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Background: Electroconvulsive therapy (ECT) is a the effectiveness and superiority of ECT over other treat-
widely used and efficient treatment modality in psychiatry,ments is clear and convincing (Janicak et al 1985).
although the basis for its therapeutic effect is still un- Nonetheless, despite much effort to clarify the basis for the
known. Past research has shown seizure activity to be eneficial effects of this treatment modality, its mecha-
regulator of neurogenesis in the adult brain. This studypigm of action is still largely unknown. The generalization
examines the effect of a single and multiple electroconvuly oo\ o that is a prerequisite for the therapeutic effect
sive seizures on neurogenesis in the rat dentate gyrus. . ]

. i ) i (Sackeim et al 1996) probably exerts a strong influence on
Methods: Rats were given either a single or a series of 10 giencephalic-limbic structures, the biochemistry of which

electroconvulsive seizures. At different times after thqs disturbed in major depression (Goodwin 1990)

seizures, a marker of proliferating cells, Bromodeoxyuri- . . L
_ Among particular structures calling for attention in

dine (BrdU), was administered to the animals. Subse . S ; .
quently, newborn cells positive for BrdU were counted inrelation to depression is the hippocampus. Because animal

the dentate gyrus. Double staining with a neuron-specificStudies have demonstrated a profound effect on a number

marker indicated that the newborn cells displayed a©f signaling molecules, including monoamines, neuropep-
neuronal phenotype. tides, and growth factors, in the hippocampus (Mathe
Results: A single electroconvulsive seizure significantly 1999; Mongeau et al 1997; Nibuya et al 1995) and this
increased the number of new born cells in the dentatd€gion also is vulnerable to stressful stimuli and increased
gyrus. These cells survived for at least 3 months. A serieglucocorticoid levels (McEwen 1999), we found it rele-
of seizures further increased neurogenesis, indicating avant to focus particularly on the hippocampal formation in
dose-dependent mechanism. a study on the effects of ECT in an animal model. The
Conclusions:We propose that generation of new neuronshippocampus is crucial for the formation of memory
in the hippocampus may be an important neurobiologic(Squire 1986a), and many elderly patients display gross
element underlying the clinical effects of electroconvulsivedepression-related memory impairment (depressive
seizures. Biol Psychiatry 2000;47:1043-1049 @000  pseudodementia) that disappears following recovery. Fur-
Society of Biological Psychiatry ther, a decreased hippocampal volume has been reported
in patients with repeated episodes of major depression
K_ey Word_s: Neurogenesis, seizure, BrdU, depressive(Shah et al 1998; Sheline et al 1996, 1999).
disorder, hippocampus, ECT 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 Psychiat-
Introduction ric Association 1990). This treatment gives rise to tran-
I nduction of seizures in the form of electroconvulsive Sient cognitive impairment (Squire 1986b), but no other
therapy (ECT) has been used in the treatment ofide effects have been consistently documented, although
psychiatric disorders for more than 60 years. Particularlyooth ECT and electroconvulsive seizure (ECS), the animal

in the treatment of severe major depression, evidence fohodel for this treatment modality, have been carefully
examined for accompanying tissue damage (Devanand et

al 1994; Vaidya et al 1999).
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(Kempermann et al 1997b; van Praag et al 1999). InAdministration of Electroconvulsive Seizures

rodents, brain insults such as global ischaemia (Liu et akjectroconvulsive seizures were delivered through earbar elec-

1998) and experimentally induced seizures markedly introdes (50 mA, 0.5 sec, 50 Hz unidirectional square wave pulses)

crease hippocampal neurogenesis, although primarily foland consistently resulted in a period of tonic-clonic seizure

lowing extended periods of seizure or in association withactivity of less than 1 min. Sham-treated rats were handled

neuronal damage (Bengzon et al 1997; Parent et al 1998ifentically to the ECS treated animals except that no current was
In our study, we have analyzed neurogenesis in th@assed.

dentate gyrus of rats following ECS. The objectives were

first to explore the possibility that a single ECS triggers . . -

neurogengsis and,pif S0, W);lether repgated ECSg\?voulé‘dm'mStrat'on of Bromodeoxyuridine

further increase cell proliferation. Second, we hoped tdBromodeoxyuridine was dissolved in potassium phosphate buff-

determine whether the newly formed neurons were shorgred saline (KPBS) in all experiments and was administered

lived or exhibited long-term survival. Finally, we hoped to Mtraperitoneally in a dose of 37.5 mg/kg per injection.

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 proliferatiorl:,)eteCtlon of Neurogenesis

we used the thymidine analogue, bromodeoxyuridineA“ima|S were anaesthetized with Equithesin (SAD, Copenhagen,

(BrdU), which is incorporated into DNA in dividing cells 3.3 mL/kg intraperitoneally) and transcardially perfused with

: ) : ; eparinized saline for 2 min., followed by 4% paraformaldehyde
in the S-phase and can be detected by |mmunoh|stocherﬁor 13 min. The brains were removed from the skull and allowed

Istry. Neurorp were identified by the. presence of theto postfix in the fixative overnight. Before sectioning on a
neuron-specific marker NeuN. Apoptosis was detected by,ee,ing microtome, the brains were transferred to 20% sucrose
enzymatic labeling of cleaved DNA fragments in the i phosphate buffered saline (KPBS) until they sunk. The brains
apoptotic cells. were cut in the frontal plane through the hippocampus in
40-p~thick sections.
Sections were washed three times in KPBS and then exposed
. to 1M HCI at 65°C for 30 min. After three washes in KPBS
Methods and Materials 0.25% Triton X-100, the sections were incubated in blocking
; ; buffer (KPBS+ 0.25% Triton X-100 [KPBS-T]+ 5% normal
Animals and Design of Study donkey serum (Harlan Sera-lab, Belton, UK)5% normal horse
We used adult male Wistar rats (Mﬂ”egaal’d Breeding Center, Llserum [S|gma’ St. Louis]) for 1 hour at room temperature_ The
Skensved, Denmark), which weighed between 250 and 400 g &fections were then exposed to the primary antibody solution
the beginning of the study. The animals were housed three peblocking buffer + 1% rat-anti-BrdU (Harlan Sera-lab, MAS
cage and were allowed free access to ordinary lab chow and50p)+ 1% mouse anti-NeuN (MAB377, Chemicon, Temecula,
water. CA) for 36 hours at 4°C and slow shaking. Then, after two
The time course of maximal proliferation was assessed by twavashes with KPBS-T, sections were again blocked with two
injections of BrdU with a 12-hour intervals, starting at different washes with KPBS-T+ 2% normal donkey serum (Harlan
time points (0, 3, 5, 7, and 9 days) after EG8= 5 per time  Sera-lab) + 2% normal horse serum. Then sections were
point). Rats survived 48 hours after the last injection of BrdU. Asincubated in the same blocking buffer with the secondary
maximal cell proliferation seemed to occur on days 3 and 5 afteantibodies (0.5% Cy-3 donkey-anti rat IgG [Jackson 712-165-
the ECS, BrdU was administered from day 3 to day 6 in thel53, Jackson ImmunoResearch, West Grove, PA] and 0.5%
single ECS experiment. Each rat received six injections of BrdUbiotin horse-anti-mouse IgG [Vector BA-2001, Vector Labora-
at 12-hour intervals, starting 72 hours after the administration ofories, Burlingame, CA]) for 2 hours in the dark. Finally, before
a single ECS or sham treatment. The animals were then allowethree washes in KPBS, the sections were incubated with KPBS-T
to survive for 1 or 3 monthsn(= 5 in each group). For the and 0.4% of flourescine avidin D (Vector A 2001) for 2 hours.
repeated ECS experiment, four groups<( 7 in each) were used. After drying and mounting in polyvinyl alcohol-1-4-diazabicy-
Starting on day 1, the animals received either one ECS, 10 ECS80-[2,2,2]-octane mounting medium, sections were analyzed by
(one daily for 10 days), five ECSs (on days 1, 3, 5, 7, and 9), offluorescence or confocal microscopy.
10 sham treatments (one daily for 10 days). BrdU was adminis-
tered twice daily from day 1 to day 21 of the experiment (a total
of 42 injections). The animals were allowed to survive for 14 Detection of Apoptosis

days after the last injection of BrdU. Rats were rapidly decapitated, the brains removed and frozen in

In a separate experiment to detect apoptotic cells, rats WerBowdered dry ice. The brains were kept-é80° until sectioning
administered either one or a series of 10 ECSs (one daily) opn a cryostat. To visualize apoptotic cells, the Oncor Apoptag kit
given corresponding sham treatments. Animals were analyzed @ncor cat #S7110) was used according to the manufacturers
and 4 hours after the last EC8 € 5 in each of the groups). specifications.



Figure 1. A single electroconvulsive seizure (ECS) stimulates
cell proliferation. Double immunofluoroscence images showing
a rat dentate gyrus fronftop) 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
pm.
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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 seizop), 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 bosenter) was
chosenBottom: Cells with intensities above the cutoff level in
both channels appear white. This documents the neuronal phe-

Figure 2. Survival of newborn cells. Quantification of the notype of the newborn cells. For comparison, arrows in the
number of newly formed cells per 40m section of rat dentate Pottom panel point to BrdU-labeled cells that are not positive for
gyrus 1 month(left) or 3 months(right) after treatment with a NeuN. Scale bar, 2p.m.

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 (***Significancgy < .0001; Bonferroni/Dunn
correction. Error bars, SEM). No significant difference in the
number of bromodeoxyuridine (BrdU)-labeled cells was ob-
served between the 1-month survival and the 3-month survival
animals.



1046 BIOL PSYCHIATRY T.M. Madsen et al
2000;47:1043-1049

Quantification of Cell Proliferation al 1997), we examined sections from brains treated with

Sections through the dorsal hippocampus3(3 mm to —4.5 either a single or repeated ECS for the presence of
mm, relative to bregma; Paxinos and Watson 1986) were2poptotic cells. On the basis on previous kindling studies
analyzed by observers blind to the treatment. For the single EC§8engzon et al 1997), we analyzed dentate gyri from rats
experiments, all BrdU-labeled cells in the dentate gyrus includ-2 and 4 hours after a single or the last of 10 ECSs and
ing the hilus were counted. In the multiple seizure experimentsham-treated control rats. In the control group, an average
only labeled cells in the subgranular zone (SGZ) were countedof 0.514 ¢ 0.057; SEM) apoptotic nuclei were found in
Cells lying Wi_thin two (_:eII diameters of the grar_lule cell and hilar gg¢ch 12um section of the dentate gyrus; and 4 hours after
border were included in the SGZ count. Counting was performeda single ECS an average of 0.6& (0.16; SEM) was

using a fluorescent microscope with 40x objective. Four to Sixfound. These figures did not differ significantly between
sections per animal were counted, and the counts were averaged

and expressed as means per dentate gyrus or SGZ, respectiveglr.]y of _the groups examined, and thus no increase in
Confocal microscopy was performed on double-labeled sec*® poptotic cells was observed after the ECS treatment.

tions. Z-series of sections fron the medial tip of the dentate gyrus

were collected. The digitally acquired sections were of a thick-Neuronal Phenotype of Newly Generated Cells

ness of approximately lm, and about 20 sections were obtained gfter ECS

by the digital sectioning. Subsequently, BrdU positive cells were )

analysed for the colocalisaation of NeuN immunoreactivity. 10 @ssess the phenotype of the newborn cells, sections

from the 3-month survival group were analyzed by con-

focal microscopy. More than 90% of the examined popu-

Results lation of newly formed cells in the dentate gyrus were

) ) ) immunopositive for both the BrdU antibody and the
Proliferation ar_ld Survival of Newly Generated neuronal marker NeuN (Wolf et al 1996; Figure 3),
Cells after a Single ECS indicating a neuronal phenotype. BrdU/NeuN double-

Cell proliferation was analyzed in the hippocampal forma-labeled cells were located at the hilar border of the granule
tion. In unstimulated animals, BrdU-labeled cells werecell layer, whereas the few BrdU-positive/NeuN negative
seen along the inner border of the dentate granular cettells were located in the molecular layer of the dentate
layer indicating an ongoing, basal-cell proliferation, in gyrus and in the hippocampus proper.

agreement with previous findings by other researchers

A single ECS increased the rate of cell proliferation in . ,
g P The effect of repeated ECSs was examined in four groups

the dentate gyrus. The period of maximal cell proliferation ; . . o
was determined by administering BrdU at different timeOf animals that received ECS either once, five times (every
second day for 10 days), or 10 times (once daily). Control

points after a single ECS. In the first 12 hours after an ¢ . 10 sham treat s T th iod of
ECS, the rate of proliferation was still at baseline levels.[&1S WETE given 10 sham treatments. 1o cover ih€ period o

By day 3 after the ECS, the number of BrdU-labeled cellsce" proliferation, an injection regimen was chosen that

had more than doubled, stayed elevated at 5 days blitarted the day of the first ECS and continued with BrdU
returned to control Ievels, by day 7 (data not shown). injections 12 hours apart for a period of 21 days. Animals

To examine the long-term survival of the newly formed §ubjected to 10 ECSs had significantly more labeled cells
cells, BrdU was administered within the period of maxi- in the granular cell layer than.d|d control animals. These
mum proliferation. One month after the administration ofIabEIed cells spanned the ent!re extent of the subgranular
a single ECS, a threefold increase in the number ofone of Fhe _dentatg gyrus (Figure 4). The magnitude .Of
BrdU-labeled cells was observed (Figure 1). These Cellgrohfgraﬂon in the five ECS group was between those in
were predominantly located in the subgranular zone on th e single and the 10 ECS groups. In contrast to the

hilar border of the dentate gyrus and often with a highe |_ndings described aboye, we observed no significanjt
density toward the medial tip of the dentate gyrus. Adlfference between the single ECS and the sham groups in

survival period of 3 months yielded similar results (FigurethIS experiment. This was probably attributable to the

2), and the number of BrdU-labeled cells was notdif1‘erentexte,nded periqd of BrdU labeling compa_red With the
from that in the 1-month group, indicating that the relatively short interval of enhanced cell proliferation seen

newborn cells survive for at least 3 months. following a single ECS.

Detection of Apoptosis after ECS Discussion

As previous reports on seizures and cell proliferation haveOur study demonstrates a significant increase in the
described accompanying neuronal apoptosis (Bengzon etumber 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 sha
stimulations(left) and after 10 ECS&enter). An increase of bromodeoxyuridine (BrdU)-labeled cells is observed. The red fluorescent
channel was inverted, making BrdU-labeled cells appear dark. Scale bam 5Right: 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 cell
increases with the number of ECSs administered, and five and 10 ECS sessions produced significant increases in the number
BrdU-labeled cells (**p < .0001, * < .005, compared with sham treatment; Bonferroni-Dunn correction. Error bars, SEM).

animal model of ECT. Maximal proliferation was ob- increased survival rather than increased proliferation as
served at 3 to 5 days after the administration of a singleéhe key regulatory factor of adult neurogenesis (Gould et
ECS, in which the rate of proliferation had increased aboutill 1999; Kempermann et al 1997b). In our study, we
threefold compared with control. The rate of cell prolifer- observed no pycnotic BrdU-labeled nuclei at 48 hours, 1
ation correlated with the number of administered ECSmonth, or three months after ECS. We did not find a
Newly generated neurons survived for at least 3 monthsdecline in the number of BrdU-labeled cells after 3 months
There was no evidence of increased apoptosis after singkefter ECS compared with 2 months. Furthermore, in-
or multiple ECS. creased apoptosis was not observed after either a single or
Several groups have extended the original observatiohO sessions of ECS. Nonetheless, at present, we cannot
by Altman and Das (1965) that there is an ongoingexclude the possibility that some of the neurons generated
neurogenesis in the adult hippocampus under physiologiby ECS die during the 1st month after treatment.
conditions. Neurogenesis has been observed in a variety of A decrease in hippocampal volume has been reported in
species, including humans (Eriksson et al 1998; Gould ehumans after recurrent episodes of major depression (Shah
al 1998; Kempermann et al 1997b, 1998). In rodentsget al 1998; Sheline et al 1996, 1999) and in posttraumatic
hundreds of new neurons are formed every day in thestress disorder (Bremner et al 1995). Further, dysregula-
dentate gyrus (Gage et al 1998), and this number varies ition of the glucocorticoid system and increased glucocor-
response to different stimuli, including learning (Gould etticoid levels have been observed in depressive disorders
al 1999), running (van Praag et al 1999), and changes ifiYoung et al 1991). In animals, exposure to increased
the environment (Kempermann et al 1997b). Recent evitevels of glucocorticoids causes atrophy and damage in
dence indicates that the newly formed neurons integratbippocampal subfields (McEwen 1999). Glucocorticoid
functionally and show the same anatomical characteristicexposure also suppresses the rate of neuronal proliferation
in the adult brain as do the older neurons (Markakis andn the dentate gyrus of rats and decreases the length and
Gage 1999). arborization of apical dendrites of CA3 neurons (Magari-
Motor activity has been reported to be sufficient for fios et al 1999), thereby augmenting a degenerative pro-
inducing neurogenesis (van Praag et al 1999). This raisesess. Thus, a dynamic balance between the formation of
the possibility that the ictal motor activity is responsible new neurons and neuronal degeneration seems to exist in
for the effect observed here. We have previously shownthe adult hippocampal formation.
however, that seizure activity without motor convulsions There is no conclusive evidence linking hippocampal
can induce neurogenesis (Bengzon et al 1997). Furthedysfunction and depressive disorders; however, comparing
more, when ECS was given to animals under halothaneur experimental data with the clinical observation of a
anesthesia, thereby greatly reducing motor activity, aeduced hippocampal volume in severe depression and the
similar increase in BrdU-labeled cells was observed (Trestriking therapeutic effect of ECT, we hypothesize that a
schow et al, unpublished observations). These findingstress-induced shift of this balance toward degeneration
indicate that cerebral seizure activity per se is sufficient tcand decreased neuronal proliferation may be decisive in
induce neurogenesis. Other reports suggest that, undére neurobiological chain of events leading to the clinical
baseline conditions, newly generated neurons do nosyndrome of major depression. ECT may reverse this
survive for very long in the adult brain and point to imbalance through a stimulation of neuronal proliferation.
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The amnestic symptoms accompanying ECT do not argue measurement of hippocampal volume in patients with com-
against this suggested hypothesis because they are tran- Egtz-_rg%tegsgosttraumatlc stress disordem J Psychiatry
sient and reversible (Squire 1986b). Furthermore, the% : dE)P b  AJ Hutchi ER, et al (1994): D

H : evanan , bwor , Autcninson , et a . pboes
mer.no.ry. dlswrbanc? Of the untreatgd, depr(_assed patient ECT alter brain structureAm J Psychiatry151:957-970.
a diminished acquisition of new information, whereas_ . - _ . )
ECT causes a transient disruption of the retention of neV\I/E fiksson PS, Perfilieva E, Bjork-Eriksson T, et al (1998):
h . - p i o Neurogenesis in the adult human hippocamphat Med
information with unchanged or even increased acquisition. 4:1313-1317.
Once the series of ECT is completed, the capacity for nevage FH, Kempermann G, Palmer TD, et al (1998): Multipotent
learning and retention, which depends on an intact hip- progenitor cells in the adult dentate gyrud.Neurobiol
pocampal function, recovers in about 72 days (Weeks et al 36:249-266.
1980). The long-term effect of ECT in depression is,Goodwin FK, Jamison KR (1990Manic-Depressive lliness.
therefore, not compromised by the reversible treatment- New York: Oxford University Press.
induced memory disruption. Gould E, Beylin A, Tanapat P, et al (1999): Learning enhances

The reports of decreased hippocampal volume and adult neurogenesis in the hippocampal formatidat Neu-

ossible concomitant atrophy in major depression, com- rosci 2:260-265.
E. d with the d i t'p y i . d P ' . .Gould E, Tanapat P, McEwen BS, et al (1998): Proliferation of
Ined wi € demonstration of Increased Neurogenesis in granule cell precursors in the dentate gyrus of adult monkeys is

a treatment model for this disorder, add a new dimension  giminished by stres®roc Natl Acad SdJ S A95:3168—3171.

to the conceptualization concerning the working action ofjanicak PG, Davis JM, Gibbons RD, et al (1985): Efficacy of
ECT. The antidepressant effect of ECT may depend, at ECT: A meta-analysisAm J Psychiatryl42:297-302.

least partly, on the stimulation of cellular and synaptic Jorgensen OS, Bolwig TG (1979): Synaptic proteins after elec-
plasticity in the hippocampal formation. Consistent with  troconvulsive stimulationScience205:705-707.

this idea, we previously discovered a sustained increase ikempermann G, Kuhn HG, Gage FH (1997a): Genetic influence
the neuronal cell adhesion molecule (N-CAM), which is 0N neurogenesis in the dentate gyrus of adult nittec Nat|
involved in synaptogenesis, following a series of ECS in Acad StU S A94:10409-10414.

rats treated under comparable experimental condition§€empermann G, Kuhn HG, Gage FH (1997b): More hippocam-
pal neurons in adult mice living in an enriched environment.

(Jorgensen and Bolwig 1979). The results reported here Nature 386:493—495

suggest that new neural circuits are not. only formedKemloemm,:lnn G. Kuhn HG, Gage FH (1998): Experience-
between preexisting neurons, but may also involve a large jnquced neurogenesis in the senescent dentate gyeu-
number of newborn neurons. rosci 18:3206-3212.

Further studies should clarify the possible role of theLiu J, Solway K, Messing RO, Sharp FR (1998): Increased
hippocampal function in the development of depressive neurogenesis in the dentate gyrus after transient global

disorders, especially with regard to the cognitive deficits ischemia in gerbilsJ Neuroscil8:7768—7778.

found in depression. Magaritos AM, Deslandes A, McEwen BS (1999): Effects of
antidepressants and benzodiazepine treatments on the den-
dritic structure of CA3 pyramidal neurons after chronic stress.
Eur J Pharmacol371:113-122.
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