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Abstract

We investigated the effect of repetitive transcranial magnetic stimulation (rTMS) on long-term potentiation (LTP) in the rat hippocampus.
Rats were magnetically stimulated at a rate of 1000 pulses/day for 7 days by a round coil, in which the peak magnetic fields at the center of
the coil were 0.75 and 1.00 T. LTP enhancement was observed only in the 0.75-T rTMS group, while no change was observed in the 1.00-T
rTMS group. These results suggest that the effect of rTMS on LTP depends on the stimulus intensity.

© 2003 Elsevier B.V. All rights reserved.
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Transcranial magnetic stimulation (TMS) is a non-inva-
sive technique to stimulate the brain by magnetically in-
duced eddy currents through a coil positioned on the surface
of the head [2,25]. TMS has been widely used for functional
brain mapping [8,26]. Recently, repetitive TMS (rTMS) has
become an increasingly important therapeutic tool for the
potential treatment of neurological and psychiatric disorders
such as depression and Parkinson’s disease [9,14]. Many
studies have reported that gene expressions, such as c-fos,
glial fibrillary acidic protein (GFAP), and brain derived
neurotrophic factor (BDNF), were enhanced in the rat brain
by rTMS [7,10,17]. The effect of rTMS on brain function
must still be clarified.

Long-term potentiation (LTP) is a long-lasting increase in
synaptic efficacy resulting from the high-frequency stimu-
lation of afferent fibers [5]. LTP in the hippocampus is
thought to be a typical model of synaptic plasticity related to
learning and memory [15]. rTMS-related effects in the
hippocampus have been previously investigated, e.g., mono-
amine release, neurogenesis, and memory function
[6,12,21]. To clarify the mechanisms underlying the effects
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of rTMS on the hippocampus, an electrophysiological
approach was adopted. Our previous study reported that
LTP was not affected by 0.50 T rTMS (<motor threshold,
same stimulus condition as this study), while LTP was
significantly suppressed by 1.25 T rTMS (>motor threshold)
[18], suggesting that rTMS affects hippocampal function. To
maximize efficacy and reduce the risk of rTMS, the effect of
rTMS on the synaptic plasticity in the hippocampus at
different intensities must be clarified. In this study, we
investigated the effects of 0.75 T (<motor threshold) and
1.00 T (>motor threshold) rTMS on the LTP in the rat
hippocampal CAl, and clarified the dependence of the
stimulus intensity in rTMS.

All experimental procedures performed in this study
were approved by the Animal Ethics Committee of the
University of Tokyo. Male Wistar rats (4 weeks old, 60—
80 g, Saitama Experimental Animals Supply) were used.
Pairs of rats (one stimulated and one sham control) were
housed in individual cages with free access to food and
water at room temperature. Rats were magnetically stimu-
lated by a round coil (inner diameter=15 mm, outer
diameter =75 mm, thickness =10 mm) positioned over the
rat’s head (Fig. 1B). Rats were held by the nape of the neck
beneath the coil in a wakeful state during the stimulation
delivery. The stimulator (NIHON KOHDEN) delivered
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Fig. 1. (A) Stimulus pattern for one day. Ten 1-s trains of 25 pulses/s with a 1-s intertrain interval were applied to the rats four times per day for 7 days. (B)

Magnetic stimulation of a rat.

biphasic cosine current pulses for 238 ps. The peak mag-
netic fields were set to 0.75 T (<motor threshold) and 1.00
T (>motor threshold) at the center of the coil. The motor
threshold was determined based on previously reported
methods [17]. The motor-evoked potentials (MEP) at the
hindlimb biceps femoris muscle were measured in response
to the TMS intensity. The motor threshold was determined
as the TMS intensity when the MEP peak was greater than
5% of the maximum peak of the MEP. Since determining
the motor threshold in each individual rat is a stressful and
invasive procedure, six different rats of the same age,
weight, and sex as the rats used in the rTMS experiment
were used solely to determine the motor threshold to
exclude any possible brain damage in the experimental rats.
The average motor threshold was approximately 0.93 T.

Ten 1-s trains of 25 pulses/s with a 1-s intertrain interval
were applied to the rats four times per day for 7 days (Fig.
1A). During the intervals between the four stimulations, the
coil was cooled down. Rats of the sham control were treated
with a sham coil (i.e., nonstimulated) and exposed to the
same noise produced during the stimulation.

The eddy current induced in the rat brain was calculated
using a rat head model constructed from the scalp, the skull
and the brain based on MR images (Fig. 2A—C). The
conductivities of the brain, the skull, and the scalp were
set to 0.20, 0.015, and 0.43 S/m, respectively [19]. There is
a strong spatial inhomogeneity of the electrical character-
istics of brain tissue [12]. For simplicity, we adopted the
previously reported method using a human head model
constructed from the scalp, the skull and the brain [22].

Electric currents applied to the coil were 4.2 kHz continuous
sinusoidal waves, and the current density applied to the coil
in this calculation was 8.75 x 107 A/m?, which produced a
peak magnetic field of approximately 0.75 T at the center of
the coil. The model was constructed and calculated using a
computer program (PHOTO-Series). When the peak mag-
netic field at the center of the coil was 0.75 T, the maximum
eddy current in the brain was approximately 9 A/m* (Fig.
2D). The eddy current density is proportional to the chang-
ing rate of the magnetic field or the peak magnetic field.
Therefore, when the peak magnetic field at the center of the
coil is 1.00 T, the eddy current in the brain is approximately
12 A/m’.

Approximately 15 h after the final stimulation, the rats
were anesthetized with diethyl ether and decapitated. The
brain was quickly removed from the skull and placed on an
ice-cold filter paper damped with artificial cerebrospinal
fluid (ACSF) containing (in mM) NaCl 125, KCIl 3,
NaH,PO, 1.2, NaHCO; 26, CaCl, 2.0, MgCl, 1.0, and
glucose 10. The hippocampus was dissected, and transverse
slice sections (400 pm) were obtained with a microslicer.
The slices were incubated and allowed to recover in ACSF
bubbled with 95% 0,/5% CO, (pH 7.4) at room tempera-
ture for a minimum of 1 h before recording. The slices were
then transferred to a recording chamber and continuously
perfused (approximately 2 ml/min) with ACSF at 30 °C.
Field excitatory postsynaptic potentials (fEPSP) were
recorded using a tungsten electrode from the dendrites of
CAL1 pyramidal cells by stimulating Schaffer collaterals with
a tungsten bipolar stimulating electrode. A single stimulus
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Fig. 2. Modeling of the rat head and calculation of the eddy current. (A) Positional relationship between the coil and the rat head. The rat head model was
constructed from the scalp, skull and brain. (B) Sagittal MR image of a rat head. (C) Coronal MR image of a rat head. hp: area of hippocampus. (D) Estimated
eddy current when the peak magnetic field was set to 0.75 T at the center of the coil.

was administered at 20-s intervals. The stimulus intensity
was set to generate a fEPSP with a slope that was approx-
imately 30% of the maximum determined from the input—
output curve. After obtaining stable fEPSP recordings for 20
min, LTP was induced by tetanus stimulation (100 Hz for 1
s, 0.1-ms duration). fEPSP recordings were then continu-
ously obtained for 60 min after tetanus stimulation and
subsequently analyzed with pCLAMP software (Axon In-
strument). Each slice was used for only one experiment and
then discarded. LTP data were obtained from 10 sham rats
(1-5 LTPs from each rat for a total of 26 LTPs) and 10
stimulated rats (1-4 LTPs from each rat for a total of 26
LTPs) of the 0.75-T rTMS group, and from 8 sham rats (14
LTPs from each rat for a total of 15 LTPs) and 8 stimulated
rats (2—4 LTPs from each rat for a total of 21 LTPs) of the
1.00-T rTMS group. All the LTP data for each group were
averaged and statistically analyzed by repeated measures of
ANOVA. Data were expressed as the mean =+ standard error
(S.E.). A probability level of less than 0.05 was considered
to be statistically significant.

LTPs were observed in both the 0.75-T stimulated and
sham control groups, as shown in Fig. 3. The induction
phase of LTP (first 10 min after tetanus stimulation) of the
0.75-T stimulated group was enhanced compared with that
of the sham control group. The maintenance phases of LTP
(from 10 min after tetanus stimulation to 60 min) of the
stimulated group (267 + 26%) was significantly enhanced
compared with the sham control group (212 + 10%)
(F150=4.410, p=0.0408). LTPs were also observed in both
the 1.00-T stimulated and sham control groups, as shown in
Fig. 4. The induction phase of LTP of the 1.00 T stimulated
group was also enhanced compared with that of the sham
control group. There were no significant differences

(F134=1.749, p=0.1948), however, between the mainte-
nance phases of LTP of the 1.00-T stimulated group
(223 £+ 13%) and the sham control group (199 + 13%).
According to our data, LTP is not significantly affected
by 1.00 T rTMS, but enhanced by 0.75 T rTMS, suggesting
that 0.75 T rTMS possibly activates hippocampal function.
Two possible mechanisms for the enhancement of LTP by
0.75 TrTMS are as follows: (1) LTP induction is affected by
rTMS directly. Previously reported studies revealed that the
expression of c-fos, glial fibrillary acidic protein (GFAP)
and brain derived neurotrophic factor (BDNF) were en-
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Fig. 3. LTPs of 0.75 T stimulated and sham control groups. LTPs were
observed in both the stimulated and sham control groups. The
maintenance phase of the LTP of the stimulated group (267 + 26%)
(black circle) was significantly enhanced compared with the sham control
group (212 + 10%) (white circle) (p=0.0408). Each circle represents the
average of six successive responses (for 2 min). Rat N=10 for each group.
Error bar=+1 S.E.
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Fig. 4. LTPs of 1.00-T stimulated and sham control groups. LTPs were
observed in both the stimulated and sham control groups. There was no
significant difference (p=0.1948) between the maintenance phase of the
LTP of the stimulated group (225 + 14%) (black circle) and the sham
control group (199 + 13%) (white circle). Each circle represents the average
of six successive responses (for 2 min). Rat N=8 for each group. Error
bar=+1 S.E.

hanced in the dentate gyrus and hippocampal CA3 by TMS
[7,10,17]. It is also reported that GFAP, which is intimately
associated with LTP [16,27], is one of the genes that is
strongly upregulated by intense neuronal activity in the
hippocampal dentate gyrus [23,24]. There are many mech-
anisms associated with LTP induction, for example, the
enhancement of transmitter release, the activation of «-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and N-methyl-p-aspartate (NMDA) receptors, and
changes in the number of synaptic-spine contacts and in the
shape of the spine heads [3.,4,13]. Therefore, 0.75 T rTMS
possibly induces the gene expression in the hippocampus,
and affects some of the mechanisms associated with LTP
induction, resulting in LTP enhancement. (2) LTP in the
hippocampus is indirectly affected by 0.75 T rTMS via gene
expression in brain regions other than the hippocampus
because the peripheral brain regions are exposed to stronger
eddy currents than the hippocampus (Fig. 2D). It is reported
that TMS induces the expression of c-fos in the cingulate
gyrus, frontal cortex and parietal cortex [10,11]. In general,
information is transferred from the cingulate cortex, tempo-
ral lobe cortex, amygdala, orbital cortex, and olfactory bulb
to the hippocampus [1]. Therefore, there is a possibility that
brain regions other than the hippocampus are affected by
0.75 T rTMS, and hippocampal function is activated indi-
rectly. Further studies are needed to clarify these two
mechanisms.

In our previous study, we reported that 0.50 T rTMS
(<motor threshold) had no effect on LTP in the rat hippo-
campus, while 1.25 T rTMS (>motor threshold) suppressed
LTP [18]. In summary, we conclude that rTMS of 0.50 T
(<motor threshold) and 1.00 T (>motor threshold) have no
effect on hippocampal function, rTMS of 0.75 T (<motor
threshold) may potentially activate hippocampal function,

and rTMS of 1.25 T (>motor threshold) may potentially
impair hippocampal function. It is reported that the effect of
rTMS depends on individual parameters (e.g., frequency,
intensity) [20]. Our results suggest that the effect of rTMS
depends on the stimulus intensity, and rTMS administered at
the appropriate stimulus intensity may potentially activate
hippocampal function.
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