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Transcranial Magnetic Stimulation and
Antidepressive Drugs Share Similar Cellular
Effects in Rat Hippocampus

Y. Levkovitz, M.D., N. Grisaru M.D., and M. Segal Ph.D.

Transcranial magnetic stimulation (TMS) has been
proposed as a safe and efficient treatment of human
clinical depression. Although its antidepressive
mechanism of action remained unknown, our previous
studies indicate that TMS has a long-lasting effect on
neuronal excitability in the hippocampus. We now
compare the effects of chronic TMS with those of the
antidepressant drugs desipramine and mianserin. The
three treatments did not affect basal conduction in the
perforant path to the dentate gyrus, but markedly
suppressed paired-pulse and frequency-dependent
inhibition, resulting from a reduction in local circuit

inhibition in the dentate gyrus. Concomitantly, these
treatments enhanced the expression of long-term
potentiation in the perforant path synapse in the dentate
gyrus. Finally, chronic TMS as well as mianserin
suppressed the serotonin-dependent, potentiating action of
fenfluramine on population spike in the dentate gyrus.
Thus, TMS, mianserin, and desipramine are likely to
affect the same neuronal populations, which may be
relevant to their antidepressant action.
[Neuropsychopharmacology 25:608-616, 2001]
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With a prevalence of at least 4 to 6% in the general pop-
ulation, clinical depression is the most common of all
psychiatric disorders. Although its pathophysiology is
not fully understood, there is growing evidence sup-
porting a major involvement of the hippocampus in
cognitive aspects of depressive disorders. Depression is
associated with hippocampal atrophy (Krishnan et al.
1991; Sheline 1996; Sheline et al. 1996). This volume loss
is related to memory function and significantly corre-
lates with total lifetime duration of depression (Shah et
al. 1998; Sheline et al. 1999). Classic antidepressant
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treatments, tricyclic antidepressants (TCA), and electro-
convulsive shock (ECS) lead to changes in morphology
and survival of hippocampal neurons (Vaidya et al.
1999). The hippocampus is innervated by serotonergic
and noradrenergic fibers, both affected by depression.
Thus, the hippocampus is an attractive target for the
analysis of the effects of antidepressive treatments on
brain physiology.

Transcranial magnetic stimulation (TMS) is a new
noninvasive, fairly safe method for stimulation of the
brain (Barker 1991). Magnetic stimulation of the human
brain is increasingly used for functional cortical map-
ping of primary motor pathways and speech areas and
for the investigation of cortical functions related to cog-
nition in both health and disease states (Barker et al.
1986; Hallett and Cohen 1989; Gates 1995). TMS has
been suggested recently for the treatment of psychiatric
disorders of mood and emotional dysfunctions (Hoflich
et al. 1993; Grisaru et al. 1994; George et al. 1995; Klein
et al. 1999).
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In an earlier study, we found long-lasting effects of
TMS on reactivity of the hippocampus to stimulation of
its main excitatory afferent pathway arising from the
entorhinal cortex, the perforant path (Levkovitz et al.
1999). Chronic TMS did not affect single population
spikes but caused an increase in paired-pulse facilita-
tion, which was still evident 3 weeks after the last of a
series of TMS treatments. Serotonergic and noradrener-
gic modulation of evoked synaptic activity may be re-
lated to these long-term TMS effects on synaptic trans-
mission.

Surprisingly, little is known about chronic effects of
antidepressant treatments on synaptic activity in the
hippocampus of the intact rat (Haddjeri et al. 1998). The
objectives of the present study are to characterize and
compare long-term effects of TMS and two antidepres-
sant drugs, desipramine (selective norepinephrine
reuptake blocker) and mianserin (selective 5-HT?2 sero-
tonin receptor antagonist, and a partial alpha-2 adren-
ergic receptor antagonist) on evoked synaptic activity
in the hippocampus.

MATERIALS AND METHODS
Recording

Experiments were conducted with adult (3-4 month
old) male Long—Evans rats as detailed elsewhere (Levk-
ovitz and Segal 1997). The rats were housed in a tem-
perature-controlled room, 3 to 4 per cage, with 12 h
light/dark cycle and free access to food and water.

Five groups were compared: (1) TMS (n = 6); (2)
TMS controls; (3) desipramine (n = 5; 10 mg/kg/day,
IP) for 7 days; (4) mianserin (n = 5, 5 mg/kg/day, IP)
for 7 days; and (5) drug control, treated with saline
(0.9%/day) for 7 days. The results of the two control
groups were similar and were, therefore, pooled.

T™S

One millisecond pulses were applied with a Cadwell
(Kennewick, WA) Rapid Stimulator at a frequency of 25
Hz for 2 seconds with a maximal field intensity of 2.2
tesla; flowing clockwise; calculated between 1-1.5 cm
from the center of the coil (Cohen et al. 1990). Estimated
peak electric field strength was 660 V/m through 5-cm
coil with a teardrop shape. The coil was placed above
the head, aligned with its center on the midline, equi-
distant between the bregma and lambda sutures along
the longitudinal body axis. Using these stimulation pa-
rameters, the hippocampus and posterior cortex are
likely to be stimulated irrespective of the skull (Cohen
et al. 1990). Awake rats were stimulated once daily for 7
day. Control rats were held the same way as the treated
ones and were exposed to the same noise produced
during the stimulation.
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Starting one day after the last treatment, rats were
anesthetized with urethane (1.2 gm/kg, IP) and placed
in a stereotaxic instrument. A bipolar, 125 wm concen-
tric stimulating electrode was placed in the perforant
path (PP) (coordinates: 7.5 mm posterior to bregma, 4.0
mm lateral to the midline, depth of 3.5 mm), and a glass
pipette (2 um tip diameter) containing 2M NaCl was
moved into the dentate gyrus of the dorsal hippocam-
pus (coordinates 4.0 mm from bregma, 3.0 mm lateral
to midline, at a depth of 3-4 mm) using an hydraulic
microdrive. Electrode positions were optimized to
record maximal population spike (PS) in response to
100 ws pulse stimulation of the medial PP. Evoked re-
sponses were amplified and filtered at 1 Hz to 1 kHz
and stored for later analysis.

The following electrophysiological measurements
were made in all the rats, in the same sequence. Care
was taken to allow recovery from each test before the
next one.

Paired-Pulse Inhibition

A twin pulse PP stimulus was delivered at three inter-
pulse intervals (15, 30 and 60 ms), and averages of five
successive responses to a given intensity applied at a
rate of 0.5 Hz were constructed. Paired-pulse response
was quantified as the magnitude of the second over the
first PS or the slope of the second EPSP over the first
one.

Frequency-Dependent Inhibition

Two series of stimuli were delivered, each one con-
tained 20 stimuli at 1 Hz and 20 stimuli at 0.1 Hz, with
baseline recorded between the two series. PS and EPSP
measured as the average of 40 stimuli at the same fre-
quency relative to prior baseline condition. Differences
in PS and EPSP between the two frequencies were
quantified as the second minus the first PS (PS 0.1 Hz-
PS 1 Hz) or the EPSP slope of the second minus the first
slope (EPSP 0.1 Hz-EPSP 1 Hz).

LTP Induction

After electrode insertion, input-output relations,
paired-pulse stimulation and frequency-dependent in-
hibition were obtained, recording was made for 15 min
followed by 10 min of baseline, pretetanus recording.
The LTP-inducing stimulation intensity was at 50% of
the level that evoked maximum asymptotic spike am-
plitude. LTP was induced with 10 trains of eight 0.4 ms
400 Hz pulses with an intertrain interval of 1 s. LTP in
each experiment was assessed as the change in the re-
sponse measured 35 to 40 min after tetanus, and ex-
pressed as a percentage of the mean of the 20 responses
obtained within 10 min before the tetanus.
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Serotonergic Modulation

Seventy minutes after the tetanic stimulation, seroton-
ergic modulation of PS was measured using the seroto-
nin releaser, fenfluramine (FFA, 7.5 mg/kg, IP). PS and
EPSP were measured 15 and 25 min after FFA.

Analysis

Off-line measurements of the slopes of the EPSPs (in
volts per second) and magnitudes of the maximal pop-
ulation spike (in millivolts) were made from averages
of five successive responses to a given stimulation in-
tensity applied at a rate of 0.1 Hz . PS size and EPSP
slope were measured as described previously (Richter-
Levin and Segal 1991). To standardize the calculations
and minimize variability across animals, the magni-
tudes or slopes of all responses were expressed as per-
centage of the asymptotic response obtained at control
conditions with maximal stimulation (100%). The data
were analyzed statistically using three-way analysis of
variance (ANOVA), with repeated measures; that is,
stimulus intensity or interpulse interval (IPI), on one of
the variables, followed by Scheffe post-hoc multiple
comparisons. Significant level was set at 5%. In some
cases, t-tests were used for the comparisons between
specific groups.

RESULTS
Input-Output Relation

The relationships between stimulation intensity, slope
of the EPSP, and magnitude of population spike were
similar in controls and TMS- , desipramine- , and mi-
anserin-treated rats (n = 11, 6, 5, and 5, respectively).
Both the population EPSPs and the population spikes
maintained the same relationship to the stimulation in-
tensity (Figure lab). At stimulus intensities that
yielded 50% of maximal responses the population
spikes were for control: 7.0 * 0.6 mV, TMS: 7.3 = 0.8
mV, mianserin: 6.9 = 0.8 mV, and desipramine: 6.7 =
0.9 mV. The slopes of the EPSP for the same groups
were 2.5+ 0.5V/S,2.7 = 055V/S,23 £ 04V/S,and 2.2 *
0.55V /S, respectively.

Paired-Pulse Depression

Application of the paired-pulse stimulation protocol in
control rats caused a suppression of the response to the
second stimulus of the pair when their interpulse inter-
val was 15 and 30 ms (Figure 2). The paired-pulse inhi-
bition was replaced by a nearly 150% facilitation at 60
ms interpulse interval.
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TMS, desipramine, and mianserin treatments caused
a significant reduction in paired-pulse inhibition at 15
and 30 ms (for 15 ms; ANOVA: F = 56.65, p < .005, PS2/
PS1 for 3 volt stimulation: control = 0, TMS = 0.98 *=
0.15, desipramine = 1.22 * (.14, mianserin = 1.02 *
0.42 ; significant Scheffe comparisons, p < .05, were
found between the control and each of the treated
groups, no difference were found between the different
treatments; for 30 ms; ANOVA: F = 21.59, p <.005, PS2/
PS1 for 3 volt stimulation: control = 0.20 = 0.36, TMS =
1.66 = 0.40, desipramine = 1.78 * 0.35, mianserin =
1.80 = 0.61; significant Scheffe comparisons p < .05,
were found between the control and each of the treated
groups, no differences were found between the differ-
ent treatments). The facilitating effect observed in the
control at 60 ms interpulse interval was significantly en-
hanced by the treatments (Figure 2) (for 60 ms; ANOVA:
F =10.59, p < .005, PS2/PS1 for 3-volt stimulation: con-
trol = 1.8 = 0.43, TMS = 3.38 * 0.48, desipramine = 2.8 =
0.18, mianserin = 2.3 = 0.58; significant Scheffe com-
parison, p < .05, were found between the control and
TMS- and desipramine-treated groups , but not with
mianserin. TMS significantly increased the facilitation
compared with mianserin (Scheffe post-hoc test, p <
.007) but was not different from desipramine treatment
(Scheffe post-hoc test, p = .285).

Frequency-Dependent Inhibition

Increasing stimulation frequency from 0.1 Hz to 1 Hz,
at an intensity that evokes 50% of the maximal asymp-
totic spike amplitude, caused approximately 50% re-
duction of the population spike and EPSP in control
rats (Figure 3). Significantly less reduction was found in
rats treated with antidepressants (Figure 3) (ANOVA
for the PS: F = 40.411, p < .0005 control = 49 *+ 4.6% (of
0.1 Hz values), TMS = 73 = 4.8%, desipramine = 66 *
4.3%, mianserin = 67 = 5.7%; significant Scheffe com-
parison, p < .05, were found between the control and
each of the treated groups with no significant difference
on Scheffe post-hoc tests between the treatment groups.
ANOVA for the EPSP: F = 34.7, p < .005: control = 52 =
5.3%, TMS = 75 * 9.5%, Desipramine = 80 * 7.9%, mi-
anserin = 83 * 8.7%; significant Scheffe comparisons,
p <.05).

Long-Term Potentiation

In control rats, tetanic stimulation of the perforant path
caused a persistent increase in population spike ampli-
tude and EPSP slope. In TMS, desipramine, and mi-
anserin groups, the same stimulation produced signifi-
cantly greater LTP (Figure 4). (for PS :ANOVA: F =
43.1, p < .005, control = 42% * 12.7, TMS = 115 =
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Figure 1. Reactivity to afferent stimulation in control, TMS, desipramine, and mianserin groups. A. Sample illustrations of
population responses recorded in the granular layer to stimulation of the perforant path. B&C Input-output relations,
depicting the changes in population spike (B) and EPSP slope (C) as a function of changes in stimulation intensity, are the
same in the four groups of rats. Results of 11, 6, 5, and 5 rats in each group (respectively).

28.4%, desipramine = 132 * 28.4%, mianserin = 142 =
25%; significant Scheffe comparisons, p < .05, were
found between the control and each of the treated
groups with no difference on Scheffe post-hoc tests
within the treatment groups. ANOVA for the EPSPs: F =
46.47, p < .05,: control = 60 = 12.4%, TMS = 140 =

26.9%, desipramine = 114 * 24.3%, mianserin = 104 =
11.4%; significant Scheffe comparison, p < .05, were
found between the control and each of the treated
groups. Significant differences on Scheffe post-hoc
tests, p = .031 was found between TMS and the mi-
anserin groups).
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Figure 2. Paired pulse depression is abolished in TMS, desipramine, and mianserin groups. A. Illustrations of paired pulse
responses to stimulation applied with a 30 ms interpulse interval, in control and treated rats. B. Summary of the paired-

pulse population spike responses in the four groups.

Serotonergic Modulation

Fenfluramine (FFA) was applied over an hour after the
tetanic stimulation, when most of the potentiated re-
sponse already dissipated back to control values. In
chronic TMS- and mianserin-treated rats, FFA was with-
out effect as compared with the typical 60% increase in
PS seen in control rats (Figure 5). This confirms an earlier
observation made with TMS-treated rats (Levkovitz et al.
1999). In contrast, FFA injected to desipramine-treated
rats did cause a partial increase in PS (Figure 5). The in-
crease in PS in control and desipramine-treated groups
was not accompanied by any change in EPSP slope
(ANOVA for PS: F = 55.2, p < .0005,: control 50% = 7.4,
TMS = —7.5% * 104, desipramine = 22 * 5.7%, mi-
anserin = 1.6 * 2.3%; significant Scheffe comparisons,
p < .05, were found between the control and each of the
treated groups with significant difference on Scheffe
post-hoc tests between desipramine versus TMS, p <
.001 and desipramine versus mianserin, p < .012 for
EPSP: ANOVA: F = 0.025, p = .994: control = 0 *
5.08%, TMS = 1.2 % 6.3%, desipramine = 5.4 = 7.4%,

mianserin = —8.05 £ 10.4%; no significant Scheffe com-
parison was found between the groups).

DISCUSSION

The present study demonstrates a similarity of effects of
chronic TMS and two typical antidepressant drugs, mi-
anserin and desipramine, on reactivity of the hippoc-
ampus to stimulation of the perforant path, its main ex-
citatory afferent pathway arriving from the entorhinal
cortex.

Although these treatments did not affect basal EPSP
slopes and population spike size, their effects on paired-
pulse and frequency-dependent inhibition indicate that
TMS, as do desipramine and mianserin, share a primary
action on local inhibitory interneurons activated in these
stimulation protocols. In addition, TMS caused a large
suppression of the reactivity of the hippocampus to the
serotonin-releasing drug FFA, which enhances popula-
tion spike response to afferent stimulation in the normal
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Figure 3. Frequency-dependent inhibition is reduced in TMS, desipramine, and mianserin groups. A. Illustration of fre-
quency response changes in control and treated rats. B. A clear difference between control and treated groups is seen with

population spike.

rat brain, as seen before (Levkovitz et al. 1999). Similar
suppression was obtained after mianserin treatment. In-
terestingly, no such effect was seen after chronic treat-
ment with desipramine, which acts primarily at a norad-
renergic synapse. This indicates that the effect of
mianserin on FFA action is not attributable to a general
pharmacological nonspecific action of the chronic drug
treatment. Moreover, this disparity indicates that the
lack of effect of FFA in TMS or mianserin-treated rats is
not attributable to a higher baseline produced by earlier
LTP, because this was similar in the desipramine-treated
rats. Finally, in an earlier study, (Levkovitz et al. 1999)
FFA was ineffective in TMS-treated rats, and it was tested
without prior LTP protocol.

Suppression of paired-pulse inhibition should cause
an increase in excitability. This enhanced excitability
may contribute to the increased LTP seen in all three ex-
perimental groups. A relationship between excitability
and ability to express LTP has been seen before (see
Levkovitz et al. 1999, and references therein). Thus, te-
tanic stimulation normally causes a large depolariza-

tion, and consequent activation of GABAergic neurons,
which will clamp the membrane near CI~ potential and
prevent further depolarization. Blockade of this inhibi-
tory tone will allow this extra depolarization so that a
massive influx of calcium into the postsynaptic cells
will facilitate a larger LTP expression.

Reduced efficacy of FFA may either mean that sero-
tonin is not being released or that it is not as effective at
the postsynaptic site, perhaps because of receptor sub-
sensitivity. In an earlier study, we proposed, at least for
TMS, that the former possibility is more likely, because
direct application of serotonin into the hippocampus of
TMS-treated rats could still enhance population spikes,
as FFA or serotonin do in control rats (see Levkovitz et
al. 1999) (for technical reasons, we could not test it in
the present study for mianserin, so it is still an open
question with respect to this drug). Either way, reduced
efficacy of FFA means that less serotonin is being re-
leased by the drug. These results are intuitively similar
to studies reporting both excitatory and inhibitory ef-
fects of TMS (Wang and Scheich 1996). Interestingly,
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one of the well-known adverse effects of the tricyclic
antidepressants is to reduce the seizure threshold,
while becoming sedative on the other hand (Kessel and
Simpson 1995).

Although our normal rats cannot constitute a genu-
ine model system for affective disorders in humans, es-
pecially because there are known differences in the effi-
cacy of antidepressive drugs between normal and
depressed patients, our results can propose a mecha-
nism of action of TMS as an antidepressant. The fact
that these treatments share an effect on some elemen-
tary cellular mechanisms related to inhibitory processes
makes it likely that these are also affected in the de-
pressed brain.

A major impairment in depressive disorder involves
memory functions that improve with different anti-
depressive treatments (Burt et al. 1995). LTP is consid-
ered a model mechanism for learning and memory in
animals (Laroche 1985). We demonstrated here for the
first time in the intact brain that either TMS or tricyclic
antidepressants enhance LTP above the potentiation
that is produced normally. In previous studies, a reduc-

tion in LTP following selective depletion of monoamines
was found in the dentate gyrus of the rat hippocampus
(Bliss et al. 1983). This indicates that the antidepressants
may exert their effects by enhancing serotonin neu-
rotransmission.

Enhancement of 5-HT transmission seems to be a
common outcome of antidepressant treatment (Haddjeri
et al. 1998). Even the selective norepinephrine reuptake
blocker, desipramine, had been shown to cause changes
in serotonin release in the rat hippocampus after chronic
treatment (Yoshioka et al. 1995). Various classes of anti-
depressant treatments enhance 5-HT neurotransmission
with a time course consistent with their delayed thera-
peutic activity. Clinical evidence in support of the in-
volvement of 5-HT is provided by the antidepressant ac-
tivity of the selective serotonin reuptake blockers. In
addition, the reduction in 5-HT levels, induced by either
p-chlorophenylalanine (a 5-HT synthesis inhibitor) or the
dietary depletion of the 5-HT precursor l-tryptophan, re-
verses the antidepressant effect of several drugs (Shopsin
et al. 1975; Delgado et al. 1990). Preclinical evidence sug-
gests that long-term antidepressant treatments enhance
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(A) FFA applied intraperitoneally produced a typical increase in population spike in control rats, partial increase

in desipramine-treated rats and it does not affect responses in the TMS- and mianserin-treated rats. (B) There was no difference
between control and the treated groups in the slopes of the EPSPs.

5-HT neurotransmission via different adaptive changes
(Blier and deMontigny 1994) and this enhancement of
5-HT neurotransmission seems to be common to all anti-
depressant treatments (Haddjeri et al. 1998).

Our results on the reduction in efficacy of FFA can be
reconciled with the suggested increase in serotonergic
neurotransmission following chronic antidepressant
treatment (Blier and deMontigny 1994). If, indeed, the
chronic treatment causes a continuous release of seroto-
nin and/or an increase in receptor sensitivity, we can
expect that the added release, evoked by FFA, will not
be effective. Moreover, the chronic increase in serotonin
release can have an indirect, downregulating action on
the receptor for FFA. Finally, the effects of the anti-
depressants to increase excitability of the hippocampus

are consistent with this possibility. A more direct test to
this hypothesis awaits further experiments.

With growing evidence of hippocampus atrophy in
depression, its linkage to memory impairment (Sheline
et al. 1999) and treatment effects on hippocampal neu-
ronal morphology (Vaidya et al. 1999) it is evident that
the hippocampus became an important target for the
study of new antidepressant effects in the brain. Thus,
even if TMS may not target the hippocampus in the hu-
man brain, because of its physical location deep in the
temporal lobe, an indirect action of TMS on frontal cor-
tex may cause an enhanced release of serotonin in the
hippocampus (Juckel et al. 1999), and a subsequent im-
provement in cognitive and emotional functions associ-
ated with the hippocampus.
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