cell proliferation, in
agreement with previous findings by other researchers
(Gould et al 1999; Kempermann et al 1997a).
A single ECS increased the rate of cell proliferation in
the dentate gyrus. The period of maximal cell proliferation
was determined by administering BrdU at different time
points after a single ECS. In the first 12 hours after an
ECS, the rate of proliferation was still at baseline levels.
By day 3 after the ECS, the number of BrdU-labeled cells
had more than doubled, stayed elevated at 5 days but
returned to control levels by day 7 (data not shown).
To examine the long-term survival of the newly formed
cells, BrdU was administered within the period of maximum proliferation. One month after the administration of
a single ECS, a threefold increase in the number of
BrdU-labeled cells was observed (Figure 1). These cells
were predominantly located in the subgranular zone on the
hilar border of the dentate gyrus and often with a higher
density toward the medial tip of the dentate gyrus. A
survival period of 3 months yielded similar results (Figure
2), and the number of BrdU-labeled cells was not different
from that in the 1-month group, indicating that the
newborn cells survive for at least 3 months.

al 1997), we examined sections from brains treated with
either a single or repeated ECS for the presence of
apoptotic cells. On the basis on previous kindling studies
(Bengzon et al 1997), we analyzed dentate gyri from rats
2 and 4 hours after a single or the last of 10 ECSs and
sham-treated control rats. In the control group, an average
of 0.514 (⫾ 0.057; SEM) apoptotic nuclei were found in
each 12-m section of the dentate gyrus; and 4 hours after
a single ECS an average of 0.69 (⫾ 0.16; SEM) was
found. These figures did not differ significantly between
any of the groups examined, and thus no increase in
apoptotic cells was observed after the ECS treatment.

Neuronal Phenotype of Newly Generated Cells
after ECS
To assess the phenotype of the newborn cells, sections
from the 3-month survival group were analyzed by confocal microscopy. More than 90% of the examined population of newly formed cells in the dentate gyrus were
immunopositive for both the BrdU antibody and the
neuronal marker NeuN (Wolf et al 1996; Figure 3),
indicating a neuronal phenotype. BrdU/NeuN doublelabeled cells were located at the hilar border of the granule
cell layer, whereas the few BrdU-positive/NeuN negative
cells were located in the molecular layer of the dentate
gyrus and in the hippocampus proper.

Cell Proliferation after Repeated ECS
The effect of repeated ECSs was examined in four groups
of animals that received ECS either once, five times (every
second day for 10 days), or 10 times (once daily). Control
rats were given 10 sham treatments. To cover the period of
cell proliferation, an injection regimen was chosen that
started the day of the first ECS and continued with BrdU
injections 12 hours apart for a period of 21 days. Animals
subjected to 10 ECSs had significantly more labeled cells
in the granular cell layer than did control animals. These
labeled cells spanned the entire extent of the subgranular
zone of the dentate gyrus (Figure 4). The magnitude of
proliferation in the five ECS group was between those in
the single and the 10 ECS groups. In contrast to the
findings described above, we observed no significant
difference between the single ECS and the sham groups in
this experiment. This was probably attributable to the
extended period of BrdU labeling compared with the
relatively short interval of enhanced cell proliferation seen
following a single ECS.

Detection of Apoptosis after ECS

Discussion

As previous reports on seizures and cell proliferation have
described accompanying neuronal apoptosis (Bengzon et

Our study demonstrates a significant increase in the
number of newly generated hippocampal neurons in an
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Figure 4. Increased cell proliferation with increased number of electroconvulsive seizures (ECSs). Rat dentate gyrus after 10 sham
stimulations (left) and after 10 ECSs (center). An increase of bromodeoxyuridine (BrdU)-labeled cells is observed. The red fluorescent
channel was inverted, making BrdU-labeled cells appear dark. Scale bar, 50 m. Right: Quantification of labeled cells in the dentate
gyrus after repeated ECSs. The y axis is cell counts per subgranular zone of the dentate gyrus. The number of proliferating cells
increases with the number of ECSs administered, and five and 10 ECS sessions produced significant increases in the number of
BrdU-labeled cells (***p ⬍ .0001, *p ⬍ .005, compared with sham treatment; Bonferroni-Dunn correction. Error bars, SEM).

animal model of ECT. Maximal proliferation was observed at 3 to 5 days after the administration of a single
ECS, in which the rate of proliferation had increased about
threefold compared with control. The rate of cell proliferation correlated with the number of administered ECS.
Newly generated neurons survived for at least 3 months.
There was no evidence of increased apoptosis after single
or multiple ECS.
Several groups have extended the original observation
by Altman and Das (1965) that there is an ongoing
neurogenesis in the adult hippocampus under physiologic
conditions. Neurogenesis has been observed in a variety of
species, including humans (Eriksson et al 1998; Gould et
al 1998; Kempermann et al 1997b, 1998). In rodents,
hundreds of new neurons are formed every day in the
dentate gyrus (Gage et al 1998), and this number varies in
response to different stimuli, including learning (Gould et
al 1999), running (van Praag et al 1999), and changes in
the environment (Kempermann et al 1997b). Recent evidence indicates that the newly formed neurons integrate
functionally and show the same anatomical characteristics
in the adult brain as do the older neurons (Markakis and
Gage 1999).
Motor activity has been reported to be sufficient for
inducing neurogenesis (van Praag et al 1999). This raises
the possibility that the ictal motor activity is responsible
for the effect observed here. We have previously shown,
however, that seizure activity without motor convulsions
can induce neurogenesis (Bengzon et al 1997). Furthermore, when ECS was given to animals under halothane
anesthesia, thereby greatly reducing motor activity, a
similar increase in BrdU-labeled cells was observed (Treschow et al, unpublished observations). These findings
indicate that cerebral seizure activity per se is sufficient to
induce neurogenesis. Other reports suggest that, under
baseline conditions, newly generated neurons do not
survive for very long in the adult brain and point to

increased survival rather than increased proliferation as
the key regulatory factor of adult neurogenesis (Gould et
al 1999; Kempermann et al 1997b). In our study, we
observed no pycnotic BrdU-labeled nuclei at 48 hours, 1
month, or three months after ECS. We did not find a
decline in the number of BrdU-labeled cells after 3 months
after ECS compared with 2 months. Furthermore, increased apoptosis was not observed after either a single or
10 sessions of ECS. Nonetheless, at present, we cannot
exclude the possibility that some of the neurons generated
by ECS die during the 1st month after treatment.
A decrease in hippocampal volume has been reported in
humans after recurrent episodes of major depression (Shah
et al 1998; Sheline et al 1996, 1999) and in posttraumatic
stress disorder (Bremner et al 1995). Further, dysregulation of the glucocorticoid system and increased glucocorticoid levels have been observed in depressive disorders
(Young et al 1991). In animals, exposure to increased
levels of glucocorticoids causes atrophy and damage in
hippocampal subfields (McEwen 1999). Glucocorticoid
exposure also suppresses the rate of neuronal proliferation
in the dentate gyrus of rats and decreases the length and
arborization of apical dendrites of CA3 neurons (Magariños et al 1999), thereby augmenting a degenerative process. Thus, a dynamic balance between the formation of
new neurons and neuronal degeneration seems to exist in
the adult hippocampal formation.
There is no conclusive evidence linking hippocampal
dysfunction and depressive disorders; however, comparing
our experimental data with the clinical observation of a
reduced hippocampal volume in severe depression and the
striking therapeutic effect of ECT, we hypothesize that a
stress-induced shift of this balance toward degeneration
and decreased neuronal proliferation may be decisive in
the neurobiological chain of events leading to the clinical
syndrome of major depression. ECT may reverse this
imbalance through a stimulation of neuronal proliferation.
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The amnestic symptoms accompanying ECT do not argue
against this suggested hypothesis because they are transient and reversible (Squire 1986b). Furthermore, the
memory disturbance of the untreated, depressed patient is
a diminished acquisition of new information, whereas
ECT causes a transient disruption of the retention of new
information with unchanged or even increased acquisition.
Once the series of ECT is completed, the capacity for new
learning and retention, which depends on an intact hippocampal function, recovers in about 72 days (Weeks et al
1980). The long-term effect of ECT in depression is,
therefore, not compromised by the reversible treatmentinduced memory disruption.
The reports of decreased hippocampal volume and
possible concomitant atrophy in major depression, combined with the demonstration of increased neurogenesis in
a treatment model for this disorder, add a new dimension
to the conceptualization concerning the working action of
ECT. The antidepressant effect of ECT may depend, at
least partly, on the stimulation of cellular and synaptic
plasticity in the hippocampal formation. Consistent with
this idea, we previously discovered a sustained increase in
the neuronal cell adhesion molecule (N-CAM), which is
involved in synaptogenesis, following a series of ECS in
rats treated under comparable experimental conditions
(Jorgensen and Bolwig 1979). The results reported here
suggest that new neural circuits are not only formed
between preexisting neurons, but may also involve a large
number of newborn neurons.
Further studies should clarify the possible role of the
hippocampal function in the development of depressive
disorders, especially with regard to the cognitive deficits
found in depression.
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