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transcription in astrocytes directly or indirectly through neural
activation remains to be determined.
Electroconvulsive therapy (ECT) provides highly reliable
relief of depressive symptoms, but it requires application of
intense electrical stimulation because the skull isolates electric
current and because intracerebral structures shunt current
directly from one electrode to the other (15). The intensity of
stimulation usually used in patients induces a self-sustained
after-discharge of cortical neurons, which produces convulsive
seizure. Therefore, ECT requires general anesthesia, induces
massive autonomic stimulation, and can produce transient
memory loss (16). The similar therapeutic effects of rTMS and
ECT suggests the following hypothesis: current elicited in brain
by electromagnetic induction (rTMS) and current induced by
direct application of voltage, such as during ECT, produce
overlapping responses. To test this hypothesis, we have produced a map of brain regions activated by rTMS by monitoring
expression of immediate-early genes and activation of a transcription factor in rat brain, using rTMS parameters known to
have behavioral effects on rats, and we have compared these
effects with those elicited by electroconvulsive stimulation
[ECS; an animal model for ECT (17)].

ABSTRACT
Repetitive transcranial magnetic stimulation (rTMS) is a noninvasive technique to induce electric
currents in the brain. Although rTMS is being evaluated as a
possible alternative to electroconvulsive therapy for the treatment of refractory depression, little is known about the
pattern of activation induced in the brain by rTMS. We have
compared immediate early gene expression in rat brain after
rTMS and electroconvulsive stimulation, a well-established
animal model for electroconvulsive therapy. Our result shows
that rTMS applied in conditions effective in animal models of
depression induces different patterns of immediate-early gene
expression than does electroconvulsive stimulation. In particular, rTMS evokes strong neural responses in the paraventricular nucleus of the thalamus (PVT) and in other regions
involved in the regulation of circadian rhythms. The response
in PVT is independent of the orientation of the stimulation
probe relative to the head. Part of this response is likely
because of direct activation, as repetitive magnetic stimulation
also activates PVT neurons in brain slices.
Electromagnetic induction was first described in 1831 by
Michael Faraday. This principle, formulated mathematically
by James C. Maxwell, states that fluctuating magnetic fields
can induce electric current in conductors placed nearby.
Recently, this principle has been applied to induce electric
current in the human brain, in a technique known as transcranial magnetic stimulation (TMS) (1). TMS has been used as
a diagnostic tool in neurology because it is painless and
noninvasive, and it allows a precise spatial and temporal
activation of brain regions (2). A variant of TMS, in which the
stimulus can be repeated for a few seconds at frequencies up
to 50 Hz, is referred to as repetitive transcranial magnetic
stimulation (rTMS) (3, 4). rTMS has been used to study
cognitive processes and is currently been investigated as a
treatment of psychiatric and neurological disorders (5–9).
rTMS induces transient enhancement of mood in healthy
subjects, and daily application relieves symptoms of patients
suffering from resistant major depression (9–11). rTMS has
also been proposed to relieve depression in an animal model
(Porsolt swim test) (12, 13). However, neither the precise
pattern of brain activation nor the molecular mechanisms
underlying the behavioral effects of rTMS are known. It has
been recently reported that rTMS induces transcription of the
glial fibrillary acidic protein (GFAP) in the murine brain.
GFAP transcription is up-regulated in astrocytes of the dentate gyrus, and the magnitude of the response depends on the
number of stimulus trains (14). Whether rTMS induces GFAP

MATERIALS AND METHODS
Animal Stimulation. Male Sprague–Dawley rats (180–230
g) were housed in a light-controlled room (7:00 a.m. on, 9:00
p.m. off). rTMS was administrated to awaken animals by using
a round coil (5-cm diameter) and the Cadwell Rapid Rate
Stimulator (Cadwell, Kennewick, WA) (12, 18), at a rate of 25
Hz for 2 sec with 100% power that generates a field of
approximately 2 tesla. The coil was held above the rat’s head
at close proximity (dorsally), with the site of stimulation at the
orbit level. For orientation experiments, stimulation was applied laterally and ventrally. Control ‘‘sham’’ stimulations were
performed to assess the effects of restraining the animals and
of acoustic stimulation (peak amplitude approximately 110
dB). Sham stimulations were performed with the coil held at
10 cm above the head (stimulator coil windings parallel to the
head plane). rTMS did not produce either notable seizures or
changes of behavior, such as excessive struggling. ECS was
applied as described (19): briefly, ear clip electrodes connected
to an ECT stimulator (unit 7801, Ugo Basile, Varese, Italy)
were used on awake, male adult rats (Sprague–Dawley, 180–
230 g). Parameters of stimulation (1 sec at 100 Hz, 5-msec
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pulse width, 90-mA electric current) were chosen to induce
maximal convulsive seizures (characterized by catatonia and
maximal tonic flexion and extension followed by terminal
clonus) with loss of consciousness that lasted for a few seconds
(20).
To estimate the induced electric field in different parts of the
rat brain, we made measurements in a model system of
comparable proportions (21).
In Situ Hybridization. Animals were decapitated at 45–60
min after stimulation. Radioactive probes were produced by
labeling a c-fos specific antisense oligonucleotide (complementary to nucleotides encoding amino acids 1–15) with
a-[35S]thio-dATP (Amersham) by using terminal deoxynucleotidyltransferase (TdT) (Life Technologies). Hybridization
and washing conditions were performed as described (22).
Slides were exposed to x-ray film for 3–7 days. Nonradioactive
probes: a 2.2-kb c-fos cDNA fragment was inserted into
pGEM-4z vector. BamHI-c-fos pGEM-4z and NarI-c-fos
pGEM-4z were transcribed in vitro with SP6 and T7 RNA
polymerase in the presence of digoxigenin (DIG)-conjugated
UTP to produce sense and antisense probes, respectively.
Slides were hybridized at 65°C overnight in hybridization
buffer, washed in 0.23 SSC at 70°C, and incubated overnight
at 4°C with anti-DIG antisera conjugated with alkaline phosphatase. Sections were visualized by using a nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) mixture for 1 to 36 hr at room temperature as
recommended by the supplier (Boehringer Mannheim).
Immunohistochemistry. Animals were anesthetized with
sodium pentobarbital and perfused with 4% paraformaldehyde 90 min after stimulation. Sections were incubated overnight at 4°C with primary anti-c-Fos and anti-c-Jun sera
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(Oncogene) at 1:1000 dilutions. The avidin–biotinylated enzyme complex (ABC) procedure was performed as reported
(23) with a kit from Vector Laboratories.
Western Blotting. Pineal glands and retina were dissected
and sonicated in boiling lysis buffer [100 mM TriszHCl, pH
6.8y2% SDSy20% (volyvol) glyceroly10% 2-mercaptoethanoly0.1% bromophenol blue]. Fifteen percent and 50% of
total lysates from retina and pineal gland, respectively, were
loaded onto SDSyPAGE gradient gels (4–15%) and transferred onto nitrocellulose filters. Filters were incubated overnight at 4°C with 1:3000 dilution of Phospho-CREB antibodies
(Upstate Biotechnology, Lake Placid, NY; CREB is cAMP
response element binding protein). The blots were visualized
in enhanced chemiluminescence (ECL; Amersham) solution
and exposed to x-ray films for 5–20 min.
Brain-Slice Preparation. Coronal brain slices 400 mm thick
from adult rats were cut at the level of the paraventricular
nucleus of the thalamus (PVT) by using a Vibratome (Ted
Pella, Inc., Redding, CA) and kept in ice-cold artificial cerebrospinal fluid (ACSF: 126 mM NaCly5 mM KCly2 mM
CaCl2y2 mM MgSO4y26 mM NaHCO3y1.25 mM NaH2PO4,
pH 7.3y20 mM D-glucose, saturated with 95% O2y5% CO2).
To reduce the background of c-fos expression induced by
cutting, slices were incubated in a home-made interface chamber for 2.5 hr prior to rTMS. Extracellular field potentials were
recorded from neocortex and hippocampus to determine if the
slices remained healthy. The stimulating coil (25 Hz, 2 sec, 1
train, 100% power) was placed 3 mm above the slices. Thirty
minutes later slices were cut into 20-mm sections with a
cryostat and processed for nonradioactive in situ hybridization
with c-fos probes.

FIG. 1. (A) Expression of c-fos mRNA in adult rat brain after ECS and rTMS. Results of in situ hybridization analyses using an
a-[35S]thio-dATP-labeled oligonucleotide probe are shown. Coronal sections of control rats (Top) and rats subjected to ECS (Middle) or rTMS
(Bottom) are depicted. ECS and rTMS evoke different patterns of c-fos expression: ECS produces a strong increase of c-fos mRNA expression
throughout the cortex and hippocampus, whereas the highest response to rTMS can be observed in thalamic regions, as indicated by an arrow
(Bottom). (Scale bar 5 2 mm.) (B) Comparative analyses of c-fos mRNA expression after ECS and rTMS in cerebral cortex, cingulate cortex, and
hippocampus, as detected by nonradioactive in situ hybridization. ECS induces strong c-fos mRNA expression in all these regions. In contrast, rTMS
evokes c-fos expression predominantly in the medial (arrowheads) and cingulate (arrow) cortex. No detectable increase of c-fos expression was
observable in hippocampus after rTMS. (Scale bars 5 1 mm in all rows.)
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Table 1.
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Patterns of c-fos mRNA expression induced by rTMS in adult rat brain
Region

Control

13 rTMS-D

13 rTMS-L

13 rTMS-V

33 rTMS-D

ECS

Cingulate cortex
Frontal cortex
Parietal cortex
Piriform cortex
Hippocampus
Paraventricular nucleus
of the thalamus
Anterior
Middle
Posterior
Habenular nucleus
Paraventricular nucleus of
hypothalamus
Suprachiasmatic nucleus
Superior colliculus
Periaqueductal gray
Cerebellum

1
1
1
1
2

111
111
1
11
2y1

111
111
1
11
2y1

111
111
1
11
2y1

1111
1111
1
11
1

1111
1111
1111
1111
1111

1
1
1
2

11
11
1
1

11
11
1
1

11
11
1
1

111
111
11
11

1
1
1
11

2
2y1
2
1
2

11
11
2
1
2

11
11
NA
NA
NA

11
11
NA
NA
NA

11
111
NA
NA
NA

1
1
NA
NA
NA

Coronal sections were analyzed with a stereotaxic brain atlas (49). In situ hybridization signals are scaled from 2 to 1111,
where 2 represents no detectable signal, 1 background level, and 1111 the highest signal intensity, and NA is not analyzed.
rTMS-D, rTMS-L, and rTMS-V depict stimuli applied dorsally, laterally, and ventrally, respectively.

RESULTS
ECS induces a rapid increase of c-fos mRNA expression
throughout the brain and, particularly, in hippocampus and
neocortex, consistent with previous reports (19) (Figs. 1A and
Table 1). By contrast, a single application of rTMS produces
a much more discrete stimulation of c-fos mRNA expression.
The strongest signal occurs in the dorsal midthalamus, specifically the paraventricular nucleus of the thalamus (PVT; Figs.
1 A and 4). ECS induces c-fos expression throughout various
cortical regions, whereas rTMS acts only in the frontal and
medial cerebral cortex, including cingulate, primary, and secondary motor cortex (Fig. 1B). The effects of rTMS in the
cingulate cortex are more evident in anterior brain sections
(Fig. 1B). Interestingly, rTMS does not induce c-fos mRNA
expression in lateral cortical regions such as forelimb and
parietal cortex. The strong induction of c-fos mRNA expression in the hippocampus by ECS is not observed after rTMS,
which produces only a weak response in hippocampal neurons
(Fig. 1B). Other brain regions such as midbrain, pons, medulla,
and cerebellum do not exhibit any notable induction of c-fos
mRNA expression by rTMS. Persistent nonspecific brain responses to, for example, acoustic stimulation or the stress of
restraint are minimal, since no changes could be detected in
sham-stimulated animals (described in Materials and Methods).
Immunohistochemical analysis confirms that rTMS augments
the level of c-Fos and c-Jun proteins in the PVT (Fig. 2). Three
trains of rTMS (5-min inter-train intervals) produce a stronger
induction of c-Fos in the same brain regions responding to a single
stimulation, including the PVT (Fig. 2, Table 1), but moderate
c-Fos increase is detected in additional regions, such as in the
habenular nucleus and hippocampus (Table 1).
Electric field measurements in a model system showed that
at a depth equal to half the radius, the induced electric field
had fallen to 40% of its magnitude at the radius; at the center
of the spherical model the electric field was reduced by a factor
of 30 (ref. 21 and data not shown). To examine whether the site
of rTMS application affects the regional pattern of brain
responses, we compared the effects when the stimulating coil
was placed in different locations on the head. c-fos mRNA
induction in the brain, including the PVT and medial cortex,
is identical when rTMS is administered dorsally, laterally, or
ventrally (Fig. 3, Table 1). We analyzed the effects of rTMS in
brain slices to further address the issue of stimulus orientation
and to test whether the stimulation of the PVT neurons
requires intact neuronal circuitry running outside the plane of

the 400-mm-thick coronal slice. rTMS still induces c-fos mRNA
expression significantly in the PVT (Fig. 3), suggesting that this
region responds directly to rTMS. Only low levels of c-fos
mRNA expression are observed in the cortex (data not shown).
Neurons located in the PVT are interconnected with several
brain regions involved in the establishment and regulation of
circadian rhythms, which include the subparaventricular zone,
the suprachiasmatic nucleus (SCN), and the retina (24, 25).

FIG. 2. Immunocytochemical staining of the PVT with c-Fos- and
c-Jun-specific antibodies after ECS, rTMS, and either one or three
successive applications of rTMS. Background levels of c-Fos-positive
nuclei in the PVT are very low (Control, Top). rTMS produces a robust
c-Fos induction in PVT neurons (one time rTMS, Top). Three trains
of rTMS result in a much higher induction of c-Fos-positive nuclei in
this region than a single application (three times rTMS, Middle). ECS
produces only a small increase in c-Fos expression in PVT neurons
(one time ECS, Middle). The induction of another immediate early
gene (c-Jun) was also analyzed: as for c-Fos, rTMS increases c-Jun
expression in PVT neurons (one time rTMS, Bottom). However, the
background levels of c-Jun expression in these neurons are higher than
those of c-Fos (Control, Bottom). (Scale bar 5 0.5 mm.)
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FIG. 3. Patterns of c-fos expression induced by rTMS from different orientations in vivo and in brain slices. (A) rTMS elicits the same
patterns of c-fos expression, as shown with nonradioactive in situ
hybridization, when the stimulating coil is applied to the rat head
dorsally (Upper Left) or ventrally (Upper Right). (Scale bar 5 0.5 mm.)
(B) rTMS is able to stimulate PVT neurons in vitro. Results of a
representative experiment are shown. Strong c-fos expression is detected in PVT neurons with nonradioactive in situ hybridization in
stimulated brain slices kept in an interface chamber. Experiments were
repeated three times. (Scale bar 5 0.5 mm.) (C) Extracellular field
potentials recorded from coronal brain slices, to test for viability. An
extracellular glass recording pipette was placed either in area CA1 of
the hippocampus (trace 1) or in the superficial layers of the neocortex
(trace 2). Stimulating electrodes were placed in either the hippocampal
Schaffer collaterals or in the subcortical white matter. The resulting
extracellular field potentials are shown (average of 2). The recordings
were performed before application of magnetic stimulation, but at
least 3 hr after the slices were made in a standard interface chamber
at 33°C.

The effects of rTMS in these regions were examined in more
detail. rTMS induces c-fos mRNA expression in the paraventricular nucleus of the hypothalamus (PVN), as well as in the
subparaventricular zone and the SCN (Fig. 4). The effects of
rTMS on the retina and pineal gland, where melatonin synthesis is regulated by light and by signals from biological clocks,
were analyzed by Western blotting with an antiserum specific

FIG. 4. rTMS activates brain regions controlling circadian rhythms.
Induction of c-fos mRNA expression after rTMS can be detected not
only in the paraventricular nucleus of the thalamus (PVT) but also in
the suprachiasmatic nucleus (SCN) and the paraventricular nucleus of
the hypothalamus (PVN). Background levels of c-fos mRNA expression in corresponding unstimulated regions are depicted on the left.
(Scale bars 5 0.5 mm in Top and 0.1 mm in Middle and Bottom.)
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FIG. 5. Comparative analysis of the effects of rTMS and light
exposure on pinealocytes and retina. (A) Effects of rTMS on pineal
gland and retina during the light phase of the circadian rhythm.
Western blot analysis of pineal gland and retinal extracts with antisera
specific for the phosphorylated form of CREB (pCREB) is shown.
Background levels of pCREB in pineal and retina are shown in lanes
1. rTMS at 10% power does not increase pCREB immunoreactivity
(lanes 2), whereas rTMS at 100% power is able to induce strong CREB
phosphorylation within 15 min (lanes 3). At 45 min pCREB immunoreactivity is reduced in both tissues (lanes 4). Experiments were
performed three times. (B) rTMS and light stimulation in the dark
phase of the circadian rhythm produce similar changes in c-fos
expression in pinealocytes and PVT neurons. Stimulations were performed at 2:00 a.m. (rTMS as described in Materials and Methods; light
stimulation 10 min, 40 W). (Top) c-fos mRNA expression in control
regions. (Middle and Bottom) c-fos expression in the pineal gland and
in the PVT after rTMS and light stimulation, respectively. Both
stimulation modalities produce a strong reduction of c-fos expression
in pinealocytes and a robust induction of c-fos expression in PVT
neurons.

for the phosphorylated form of the transcription factor CREB
(26–28). Measurements of CREB phosphorylation represent
a more sensitive alternative to immediate-early gene detection
for molecular changes occurring in tissues after stimulation
(23, 27, 28). One application of rTMS produces a transient
increase of CREB phosphorylation in the retina and pineal
gland. Robust CREB phosphorylation is detected 15 min after
stimulation and is strongly reduced within 45 min (Fig. 5).
Stimulation using 10% of maximal power is ineffective in
inducing CREB phosphorylation in both tissues. It has been
shown that a brief exposure (5–10 min) to light during nighttime profoundly affects the level of melatonin synthesis in rats
(29, 30) and that light regulates c-fos mRNA expression in the
retina (31). Thus, we compared the effects of rTMS and light
exposure during the dark phase of the circadian rhythm on
c-fos mRNA expression. c-fos mRNA expression in pinealocytes is strongly reduced by rTMS and light exposure (Fig. 5).
Because of the extensive connections of PVT with regions that
control circadian rhythm, and because PVT neurons respond
directly to rTMS, we investigated whether light stimulation at
night produces the same effects as rTMS. Both treatments
result in increased c-fos mRNA expression in PVT neurons and
decreased expression in the pineal gland (Fig. 5). Our results
indicate that rTMS particularly affects neurons located in
regions involved in setting endogenous biological clocks. When
applied during the dark phase of the circadian rhythm, rTMS
produces the same effects as light stimulation in pinealocytes
and PVT neurons.

DISCUSSION
The patterns of immediate-early gene activation elicited by
rTMS and ECS in rat brain are different. Most notably, rTMS
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results in strongly increased c-fos expression predominately in
the PVT and specific cortical regions and moderate expression
in regions controlling circadian rhythms. In contrast, ECS
induces strong activation of c-fos expression in all cortical
regions and hippocampus but weaker activation in the PVT
and SCN (discussed below). It has been reported recently that
GFAP transcripts are induced to a similar degree after rTMS
and ECS in astrocytes located in the hippocampus (14). Our
studies indicate that hippocampal neurons are affected minimally by rTMS. The discrepancy between these results can be
explained by the different parameters of stimulation. GFAP
mRNA expression is strongly induced after 10 trains of stimuli
(10 sec, 25 Hz for a total of 2,500 pulses at 70% power),
whereas c-fos expression is observable after a single stimulation with 50 pulses (2 sec, 25 Hz at 100% power). Fewer trains
of stimuli are less effective in inducing GFAP expression (14).
It is possible that the thresholds of activation of c-fos and
GFAP mRNA expression differ. Thus, fewer pulses may
induce c-fos expression in neurons but not GFAP in astrocytes.
Whether a more robust stimulation with rTMS also leads to the
activation of c-fos expression in astrocytes, or whether GFAP
expression in astrocytes is regulated by neural activation, has
not been determined. The size of the coil in relation to the size
of the brain is critical when considering the effects of rTMS
(discussed below). Therefore, seemingly similar conditions of
stimulation may produce different patterns of gene expression
in rats and in mice.
rTMS applied at different head locations produces essentially the same pattern of immediate-early gene expression.
This property of rTMS is particularly difficult to explain for
cortical regions. Although changing the position of the coil
relative to the head should result in substantial variation of the
magnetic field intensity acting on the same cortical regions
(21), the patterns of neural stimulation remain unchanged.
Also, cortical regions separated laterally only by few micrometers, and therefore exposed to virtually identical magnetic field
intensities, display an all-or-none pattern of immediate-early
gene induction. A possible explanation is that this activation
may result secondarily from the stimulation of connecting
neural circuits. Although this is likely for the cingulate cortex,
since PVT neurons project to this region (32), the neural
pathways responsible for the activation of other cortical regions by rTMS are not known. Another possibility is that
neurons located in responsive cortical regions may be more
susceptible to depolarization induced by electric current. If so,
these neuronal populations would respond more readily to the
currents induced by fluctuating magnetic fields. This hypothesis seems unlikely because the pattern of cortical activation
after ECS is comparable throughout the cortex. Our results
from the brain-slice experiments suggest that the PVT neurons
may respond directly to fluctuating magnetic fields. Indirect
stimulation of these neurons in vivo could result from the
activation of interconnecting neural circuits or stimulation of
afferent axonal tracts. This is probably not the case in brain
slices because all but the local neural pathways are absent. The
results of this analysis also confirm that the activation of the
cortical regions by rTMS observed in vivo is indirect; stimulation of brain slices produces only a weak activation of cortical
neurons, whereas the level of induction of c-fos mRNA expression observed in PVT neurons is comparable in vivo and
in slices. PVT neurons receive synaptic input from the retina,
which is also stimulated by rTMS. A component of the
induction of c-fos mRNA expression in PVT neurons in vivo
may be due to activation of retinal neurons. Taken together,
our results suggest two hypotheses for the effects of rTMS on
rat brain. (i) rTMS in rats acts primarily on the retina, a known
low-threshold site for electromagnetic fields (33, 34), with
induction of retinal phosphenes. Thus, consequent brain effects closely mimic those of natural light exposure. (ii) Neurons
of the PVT are activated directly by the magnetic field, with
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secondary effects on other regions connected to it. In support
of the first hypothesis are our results showing a response to
rTMS in the retina, and the comparison between c-fos mRNA
induction after rTMS or light exposure at night. However, the
induction of c-fos mRNA in isolated brain slices and in blind
rats, albeit at significantly lower levels than in control animals
(data not shown), represent arguments against it.
Against the second hypothesis is the known biophysics of
rTMS. Human experiments and extensive in vitro measurements on peripheral nerve suggest that magnetic stimulation
activates neural elements indirectly, through induction of an
electric field in the volume conductor. Depolarization occurs
in myelinated axons at sites where the first derivative of the
electric field is maximal, including branch points and bends
(35, 36). However, the spatial distribution of the induced
electric field makes stimulation of deep subcortical structures
problematic. The electric field diminishes with depth, being
forced to zero in the center of a sphere and highly constrained
in the middle of a nonspherical target (37). Measurements in
our model system corroborated this effect; the electric field
experienced by the centrally located PVT is much smaller than
that at the cortex. Activation of c-fos by preferential electric
field stimulation of the PVT would seem highly improbable.
Further, the efficiency of stimulation drops substantially when
the size of the brain is much smaller than the size of the coil
(a condition that is unavoidable when studying rTMS in small
animals) (38). This unfavorable geometry probably accounts
for the failure to elicit motor responses from rodents in our
laboratory and most others, even when maximal stimulator
output is used. In contrast, the retina, as a relatively superficial,
low-threshold site, might be preferentially stimulated under
these conditions. Direct stimulation of the PVT by rTMS in
vivo would require either that PVT neurons are sensitive to
much lower levels of the electric field or that they respond
directly to the magnetic field, which is unaffected by passing
through tissue. The influence of magnetic fields on circadian
rhythms suggests that this may be a realistic possibility (33). We
conclude that the response to rTMS observed in PVT neurons
likely results from both direct and indirect activation.
ECT and rTMS affect behavior both in humans and in
animals (12, 13, 39). The most likely interpretation of our
results is that these two stimulations exert their effects by
activating different brain regions. However, currents induced
in the brain by ECT result in a relative weak activation of brain
regions that are strongly activated by rTMS, such as the PVT.
Accordingly, the behavioral andyor therapeutic effects of
these two types of stimulation may involve weaker activation
of common brain regions. In contrast to the widespread effects
of ECS, rTMS may be more efficient in stimulating regions
regulating specific behavioral responses. Thus, to produce
equal effects with ECT, massive stimulation, which invariably
induced seizures, is required. This is consistent with the
observation that the induction of seizures seems to be essential
for the antidepressant effects of ECT but not rTMS (5, 16, 40).
In this context, activation of the PVT and SCN by rTMS is
especially interesting; PVT neurons receive synaptic input
from the retina, which plays a central role in circadian rhythm
regulation, and project to the SCN, where the master circadian
clock is located (24, 25, 41). Moreover, PVT and SCN neurons
exhibit the highest density of melatonin binding sites in the
brain (42, 43). Last, rTMS also induces c-fos expression in
neurons of the paraventricular nucleus of the hypothalamus,
which, through the relay of sympathetic neurons, affect the
pineal gland. In support of a hypothesis that rTMS affects
circadian rhythms, our results show that rTMS administered
during nighttime has the same effects on pinealocytes and PVT
neurons as a brief exposure to light, which is known to reduce
levels of melatonin (29, 30). The selective activation of regions
controlling circadian rhythms by rTMS is consistent with
reported links of circadian rhythms and major depression (44,
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45); the duration of lightydark cycles influences seasonal
depressive illnesses, possibly by resetting circadian rhythms,
and participates in the effects of phototherapy (46). Also,
patients suffering from major depression display a circadian
variability in their symptomatic manifestations (47, 48). Although the different coil-to-brain ratio complicates the extrapolation of our finding to humans, our result suggests that rTMS
might be particularly effective in the context of seasonal
affective disorders and raise the question regarding the time of
the day when rTMS may be applied to maximize its therapeutic
effects.
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