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Decreased activity of the prefrontal cortex (PFC), as well as 
reduced serotonergic neurotransmission, is considered as a 
characteristic feature of major depression. The mechanism 
by which electroconvulsive therapy (ECT) and transcranial 
magnetic stimulation (TMS) achieve their antidepressant 
effects may involve changes in PFC activity. It is, however, 
still unclear whether these changes are accompanied by 
increased synaptic availability of serotonin (5-HT). In the 
present study, 5-HT efflux in the rat ventral hippocampus 
and amygdala was analyzed using in vivo microdialysis 
during low-current electrical stimulation of PFC and other 
cortical regions. Electrical stimulation of the medial PFC 

produced current-dependent increases in limbic 5-HT 
output in both urethane-anesthetized and behaving rats. No 
effects on 5-HT levels were seen after comparable 
stimulation of either the lateral parts of the PFC, the medial 
precentral area, the primary motor cortex or the parietal 
cortex. This pronounced regional specificity of the effect of 
medial PFC stimulation on limbic 5-HT output suggests 
that activation of this particular area might play a crucial 
role in such antidepressant treatments as ECT and TMS. 
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An extensive body of clinical evidence suggests that
prefrontal cortex (PFC) abnormalities are involved in
the pathophysiology of major depression. Significantly
decreased cerebral blood flow as well as reduced rates
of glucose metabolism have been consistently found in

the PFC of depressed patients (Soares and Mann 1997;
Kennedy et al. 1997; George et al. 1993). This reduction
seems to be localized predominantly in the left hemi-
sphere (Baxter et al. 1989; Martinot et al. 1990). This is
supported by structural neuroimaging studies demon-
strating that poststroke depression is more likely to oc-
cur following a lesion in the left PFC rather than either
in the right PFC or elsewhere in the left hemisphere
(Morris et al. 1996; Robinson et al. 1984). Both neuro-
psychological and oculomotor functioning of prefrontal
cortex is impaired in depression (Goodwin 1997; Sweeney
et al. 1998). Furthermore, symptom improvement and
remission of depressed patients have been associated
with increases in cerebral blood flow and glucose me-
tabolism in this region (Goodwin et al. 1993; Bench et al.
1995; Bonne and Krausz 1997; Buchsbaum et al. 1997).
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This close association between prefrontal cortical
dysfunction and depression suggests that enhancement
of PFC activity might be beneficial in the treatment of
this disorder. Consistent with this idea, electroconvul-
sive therapy (ECT), as well as transcranial magnetic
stimulation (TMS), seems to achieve its antidepressant
effects by altering PFC activity. ECT leads to pro-
nounced prefrontal EEG changes, which are directly re-
lated to the therapeutic outcome. Hence, the efficacy of
ECT seems to be critically linked to prefrontal cortex in-
volvement in ECT-induced seizure activity (Sackeim et
al. 1996). This is further supported by studies that have
reported changes in cerebral blood flow in prefrontal
cortex of ECT responders (Nobler et al. 1994; Bonne et
al. 1996; Petracca et al. 1995). In recent years, repetitive
TMS of the left dorsolateral prefrontal cortex has
emerged as a successful antidepressant treatment (Pas-
cual-Leone et al. 1996; George et al. 1997). Although the
exact mechanism underlying the efficacy of TMS is still
unclear, this stimulation procedure probably induces
focal activation of PFC neurons, as revealed by simulta-
neous measurements of cerebral glucose metabolism
and blood flow (George et al. 1995; Paus et al. 1997; Fox
et al. 1997).

Apart from decreased PFC activity, a functional defi-
ciency in serotonergic neurotransmission is considered
as another characteristic feature of depression (Maes
and Meltzer 1995). The therapeutic efficacy of various
antidepressant treatments is thought to result from
their ability to enhance serotonergic function (Blier and
De Montigny 1994). It is, however, still unclear what is
the relationship between serotonin (5-HT) and the ac-
tivity of the prefrontal cortex in the pathophysiology
and treatment of depression. Available data suggest
that the PFC in depressed patients is characterized by
reduced serotonergic neurotransmission. Diminished
responsiveness to the serotonin-releasing drug fenflu-
ramine was observed in the PFC of patients with major
depression (Mann et al. 1996). Tryptophan depletion-
induced depressive relapses in previously remitted pa-
tients were associated with a decrease in glucose me-
tabolism of the dorsolateral PFC (Bremner et al. 1997).
At present, there is no direct neurobiological evidence
linking the effects of ECT and TMS on the activity of
prefrontal cortex to increased synaptic availability of
serotonin in the forebrain. Both ECT and electroconvul-
sive shocks (ECS) in animals elicit generalized seizure
activity, which does not allow to relate their numerous
neurochemical effects (for review, see Mann and Kapur
1994; Fochtmann 1994) to one specific anatomical area.
Similarly, the inherent technical limitations of the TMS
procedure used in rat studies result in the stimulation
of multiple cortical areas, making it difficult to interpret
the effects in terms of regional specificity. Therefore, to
elucidate the relationship between changes in PFC ac-
tivity and availability of 5-HT, it is necessary to mea-

sure extracellular 5-HT levels during focal electrical
stimulation of the cortex. The present study used 

 

in vivo

 

microdialysis, in both anesthetized and behaving rats,
to examine the effects of electrical stimulation of the
PFC on 5-HT output in two brain areas believed to be
important in the pathophysiology of depression; namely,
the ventral hippocampus and the amygdala. We also
assessed the regional specificity of this relationship by
comparing the effects of focal stimulation of several ar-
eas within the PFC, as well as of other cortical regions.

 

METHODS

Animals

 

Male Sprague–Dawley rats, weighing 240 to 285 g, were
housed individually under controlled temperature and
lighting conditions (22 

 

6

 

 0.5

 

8

 

C; 12-h reversed light/dark
cycle, white light off/dim red light on at 11:00 

 

A

 

.

 

M

 

.) with
food and water available 

 

ad libitum

 

. All rats were cared
for and used in strict accordance to the PHS Guide for
the Care and Use of Laboratory Animals. All procedures
were reviewed and approved by the Institutional Ani-
mal Care and Use Committee of Princeton University.

 

Surgical Procedure

 

Rats were anesthetized with urethane (1.4 g/kg IP, 0.2
g/kg supplement if necessary) and placed in a stereo-
taxic frame in a flat-skull position. During surgery and
acute experiments, body temperature of the animals
was continuously monitored with a rectal thermometer
and was maintained at 37 to 38

 

8

 

C by using heating
lamps. Stainless steel guide cannulae (0.7 mm o.d.)
were implanted in the left or right ventral hippocampus
(AP 

 

2

 

5.4 mm, ML 

 

6

 

 4.8 mm, from bregma, DV 

 

2

 

3.5
mm below dura; 9-mm cannula length), or in the left
amygdala (AP 

 

2

 

2.8 mm, ML 

 

1

 

5.0 mm, DV 

 

2

 

 5.4 mm;
14-mm cannula length), according to the atlas of Paxi-
nos and Watson (1986). Additional small craniotomies
were performed above the cortical regions of interest
for electrical stimulation. For cortical EEG recordings, a
pair of stainless steel electrodes (1.5-mm diameter) was
implanted at the following coordinates: AP 

 

1

 

2 mm, ML

 

2

 

3 mm and AP 

 

2

 

4 mm, ML 

 

2

 

3 mm. For experiments
in freely moving animals, rats were pretreated with at-
ropine sulfate (0.2 mg/kg IM) and anesthetized with a
mixture of ketamine HCl and xylazine (80 mg/kg and
12 mg/kg, respectively, IM). A stimulating electrode, as
described below, and one hippocampal cannula were
implanted, secured with skull screws and dental
acrylic, and the cannula was plugged with a stainless
steel stylet. Postoperatively, rats received an injection of
penicillin (300,000 U/kg IM) and were allowed to re-
cover for 4 to 7 days.
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Electrical Stimulation

 

A bipolar stimulating electrode was made from two in-
sulated nichrome wires (360 

 

m

 

m diameter; California
Fine Wire, Inc., Grover Beach, CA) that were etched for
0.5 mm at the tips and had a tip separation of 0.5 mm in
the anterior–posterior plane. Stimulation was applied
to the following cortical areas: left or right medial pre-
frontal cortex (prelimbic area or CG3, abbreviations in
accordance with Zilles (1985); AP 

 

1

 

 3.2 mm, ML 

 

6

 

 0.5
mm, both from bregma, DV 

 

2

 

2.5 mm below dura, ad-
justed for the anterior stimulating wire) as well as pari-
etal cortex (Par1; AP 

 

1

 

 1.7 mm, ML 

 

1

 

 5.0 mm, DV 

 

2

 

2.4
mm), primary motor cortex (Fr1; AP 

 

1

 

 3.7 mm, ML

 

1

 

3.2 mm, DV 

 

2

 

1.0 mm), medial precentral area (FR2; AP

 

1

 

4.7 mm, ML 

 

1

 

 2.0 mm, DV 

 

2

 

1.0 mm), dorsal part of the
agranular insular cortex (AID; AP 

 

1

 

3.7 mm, ML 

 

1

 

4.1
mm, DV 

 

2

 

3.5 mm), and lateral orbitofrontal cortex (LO;
AP 

 

1

 

4.2 mm, ML 

 

1

 

2.0 mm, DV 

 

2

 

13.7 mm), all at the left
side. In the acute experiments, the electrode was placed
sequentially in no more than three different cortical areas.
In the experiments using behaving animals, the stimulat-
ing electrode was placed only in the left medial prefrontal
cortex. Electrical stimulation was delivered by a Grass
S48 Stimulator and consisted of 1 s trains of 5 ms stimuli
(60 Hz, 100 and 150 

 

m

 

A), presented every 5 s for 20 min.

 

Microdialylsis and Experimental Procedure

 

Concentric dialysis probes (2.0 mm length of nitrocellu-
lose membrane, 0.22 mm o.d., 6,000 Da cut-off, Spec-
trum, Houston, TX) were constructed as previously de-
scribed (Hernandez et al. 1987). In the acute studies, the
probes were implanted at the end of surgery. In the be-
havioral study, the rats were gently restrained on the
day of the experiment without use of anesthesia for
probe implantation. Dialysis probes were lowered
through the guide cannulae and secured with dental
acrylic, so that the probe tips extended 3 mm beyond
the cannulae tips. The probe inlets were attached to a
Harvard syringe microinfusion pump (Harvard Appa-
ratus, Boston, MA; via a fluid swivel in the behavioral
study), and a modified Ringers solution (147.2 mM
NaC1, 4.0 mM KC1, 1.8 mM CaC1

 

2

 

) was continuously
infused at a flow rate of 1.3 

 

m

 

l/min. The perfusion me-
dium contained 3 

 

m

 

M fluoxetine (Eli Lilly, Indianapolis,
IN). Collection of 20 min perfusate samples started 3 h
after microdialysis probe implantation. Immediately af-
ter obtaining a stable 3-sample baseline, electrical stim-
ulation was administered, and three additional follow-
up dialysate samples were collected.

 

Chromatography

 

A reversed phase high-performance liquid chromatog-
raphy system coupled with electrochemical detection

(HPLC-ECD) was used for the analysis of serotonin.
The mobile phase (0.15 M chloroacetic acid, 0.12 M
NaOH, 0.18 mM EDTA, 60 ml/l acetronitrile, 1.0 mM
sodium octane sulfate) was delivered at a flow rate of
1.0 ml/min onto a 10 cm 

 

3

 

 3.2 mm ODS 3-

 

m

 

m column
(BAS Inc., West Lafayette, IN). Perfusate samples were
manually injected (model 7125 injector, Rheodyne Inc.,
Cotati, CA) and analyzed using a dual potentiostat elec-
trochemical detector (model 400 EG&G, Princeton Ap-
plied Research Corp., Princeton, NJ), with the poten-
tials applied to the parallel working electrodes set at
610 and 590 mV relative to an Ag/AgC1 reference elec-
trode. A Shimadzu model C-R3A integrator (Kyoto, Ja-
pan) was used to analyze the output from the detector.
Identification and quantification of 5-HT in the samples
was achieved by comparison of the retention time and
peak height to those of a standard solution containing
5-HT. The detection limit for 5-HT was approximately 1
pg based on a signal-to-noise ratio of 3:1. 

 

In vitro

 

 probe
recovery was determined by immersing the probes in a
standard solution containing 10 pg of 5-HT and perfus-
ing them for at least 4 h with a Ringers solution at a
flow rate of 1.3 

 

m

 

l/min. The relative recovery was 13.2 

 

6

 

3.8% for 5-HT (

 

n

 

 

 

5

 

 8).

 

Histology

 

For verification of stimulating electrode and microdial-
ysis probe placement, animals were perfused intracar-
dially with 10% formalin in saline under deep phe-
nobarbital anesthesia (100 mg/kg, IP). Brains were
removed, serial frozen sections (75-

 

m

 

m thick) were cut
using a microtome, mounted on glass slides, and
stained with neutral red. The slides were examined un-
der a microscope, and only the data from the animals
with correct placement of both electrode and probe
were reported.

 

Statistical Analysis

 

To minimize between-subject variability, levels of ex-
tracellular 5-HT were expressed as a percentage of the
mean of the three baseline samples. All values are ex-
pressed as means 

 

6

 

 SEM. Data were analyzed using ei-
ther one-way or two-way analysis of variance
(ANOVA) with repeated-measures (“time” as a within-
subject factor and “group” as a between-subject factor),
followed by post hoc comparisons (Student–Newman–
Keuls’ test).

 

RESULTS

 

Electrical stimulation of the left medial prefrontal cor-
tex (mPFC) increased serotonin output in both the ipsi-
lateral ventral hippocampus and the amygdala in a cur-
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rent-dependent manner. In the hippocampus (Figure 1A),
5-HT efflux increased by 33 

 

6

 

 4% (F

 

(10,50)

 

 

 

5

 

 24.7, 

 

p

 

 

 

,

 

 .01)
and by 75 

 

6

 

 7% (

 

p

 

 

 

,

 

 .001) above baseline at currents of
100 

 

m

 

A and 150 

 

m

 

A, respectively. In the amygdala,
5-HT levels increased by 26 

 

6

 

 3% (F

 

(10,50)

 

 

 

5

 

 15.6,

 

 p

 

 

 

,

 

 .01)
and by 61 

 

6

 

 11% (

 

p

 

 

 

,

 

 .001) above baseline at currents of
100 

 

m

 

A and 150 

 

m

 

A, respectively. In both areas, the in-
crease in 5-HT output produced by the 150 

 

m

 

A current
was significantly greater than that produced by the
100 

 

m

 

A current (

 

p

 

 

 

,

 

 .001). In behaving animals (Figure
1B), electrical stimulation of the left mPFC enhanced se-
rotonin output over baseline values in the ipsilateral
hippocampus by 73 

 

6

 

 16% at 100 

 

m

 

A (F

 

(10,20)

 

 

 

5

 

 7.7, 

 

p

 

 

 

,

 

.05) and by 112 

 

6

 

 39% at 150 

 

m

 

A (

 

p

 

 

 

,

 

 .001). In all cases,
the effect of the higher current was more prolonged.
Thus, 5-HT efflux in the first poststimulation sample
was still significantly elevated after 150 

 

mA, but not af-
ter 100 mA (Figure 1).

Similarly, 150 mA stimulation of the right mPFC in
three anesthetized rats produced a 70 6 8% increase in
5-HT output in the ipsilateral hippocampus (F(6,12) 5
24.7, p , .001). The magnitude of this increase was not
significantly different from that produced by ipsilateral
stimulation of the left mPFC (F(6,42) 5 1.4, p 5 .24). Fur-
thermore, stimulation of the right mPFC in four anes-
thetized rats (150 mA) produced a 50 6 8% increase in
5-HT levels in the contralateral hippocampus (F(6,18) 5
18.6, p , .001). This increase was less pronounced than
that observed during ipsilateral stimulation on the left
side at the same current (50 6 8% vs. 75 6 7%; F(6,48) 5
2.5, p , .01).

To assess the regional specificity of the effects of
mPFC stimulation, the same stimulation procedure (us-
ing 150 mA current) was carried out in a number of
other cortical areas: agranular insular cortex, lateral or-
bitofrontal cortex, medial precentral area Fr2, primary
motor cortex, and parietal cortex. As shown in Figure 2,
5-HT efflux in the left hippocampus was unaffected by
stimulation of any of these regions, except for mPFC
(F(30,138) 5 12.4, p , .001).

Electrical stimulation of the left mPFC did not in-
duce any discernible changes in EEG or behavior. EEG
activity (mostly in the theta band), as observed under
urethane anesthesia, was not affected by stimulation at
either 100 or 150 mA currents. In the study with freely
moving animals, no overt motor or behavioral reactions
were observed at either stimulation level.Figure 1. The effects of electrical stimulation of the left

medial prefrontal cortex (100 mA and 150 mA) on forebrain
5-HT efflux (20-min samples) in urethane-anesthetized rats
(A) and in behaving rats (B). A. Medial PFC stimulation pro-
duced a current-dependent increase in 5-HT output in the
ipsilateral ventral hippocampus (top panel, n 5 6) and
amygdala (bottom panel, n 5 6) of anesthetized rats. B. The
effects of mPFC stimulation on 5-HT efflux in the ipsilateral
ventral hippocampus were more pronounced in behaving
rats (n 5 3). Each point represents mean values 6 SEM. Data
are expressed as percentages of the three baseline samples.

Horizontal bars represent time of electrical stimulation (20
min). *p , .05 compared to baseline; **p , .01 compared to
baseline; ***p , .001 compared to baseline; Student–New-
man–Keuls’ multiple comparisons test.
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DISCUSSION

The present study is the first to demonstrate that low-
current electrical stimulation of the medial prefrontal
cortex, but not of the lateral parts of the PFC or of other
cortical areas, enhances serotonin levels in such subcor-
tical areas as the hippocampus and amygdala. This
highly specific effect was current-dependent, not-later-
alized, and was found in both anesthetized and awake
rats. The absence of motor or behavioral reactions dur-
ing low-current stimulation of mPFC in behaving ani-
mals is in agreement with previous studies (Fuster
1997; Taber and Fibiger 1993). The effect of prefrontal
stimulation on the 5-HT output was more pronounced
in these rats than in the urethane-anesthetized rats.

The mechanism by which stimulation of mPFC neu-
rons enhances 5-HT efflux in terminal areas may in-
volve activation of the dorsal and median raphe nuclei.
Consistent with this hypothesis, it has been demon-
strated that rat medial prefrontal cortex (prelimbic area)
has dense efferent projections to both the dorsal and the
median raphe nuclei (Aghajanian and Wang 1977;
Beckstead 1979; Wyss and Sripanidkulchai 1984; Sesack
et al. 1989; Behzadi et al. 1990; Peyron et al. 1998). Thus,
it is possible that PFC stimulation activates the raphe
nuclei leading to increased -HT levels in terminal areas.
It cannot, however, be dismissed that this effect is medi-

ated by local activation of the nerve terminals, because
medial and lateral prefrontal cortex project to both the
hippocampus and amygdala in rats (Groenewegen et
al. 1997). Nevertheless, because ipsilateral mPFC stimu-
lation in the present study produced similar increases
in 5-HT output in the hippocampus and amygdala, and
because contralateral stimulation also enhanced 5-HT
efflux, the effects of mPFC stimulation on extracellular
5-HT levels seem to be mediated by a central structure,
such as the raphe nuclei. In this context, the fact that the
effects of contralateral stimulation were smaller than
those of insilateral stimulation could be explained by the
known lateralization of forebrain projections of seroto-
nergic cells in the raphe nuclei (Jacobs and Azmitia
1992).

The effect of mPFC electrical stimulation on seroto-
nergic neurotransmission was found to be highly spe-
cific. Stimulation of such cortical areas outside the PFC
as the medial precentral area Fr2, the primary motor,
and the parietal cortex did not affect serotonin output
in either hippocampus or amygdala. One possible ex-
planation for this is that the prefrontal cortex is the only
cortical area with direct projections to the midbrain
raphe nuclei in rats (Aghajanian and Wang 1977; Beh-
zadi et al. 1990; Marcinkiewicz et al. 1989; Peyron et al.
1998), as well as in primates (Arnsten and Goldman-
Rakic 1984). It is noteworthy that there is still open de-
bate as to whether the medial precentral area Fr2, lo-
cated in the dorsomedial, or so-called shoulder region
of the rat frontal cortex, belongs to the PFC (Uylings
and Van Eden 1990; Preuss 1995). In the present study,
Fr2 was considered as part of the sensorimotor cortex,
rather than that of the PFC, according to several ana-
tomical criteria (Zilles and Wree 1995; Reep et al. 1987;
Donoghue and Wise 1982). On the other hand, the areas
around the rhinal sulcus, such as the lateral orbitofron-
tal cortex (LO) and the dorsal part of the agranular in-
sular cortex (AID), constitute the lateral prefrontal cor-
tex in rats, because they have reciprocal connections to
the mediodorsal thalamic nucleus (Zilles and Wree
1995; Fuster 1997) which is a main anatomical criterion for
belonging to the PFC. Although LO and AID have pro-
jection fibers to the dorsal raphe nucleus in rats (Peyron et
al. 1998; Beckstead 1979), these fibers, unlike those origi-
nating from mPFC, probably have no functional relevance
for the serotonergic neurotransmission, because electrical
stimulation of AID and LO did not alter hippocampal
5-HT output in the present study. There are two reasons
for this functional difference between medial and lateral
PFC: first, the medial PFC sends significantly more effer-
ent fibers to the dorsal raphe nucleus than LO and AID;
and second, only the medial PFC projects to the whole of
the dorsal raphe nucleus (Peyron et al. 1998).

The present findings have important implications for
the understanding of human pathology, because it is
well established that the medial PFC in rats is analo-

Figure 2. Comparison of the effects of ipsilateral electrical
stimulation (150 mA) of various cortical areas on 5-HT out-
put in the left ventral hippocampus. Abbreviations: AID,
dorsal part of the agranular insular cortex (n 5 5); LO, lateral
orbitofrontal cortex (n 5 4); mPFC, medial prefrontal cortex
(n 5 6); Fr2, medial precentral area (n 5 5); Fr1, primary
motor cortex (n 5 4); Par1, parietal cortex (n 5 5); each col-
umn represents mean values 6 SEM. Data are expressed as
percentages of the three baseline samples. ***p , .001 com-
pared to baseline; Student–Newman–Keuls’ multiple com-
parisons test.
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gous to the medial prefrontal cortex in primates, includ-
ing humans (Uylings and Van Eden 1990; Preuss 1995).
As far as the human dorsolateral PFC is concerned,
three cortical areas can be considered as analogous to
this clinically relevant region in the human brain: LO,
Fr2, and AID. However, the rat LO probably corre-
sponds to the primate orbitofrontal cortex; whereas, Fr2
presumably belongs to the sensorimotor rather than to
the PFC. Because of its anatomical position close to the
upper frontal pole, the agranular insular cortex AID is
the most promising candidate for a rat analog of the hu-
man dorsolateral prefrontal cortex. Our study demon-
strates that stimulation of none of these three areas pro-
duces any effect on 5-HT output, suggesting that the
dorsolateral PFC does not seem to influence serotoner-
gic neurotransmission. The finding that low-current
electrical stimulation of the rat medial PFC enhances
5-HT output in such limbic structures as the hippocam-
pus and amygdala underlines the importance of the
medial PFC for pathophysiology and treatment of de-
pression. Prefrontal abnormalities in depressed patients
were found mostly in the medial parts of PFC (Drevets
et al. 1997; Ebert and Ebmeier 1996; Mann et al. 1996;
Buchsbaum et al. 1997; Agren and Reibring 1994). It
was suggested that one of the core symptoms of depres-
sion, namely, motor and affective apathy, is related spe-
cifically to dysfunctions of the medial PFC (Cummings
1995; Saint-Cyr et al. 1995). This is supported by
positron emission tomography (PET) studies in healthy
subjects demonstrating that medial PFC is involved in
the regulation of mood and emotions (Reiman 1997).

The high regional specificity of medial PFC stimula-
tion on 5-HT output observed in this study also has im-
plications for such antidepressant treatments as ECT
and TMS, although because of our focal approach, the
stimulation parameters used here were somewhat dif-
ferent from those of ECT or TMS (20 trains of 1 ms stim-
uli at 20 Hz, lasting for 2 or 10 s, administered over 20
min) in humans. Our findings suggest that efficacy of
ECT in depression might depend upon the involvement
of the medial PFC. To activate this deeply located area
by outside electrical stimulation, it seems to be neces-
sary to induce generalized seizures involving all corti-
cal areas. This could explain the lack of efficacy of sub-
convulsive ECT and the need for eliciting generalized
seizures to produce an antidepressant effect (Sackeim
1994). Our results also indicate that transcranial mag-
netic stimulation of the medial PFC, rather than the
commonly targeted dorsolateral PFC, may result in a
greater success in treatment of depressed patients. Re-
garding the possible synaptic mechanisms involved in
the effects of ECT and TMS, it remains to be elucidated
how the transient alterations in 5-HT levels induced by
electrical stimulation could lead to long-term effects rel-
evant for the antidepressant response in animals, single
administration of both TMS (Ben-Shachar et al. 1997)

and ECS (Zis et al. 1992), increases forebrain 5-HT lev-
els; whereas, repeated ECS does not affect either hip-
pocampal 5-HT efflux (Gur et al. 1997) or the firing rate
of 5-HT neurons (Blier and Bouchard 1992). There is,
however, sufficient evidence demonstrating that chronic,
but not single or subconvulsive ECS, induces pro-
nounced sensitization of postsynaptic 5-HT1A recep-
tors, especially at hippocampal pyramidal cells (de
Montigny 1984; Chaput et al. 1991; Blier and de Mon-
tigny 1994). Thus, the transient alterations of 5-HT con-
centration in the synaptic cleft evoked by repeated ad-
ministration of either ECS or another type of electrical
stimulation might cumulatively result in postsynaptic
5-HT receptor adaptations and, consequently, in the
therapeutic effects of chronic ECS or ECT. Finally, stim-
ulation of medial PFC has diverse neurochemical ef-
fects, affecting several neurotransmitter systems be-
sides 5-HT. Electrical stimulation of this area in rats
enhances the levels of forebrain dopamine (Taber and
Fibiger 1993, 1995; Murase et al. 1993) and acetylcholine
(Taber and Fibiger 1994; Consolo et al. 1996). It was also
demonstrated that medial PFC stimulation activates no-
radrenergic neurons in the locus coeruleus (Aston-
Jones et al. 1991; Jodo et al. 1998). Because stimulation
of the medial prefrontal cortex affects all these neu-
rotransmitter systems relevant to depression, any treat-
ment activating the medial PFC might be therapeuti-
cally successful for this disorder.
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