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Abstract--Stress, which can precipitate and exacerbate depression, causes atrophy and in severe cases 
death of hippocampal neurons. Atrophy of the hippocampus has also been observed in patients suffering 
from recurrent major depression. The present study examines the influence of electroconvulsive seizures, 
one of the most effective treatments for depression, on the morphology and survival of hippocampal 
neurons. The results demonstrate that chronic administration of electroconvulsive seizures induces 
sprouting of the granule cell mossy fiber pathway in the hippocampus. This sprouting is dependent on 
repeated administration of electroconvulsive seizures, reaches a maximum 12 days after the last treatment 
and is long lasting (i.e. up to six months). Electroconvulsive seizure-induced sprouting occurs in the 
absence of neuronal loss, indicating that sprouting is not a compensatory response to cell death. This is 
different from the sprouting induced by kindling or excitotoxin treatment, which induce cell death along 
with recurrent seizures. Electroconvulsive seizure-induced sprouting is significantly diminished in brain- 
derived neurotrophic factor heterozygote knockout mice, indicating that this neurotrophic factor 
contributes to mossy fiber sprouting. However, infusion of brain-derived neurotrophic factor into the 
hippocampus does not induce sprouting of the mossy fiber pathway. 

1"he results demonstrate that chronic administration of electroconvulsive seizures induces mossy fiber 
sprouting and suggest that increased expression of brain-derived neurotrophic factor is necessary, but not 
sufficient for the induction of this sprouting. Although the functional consequences remain unclear, 
sprouting of the mossy fiber pathway would appear to oppose the actions of stress and could thereby 
contribute to the therapeutic actions of electroconvulsive seizure therapy. ~ 1998 IBRO. Published by 
Elsevier Science Ltd. 
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Chronic administration of electroconvulsive seizure 
(ECS) is considered the most effective treatment for 
depression, particularly for drug-resistant patients. 1° 
However, the mechanisms that underlie the therapeu- 
tic actions of chronic ECS remain unclear.l° Recent 
studies have focused on the role of synaptic plasticity 
and alterations of neuronal morphology in the 
actions of ECS. 9'25'39 This line of investigation has 
been suggested by evidence that stress, which is 
thought to play a role in the etiology of depression, 
causes atrophy and in severe cases death of hippo- 
campal neurons. 31-33"38'46'49 In addition, hippo- 

campal atrophy has also been observed in patients 
suffering from recurrent major depression and other 
stress-related disorders. 1,35 Based on these studies, it 
has been suggested that ECS may mediate its actions, 
in part, through reversal of this atrophy or through 
regulation of neuronal morphology and survival. 9 

Changes in neuronal morphology are reported to 
occur in response to kindling or excitotoxin treat- 
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ECS, electroconvulsive seizure: SG, supragranular. 

ments. 6'43 These paradigms, which have been used as 
animal models for epilepsy, induce sprouting of the 
granule cell mossy fiber pathway in the hippocampus 
and lead to the occurrence of spontaneous seizures. 
However, there is no functional link between sprout- 
ing and recurrent seizures. These treatments also 
cause severe neuronal loss within the hilar region of 
the dentate gyrus, 3"34 suggesting that kindling- and 
excitotoxin-induced sprouting is a compensatory re- 
sponse to cell death. Chronic ECS appears to differ 
from kindling and excitotoxin treatments in that it 
does not lead to an epileptiform state and does not 
appear to cause cell death, 4 although precise methods 
of analysis were not used in several of these studies. 7 
Another mechanism that could influence the mor- 
phology and sprouting of hippocampal neurons is 
regulation of neurotrophic factors. ECS is reported 
to induce a dramatic up-regulation of brain-derived 
neurotrophic factor (BDNF) expression in the hippo- 
campus, 25'39 and in vitro studies have demonstrated 
that BDNF promotes axonal, but not dendritic, 
sprouting of hippocampal dentate gyrus granule 
cells. 2°'28 These findings raise the possibility that 
BDNF may play a role in seizure-induced neuronal 
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plasticity.l ~ The pr imary  focus of  the present  study is 
to determine the influence of  chronic  ECS t rea tment  
on  granule  cell sprout ing and  to examine the role of  
B D N F  in this response. 

EXPERIMENTAL PROCEDURES 

Animal treatment paradigms 

Male Sprague Dawley rats (CAMM, Wayne, NJ) and 
mice, wild type (+/+) or heterozygous ( + / - )  for deletion of 
the BDNF gene (Regeneron, Tarrytown, NY), were used. 
Animals were administered ECS once daily via earclip 
electrodes (rats: 50 mA, 0.3 s; mice: 10 mA, 0.3 s), or sham 
treatment (attachment of earclips, no shock) for 10 consecu- 
tive days, and were killed at the indicated time-points after 
the last treatment. Subsets of animals were processed for 
Timm staining, cell counting and Nadler silver staining. The 
time-course for ECS was determined after one, five or 10 
daily ECS or sham treatments; all groups were killed 
12 days following the last treatment. Two rats received 
kainate (10 mg/kg, s.c.) and were killed 24 h later to provide 
a positive control for the silver staining technique. Analysis 
of motor seizure duration in mice, defined by full-body 
extension and repetitive, jerky forelimb and hindlimb move- 
ments, was assessed by an observer blinded to the genotype 
of the mice. For BDNF infusion, cannulae (4 mm) were 
implanted unilaterally into the dentate hilus (AP - 3.8 mm 
from bregma, ML 2.7 ram). Vehicle (phosphate-buffered 
saline) or BDNF (12mg/day) were infused at a rate of 
0.5 ml/h for 14 days using Alzet minipumps (model 2002). 
Animals were killed 12 days after the end of the infusion 
and the placement of the cannula into the appropriate site 
was confirmed using histological analysis. All animal use 
procedures were in strict accordance with the Guidelines of 
the National Institutes for the Care and Use of Laboratory 
Animals and were approved by the Yale Animal Care and 
Use Committee. Moreover, every effort was made to reduce 
to a minimum the amount of animal suffering, and to 
reduce the number of animals, and to use alternatives to 
in vivo techniques when possible. 

Timm histochemistl 3, 

Sprouting of the mossy fiber pathway was studied using 
the Timm staining method, which histochemically labels the 
Zn2+-containing mossy fibers, s Animals were transcardially 
perfused with a 0.37% sodium sulfide solution (pH 7.2), 
followed by 10% neutral buffered formalin solution. Cor- 
onal serial sections (40 gin) were cut in the hippocampal 
area (AP -3 .5  to -3 .9  mm from bregma). Sections were 
exposed in the dark for 55 65 rain to a 12:6:2 mixture of 
gum arabic (50% w/v)/hydroquinone (5.6% w/v)/citric acid 
(25.5% w/v) sodium citrate buffer (23.5% w/v), with a 1.5 ml 
solution of silver nitrate (17% w/v). The degree of mossy 
fiber sprouting in rats was assessed semi-quantitatively 
based upon a previously described scoring method. 2 The 
distribution of Timm granules within the supragranular 
(SG) zone of the dentate gyrus was scored by four observers 
blind to the treatment conditions on a scale of 0~5: 1, few 
granules in a discontinuous distribution; 2, more numerous 
granules in a continuous distribution; 3, prominent granules 
in a continuous pattern with occasional patches of confluent 
granules; 4, prominent granules that form a confluent dense 
laminar band; 5, a confluent dense laminar band of granules 
within the SG zone extending into the inner molecular layer 
of the dentate gyrus. A mean Timm score for each animal 
was generated by averaging scores for four sections from 
each observer. The data were analysed using the Mann-  
Whitney U-test to detect significant differences at P<0.05. 

Alterations in the pattern of Timm staining in mice were 
assessed using previously described methods. 5° Briefly, the 
area occupied by Timm granules within the SG region was 

determined using an image analysis program (NIH-Image, 
1.57) connected via a high-resolution CCD camera to a light 
microscope (Zeiss). This area was then divided by the total 
length of the dentate gyrus, thus yielding a Timm index. For 
each animal the Timm index was generated by averaging 
values from three sections. The data were analysed 
using ANOVA and post hoc Newman-Keuls test to 
detect significant differences at P<0.05. 

Cell counting analysis and Nadler's silver staining method 

Animals were transcardially perfused with 4% parafor- 
maldehyde. Cryostat sections (40 gin) were cut coronally 
through the anterior portion of the brain (including the 
dorsal hippocampus) and horizontally through the remain- 
der of the brain, including the ventral hippocampus and 
entorhinal cortex. Every first and second section of each 
series of five were collected separately. The sections of the 
first set were subjected to Nissl staining and those from 
the second set for silver staining, as described previously. 24 
The slides were then observed for the presence of dying 
neurons which pick up silver stain. To examine possible 
neuronal loss following chronic ECS administration (10 
daily ECS treatments plus 12 days after the last treatment), 
the cell density in the polymorphic layer of the dentate hilus 
was evaluated on Nissl-stained sections with an ocular grid 
(0.0196 mm per section) at x 400 magnification. For each 
rat, two sections were chosen from dorsal and ventral 
hippocampi and only neuronal profiles with a visible nu- 
cleus and complete cell contour were counted. The number 
of neuronal profiles l¥om each animal were averaged separ- 
ately for the dorsal and ventral hippocampi, and the mean 
numbers from both groups were compared using Student's 
t-test. 

in situ hybridization 

BDNF mRNA was determined by in situ hybridization 
using a 35S-labeled riboprobe, as described previously. 25 
Levels of mRNA were quantified by densitometry using a 
Macintosh-based NIH-Image program, version 1.57. For 
each animal, the optical density measurements from both 
sides of three to four individual sections were analysed, 
yielding six to eight determinations from which the mean 
was calculated. Calibration was performed using J4C 
step standards to correct for non-linearity. Results were 
then analysed for differences using Student's t-test, with 
significance determined at the level of P<0.05. 

RESULTS 

Chronic electroconvulsive seizure treatment induces 
sprouting o f  the mossy fiber pathway 

The effects of  chronic  ECS t rea tment  on the mossy 
fiber pa thway  were examined using T imm staining 
his tochemistry,  which selectively labels the Zn  2+- 

conta in ing  mossy fibers and  their  synaptic terminals.  
Normal ly ,  the targets for the mossy fibers are CA3 
pyramidal  and  hi lar  neurons,  and  there is very little 
s taining within the SG zone of  the denta te  gyrus. 
Fol lowing chronic  adminis t ra t ion  of  10 daily ECS 
t reatments ,  the pa t te rn  of  T i m m  staining was altered, 
with  T imm granules now present  t h r o u g h o u t  the SG 
zone of  the denta te  gyrus (Fig. 1). This difference is 
reflected in the T imm scores of  the sham and  ECS- 
treated animals  (see Fig. 2). The altered pat tern  of  
T imm staining is t hough t  to arise due to sprout ing 
and  synaptic reorganizat ion of  the mossy fiber path-  
way. T imm granules  identified by light microscopy 



Electroconvulsive seizure-induced sprouting 159 

A B 

O 
r, t3 

° i , , , ~  

[-- 

4 -  

l 

, . % ° , ° . . , °  

%%°,,°%,.°°. 
: - ; , : .X, ; - ; . :  

Sham Chronic 
ECS 

Fig. 1. Influence of chronic ECS treatment on mossy fiber sprouting. Representative sections from sham 
and chronic ECS-treated animals demonstrate the altered pattern of Timm staining observed following 
chronic ECS treatment. ECS-treated animals show the presence of Timm granules throughout the SG 
zene of the dentate gyrus, which are absent in sham animals. GC, granule cell layer of the dentate gyrus; 
IM L, inner molecular layer of the dentate gyrus. The arrow indicates the junction of the granule cell layer 
aEA the inner molecular layer, and is referred to as the SG zone, where most of the Timm granules are 

present. 

have been reported previously to ultrastructurally 
localize to synaptic terminals by electron microscopic 
analysis. 4~ 

Time-course for the development of chronic electro- 
convulsive seizure-induced mossy fiber sprouting 

The pattern of Timm staining in chronic ECS- 
treated animals was significantly different from that 
of sham animals six days following the last seizure 
treatment, and Timm granules along the SG zone of 
the dentate gyrus continued to increase and reached 
maximal levels 12 days after the last ECS treatment 
(Fig. 2). Chronic ECS-treated rats examined 35 and 
180 days after the last ECS treatment had Timm 
scores significantly different from sham-treated ani- 
mals, reflecting the long-lasting nature of the chronic 
ECS-induced sprouting (Fig. 2). However, these 
scores were lower than those at the 12-day time- 
point, when each is compared to their corresponding 
sham group, suggesting a partial reversal of mossy 
fiber sprouting. 

The influence of the number of ECS treatments on 
the degree of mossy fiber sprouting was also exam- 
ined (Fig. 2). All groups were killed 12days after 
the last ECS treatment. Administration of a single 

ECS treatment did not significantly alter the pattern 
of Timm staining, but five daily ECS treatments led 
to a significant increase in mossy fiber sprouting. As 
already demonstrated, administration of 10 daily 
ECS treatments strongly influenced the extent of 
mossy fiber sprouting, and appears to lead to a 
greater increase in Timm granules distributed along 
the SG zone of the dentate gyrus compared to the 
five-day time-point. These results indicate that mossy 
fiber sprouting requires more than one ECS treat- 
ment and that the degree of sprouting induced in the 
mossy fiber pathway is dependent on the number of 
treatments. 

Influence o[chronic electroconvulsive seizure treatment 
on neuronal survival within the hippocampus 

It has been reported previously that kindling- and 
excitotoxin-induced treatments cause significant hilar 
neuronal loss, suggesting that this cell loss may 
induce mossy fiber sprouting, x34 To examine the 
possibility that ECS-induced mossy fiber sprouting 
also arises in response to hilar cell loss, the influence 
of chronic ECS treatment on neuronal survival 
within the hippocampus was studied. Examination 
of Nissl-stained sections from the brains of both 
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Fig. 2. Time-course for ECS-induced mossy fiber sprouting. Left: rats were administered ECS once daily 
for 10 days, and Timm histochemistry was conducted six, 12, 35 and 180 days after the last treatment. 
Right: rats were administered ECS for one, five or 10 days, and Timm histochemistry was conducted 
12 days after the last treatment. Results are expressed as the mean Timm scores ± S.E.M. (n=4/group). 

*P<0.05 as compared to sham (Mann-Whitney test). 

Table I. Neuronal density in the polymorphic region of the 
hilus of sham- and chronic electroconvulsive seizure-treated 

rats 

Treatment Dorsal level Ventral level 

(mean ± S.E.M.) 
Sham 8.6±0.7 17.2+0.8 
ECS (10 days) 8.5 ± 0.5 18.2 ± 1.0 

Values represent the average number of neurons in an area 
measuring 0.0196 mm 2 within the polymorphic region of 
the hilus. Cell counts were performed on two sections 
each from the dorsal and ventral hippocampus per rat 
(n=5/group; see Experimental Procedures for details). 
Statistical analysis with Student's t-test indicates that the 
differences in neuronal density at both the dorsal and 
ventral levels are not significant between sham- and 
chronic electroconvulsive seizure-treated rats (dorsal 
level, P=0.91; ventral level, P=0.46). 

ECS- and sham-treated animals demonstrated that 
ECS treatment did not cause any obvious neuronal 
damage or cell loss within the hippocampus or other 
regions examined. Cell counting analysis also 
indicated that there is no statistically significant dif- 
ference between the neuronal density of the polymor- 
phic layer of the dentate hilus of sham- and chronic 
ECS-treated animals (Table 1). Because the same 
criteria were used to estimate the relative density of 
neuronal profiles in both ECS and control animals, 
common morphometric counting bias errors were 
assumed to be negligible in this comparative analysis. 
It is possible that there are small differences in 
absolute cell density that could only be observed with 
the more accurate optical dissector method. How- 
ever, the cell counting method was supplemented 
with a sensitive silver staining technique for the 
detection of neuronal damage. 24 Using this ap- 

proach, no silver-stained dying neurons were detected 
following chronic ECS treatment (Fig. 3C). In con- 
trast, brain sections from animals that received a 
subcutaneous kainate injection showed numerous 
silver-stained neurons in several regions, including 
the hippocampus and entorhinal and temporal cor- 
tices (Fig. 3D), as described previously, s Taken to- 
gether, the neuronal profile and silver staining results 
provide convincing evidence that repeated ECS does 
not produce cell loss or damage in the hippocampus, 
in agreement with a previous report. 4 

Electroconvulsive seizure-induced sprouting in brain- 
derived neurotrophic factor ( + / - )  mice is diminished 

The influence of chronic ECS treatment was exam- 
ined in BDNF heterozygote knockout ( + / - )  mice to 
assess the role of this neurotrophin in mossy fiber 
sprouting. BDNF ( + / - )  mice were used in this study, 
since mice lacking both alleles do not survive beyond 
postnatal day 14.17 The type of seizures induced by 
ECS stimulation was not significantly different be- 
tween the two groups of mice. On the first two days, 
the duration of the motor seizure induced by ECS 
was slightly longer in the BDNF ( + / - )  mice than in 
the wild-type (+/+) mice, but this effect was not 
significant (Fig. 4). On days 3-5, the length of the 
motor seizure was nearly identical in the two groups 
of mice, but reduced relative to days 1 and 2, 
suggesting the development of tolerance, as reported 
previously. 14 Next, we determined the influence of 
ECS on levels of BDNF mRNA in wild-type (+/+) 
and BDNF ( + / - )  mice. Basal expression of BDNF 
mRNA in the hippocampus of BDNF ( + / - )  mice 
was slightly lower, but not significantly different, 
than that of wild-type (+/+) mice (Fig. 5). Admin- 
istration of ECS to wild-type mice induced a 
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Fig. 3. Influence of chronic ECS treatment on hilar neuronal survival. Representative horizontal sections 
(40 ~tm) through the hilus of the ventral hippocampus from sham control (A), ECS-treated (B, C) and 
kainate-treated (D) rats. The sections were processed for Nissl (A, B) and silver staining (C, D) (see 
Experimental Procedures for details). Neurons in the polymorphic layer (pl) of the dentate gyrus (DG) 
from the ECS-treated rat (B) appear healthy and have a similar density to that seen in the sham control 
(A). Note the absence of silver-stained neurons in the dentate gyrus and CA3 subfield of the hippocampus 
from the ECS-treated rat (C). In contrast, numerous silver-stained neurons are seen in the same regions of 

the kainate-treated rat (D). Scale bar= 150 gin. 

dramatic elevation of  B D N F  m R N A  in the dentate 
gyrus. ECS treatment also significantly increased 4s 
levels of  B D N F  m R N A  in B D N F  heterozygote 
( + / - )  mice. However,  this level of  B D N F  m R N A  

40  I 

was significantly diminished relative to that in the o ,R 
ECS-treated wild-type (+/+) mice. ~ " 

Chronic ECS-induced mossy fiber sprouting was ~ 35- 
significantly attenuated in B D N F  ( + / - )  mice as '~ 
compared to wild-type (+/+) mice (Fig. 6). Twelve -~ a0. 
days following chronic ECS treatment, wild-type 
mice showed an induction of  Timm granules in the 
SG zone of  the dentate gyrus which was absent in 22 
sham-treated mice. B D N F  ( + / - )  mice administered 
chronic ECS treatment showed significantly fewer 
granules in the SG zone, indicating that mossy fiber 
sprouting in B D N F  ( + / - )  mice was attenuated. The 
pattern of  Timm staining induced by chronic ECS 
treatment in mice was different from that induced in 
rats and was analysed using a different method 
(Timm index), as described previously. 5° In wild-type 
(+/+) mice, chronic ECS treatment resulted in a 

_ • BDNF +/+ ~ DNF +/- 

ECS Treatment (days) 

Fig. 4. Duration of ECS-induced motor seizures in wild- 
type (+/+) and BDNF heterozygote mice. Mice were 
administered ECS once daily for five consecutive days 
and the duration of the motor seizure after each treat- 
ment was measured in seconds. The results are expressed 
as the mean ±S.E.M. of seven separate animals for each 

group. 
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Fig. 5. lnfluence of an acute ECS treatment on BDNF 
mRNA in the dentate gyrus of wild-type (+/+) and BDNF 
heterozygote (+/-)  mice. Mice were administered a single 
ECS and levels of BDNF mRNA were determined by in situ 
hybridization 2 h later. Representative autoradiographs 
from sham and ECS-treated wild-type (+/+) and BDNF 
heterozygote (+/-)  mice are shown. Note the significant 
attenuation of ECS-induced BDNF expression in BDNF 
heterozygote (+/-)  mice. The levels of BDNF mRNA were 
quantitated using image analysis. Results are expressed as 
percentage of sham (+/+) and are the mean :1: S.E.M. [n= 7/ 
sham (+/+), 7/sham (+/-),  7/ECS (+/-)  and 6/ECS (+/+)]. 
*P<0.05 as compared to sham (+/+); **P<0.05 as com- 
pared to sham (+/-); §P<0.05 as compared to ECS (+/+) 

(ANOVA, Newman Keuls post hoc test). 

five-fold induction of the Timm index relative to 
sham-treated wild types. In BDNF ( + / - )  mice, the 
Timm index was elevated, although not to a statisti- 
cally significant level relative to sham-treated BDNF 
( + ! - )  mice (Fig. 6). Moreover, this effect was signifi- 
cantly lower relative to ECS-treated wild-type (+/+) 
mice. 

Influence o f  hilar infi~sion o f  brain-derived neuro- 
trophic Jactor on mossy fiber sprouting 

BDNF (12 gg/day, 14 days) was infused via mini- 
pump into the hilar region of the hippocampus and, 
12days after the termination of infusion, Timm 
histochemistry was conducted. The pattern of Timm 
staining in animals that received intrahilar BDNF 
infusions did not differ significantly from that of 
animals which received vehicle infusions (Timm 
scores, mean + S.E.M: vehicle = 0.14 4- 0.06; BDNF- 
infused=0.17+0.07; n=6/group). This result indi- 
cates that intrahilar BDNF infusion in the absence of 
seizure activity does not induce sprouting of the 
mossy fiber pathway. 

D I S C U S S I O N  

The present study demonstrates that chronic ECS 
administration leads to sprouting and synaptic 

reorganization of the mossy fiber pathway in the 
hippocampus. In addition to innervating normal tar- 
gets in the hilar and CA3 region, the mossy fibers now 
send inputs to areas that previously lacked innervation 
from the dentate granule cells. This is evident from the 
presence of Timm granules along the SG zone of the 
dentate gyrus, which are absent in sham-treated ani- 
mals. Sprouting follows a time-course that reaches a 
maximum 12 days after the termination of seizure 
treatment, and appears to be a long-lasting alteration 
in that, six months later, there is still a significant level 
of mossy fiber sprouting. In addition, this sprouting 
correlates and progresses with the number of seizures 
administered. Although highly significant and robust, 
chronic ECS-induced sprouting appears less dramatic 
in comparison with the mossy fiber sprouting seen 
in several experimental models of epilepsy, like the 
kindling and excitotoxin models. 6"43 

Kindling stimulation and kainate treatment are 
reported to involve severe hilar neuronal lOSS. 3'34'40'48 

Absence of their normal targets in the hilus is 
thought to induce the dentate gyrus granule cell 
neurons to sprout axon collaterals into the SG zone 
and form new synaptic contacts. However, it remains 
unclear as to the relative extent to which mossy fiber 
sprouting is dependent on seizure activity or hilar cell 
loss. The results of the present study indicate that 
chronic ECS treatment does not produce any obvious 
cell loss. Both cell counting analysis and the Nadler 
silver stain method detected no cell loss or dying 
neurons within the hilus, CA subfields or dentate 
gyms. These results indicate that ECS-induced mossy 
fiber sprouting is not a compensatory response to cell 
loss. Recent work has shown that a hyperthermic 
seizure model in rats also leads to mossy fiber sprout- 
ing in the absence of neuronal damage. ~6 Taken 
together with the results from the present study, this 
suggests that a milder form of mossy fiber sprouting 
may result from short-duration seizures that do not 
cause neuronal damage. In contrast, the more inten- 
sive type of mossy fiber sprouting seen in the excito- 
toxin and kindling epilepsy models is thought to be a 
result of prolonged seizure activity and neuronal loss. 

The lack of cell loss raises the possibility that 
ECS-induced sprouting results from seizure activity 
and induction of factors that promote sprouting of 
granule cells. A role for neurotrophins in the seizure- 
induced sprouting of the mossy fiber pathway is 
suggested by their dramatic regulation in response to 
seizure treatment 8"~5"39 and their profound influences 
on neuronal morphology. ~9"2~ Antibodies to nerve 
growth factor have been shown to block kindling- 
induced sprouting, t5"47 and antisense oligonucleo- 
tides to BDNF have been shown to block kainate- 
induced neuronal hypertrophy. ~3 In addition, BDNF 
leads to axonal, but not dendritic, sprouting of 
dentate granule cells in vi tro.  2°'28 Previous work has 
shown that BDNF mRNA in the dentate gyrus 
granule cell layer is dramatically increased by ECS 
treatment, 25 and that there is increased transport of 
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Fig. 6. ECS-induced mossy fiber sprouting in wild-type (+/+) and BDNF heterozygote (+/ ) mice. Mice 
were administered ECS (10 days, once daily), and killed and processed for Timm histochemistry 12 days 
alter the last treatment. Representative Timm-stained sections from ECS-treated wild-type (+/+) and 
BDNF heterozygote (+/ ) mice (upper panel). GC, granule cell layer of the dentate gyrus. Arrows 
indicate the Timm granules along the SG zone. Note the presence of Timm granules in the SG zone of 
ECS-treated wild-type (+/+) mice, which are significantly diminished in ECS-treated BDNF heterozygote 
( + / - )  mice. The Timm index was determined for each animal as described in the Experimental Procedures 
(lower panel). Results are expressed as the mean-t: S.E.M. [n=6/sham (+/+), 6/sham (+ / - ) ,  8/ECS (+/+) 
and 9/ECS (+/-)] .  *P<0.05 as compared to sham (+/+) mice; **P<0.05 as compared to ECS-treated 

(+/+) mice (ANOVA, Newman Keuls post hoc test). 
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BDNF protein into the terminal fields of the granule 
cells in response to ECS treatment. 39 This raises the 
possibility that BDNF may be one of the factors that 
plays a role in ECS-induced sprouting. This possibility 
is supported by our studies demonstrating that chronic 
ECS-induced sprouting of mossy fibers is significantly 
attenuated in BDNF ( + / - )  mice. ECS induction of 
BDNF mRNA in the hippocampus of BDNF hetero- 
zygote ( + / - )  mice is also diminished compared to 
wild-type (+/+) mice. These results suggest that the 
diminished mossy fiber sprouting in BDNF hetero- 
zygote ( + / - )  mice may result from an attenuation of 
ECS-induced BDNF expression. However, we cannot 
exclude the possibility that there are subtle alterations 
of hippocampal neuronal function in the BDNF het- 
erozygote ( + / - )  mice that could underlie the reduced 
ECS-induced sprouting. 18.29 

A previous study has reported suppressed for- 
mation of kindling in BDNF ( + / - )  mice] 7 This 
study also reported that mossy fiber sprouting was 
enhanced in the BDNF ( + / - )  mice, which appears 
contradictory to the results of the present study. 
However, this discrepancy may be explained by the 
fact that the BDNF ( + / - )  mice received far more 
stimulations than the wild-type mice in order to 
achieve a similar state of kindling to that observed in 
wild-type (+/+) mice. This was not taken into ac- 
count when comparing the extent of mossy fiber 
sprouting in kindled wild-type (+/+) and BDNF 
heterozygote ( + / - )  mice, making it impossible to 
assess the influence of reduced BDNF expression on 
sprouting. A more appropriate analysis would be to 
compare levels of sprouting in wild-type (+/+) and 
BDNF heterozygote ( + / - )  mice that had received an 
equivalent number of kindling stimulations. 

The inability of hilar infusions of BDNF to influ- 
ence sprouting indicates that BDNF may be neces- 
sary but not sufficient to induce mossy fiber 
sprouting. This raises the possibility that neuronal 
activation, in addition to induction of BDNF, is 
required for sprouting. Studies of kindling and kain- 
ate models have demonstrated that blockade of 
N-methyl-D-aspartate receptors impairs the seizure- 
induced mossy fiber sprouting. 23'42 In addition, 
glutamate dramatically increases expression of 
BDNF, 52 and BDNF has been shown to increase 
depolarization-evoked release of glutamate. 44 Syner- 
gistic interactions between BDNF and glutamate 
receptor activation on dendritic growth 21 and 
neuronal survival ~2 have been shown previously. It is 
possible that glutamate and neurotrophins acting 
both independently and synergistically could contrib- 
ute to the development of seizure-induced mossy fiber 
sprouting. 3° 

The functional significance of mossy fiber sprout- 
ing is presently unclear. Synaptic reorganization fol- 
lowing kindling and excitotoxin treatment involves 
the formation of both recurrent excitatory, as well as 
inhibitory, synapses and thus could profoundly influ- 
ence neuronal activity in the hippocampus. 37"45"5j 
Chronic ECS treatment does not lead to the for- 
mation of an epileptogenic state, but it could lead 
to altered functional activity in the dentate gyrus. 
Chronic ECS is reported to enhance evoked field 
potentials in the dentate gyrus, and the enhancement 
in population spike amplitude is thought to be long 
lasting. 22'41 Mossy fiber sprouting and synaptic 
reorganization could underlie these long-term ECS- 
induced alterations in hippocampal functional ac- 
tivity. In addition to sprouting, a recent study has 
demonstrated that chemical-induced seizures increase 
neurogenesis in the subgranular proliferative zone of 
the dentate gyrus. 27 It is possible that ECS treatment 
may also have a similar effect on dentate gyrus 
granule cell neurogenesis. 

CONCLUSIONS 

Taken together, the results suggest that chronic 
ECS treatment could profoundly influence the sur- 
vival and function of granule cells in the dentate 
gyrus, the primary input area of the hippocampus. It 
is possible that one of the therapeutic actions of ECS 
treatment is mediated through altered neuonal mor- 
phology, survival and synaptic function of dentate 
gyrus granule cells. Increased sprouting and function 
of granule cells could also influence other popula- 
tions of hippocampal neurons, particularly the stress- 
vulnerable CA3 pyramidal cells. The granule cell 
mossy fiber pathway, the primary input to CA3 
neurons, supplies BDNF to CA3 neurons via antero- 
grade transport, and this supply is increased by ECS 
treatment. 39 These effects would be expected to 
oppose the stress-induced atrophy and death of 
hippocampal neurons, and could also contribute to 
the therapeutic action of chronic ECS treatment. 
However, the relevance of these findings to the thera- 
peutic action of ECS must be viewed with caution 
until we determine the influence of anesthetics, which 
are commonly used in the clinical setting, on granule 
cell sprouting. In addition, studies will be required 
to determine the exact functional consequences of 
ECS-induced sprouting. 
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