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THE EFFECT OF REPETITIVE TRANSCRANIAL MAGNETIC
STIMULATION ON FEAR EXTINCTION IN RATS
K. BAEKa, J.-H. CHAEb AND J. JEONGa*

mechanism for survival that enables an organism to react
to various stimuli signaling threats.
The extinction of conditioned fear responses has been
of considerable interest because abnormal fear conditioning is implicated in the pathogenesis of anxiety disorders,
such as specific phobias and post-traumatic stress disorder (PTSD) (Lissek et al., 2005). Moreover, fear extinction
is an analogous model of exposure therapy, one of the
most effective psychiatric treatments for anxiety disorders
(Davis, 2002; Richardson et al., 2004). Fear extinction,
however, appears to occur more slowly and is more fragile
than fear conditioning, and a fear response, once extinguished, often returns spontaneously. Patients with anxiety disorders have shown strong acquisition and impaired
extinction of fear (Lissek et al., 2005; Milad et al., 2006),
which results in dropouts or relapses in a substantial portion of patients treated with conventional exposure therapy
(Richardson et al., 2004). Therefore, facilitation of fear
extinction is clinically crucial for the effective treatment of
anxiety disorders.
One pharmacological intervention used to facilitate
fear extinction is d-cycloserine (DCS), a partial agonist of
the N-methyl-d-aspartate (NMDA) receptor, which is
known to enhance the formation of fear extinction memory
(Davis, 2002; Walker et al., 2002). Both systemic administration and infusion of DCS to the amygdala were reported to facilitate fear extinction in rodents in a dosedependent manner (Davis, 2002; Walker et al., 2002; Richardson et al., 2004). Clinical studies using DCS with
exposure therapy for anxiety disorders, including specific
phobias, social phobias, panic disorder, and obsessivecompulsive disorder, showed increased efficiency of exposure therapy (Ressler et al., 2004; Richardson et al., 2004;
Norberg et al., 2008). However, DCS treatment in one
preclinical study facilitated reconsolidation of fear memory
depending on the parameters of CS exposure, resulting in
increased fear response (Lee et al., 2006). The memoryenhancing effect of DCS is not specific to fear extinction;
thus, there is a hypothetical risk that DCS may augment
fear memory or affect other components of learning and
memory in patients, although there has been no report of
adverse effects of DCS at low doses so far in clinical
studies.
Electrical stimulation of the infralimbic region, a part of
the ventromedial prefrontal cortex (vmPFC), was found to
facilitate fear extinction in rats until the next day (Milad and
Quirk, 2002). Neuronal responses in this region were correlated with the level of success in fear extinction, suggesting long-term fear extinction. Recent functional magnetic
resonance imaging studies adopting a similar design found
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Abstract—Facilitating fear extinction is clinically important to
improve the efficacy of current exposure therapies for the
treatment of anxiety disorders, such as post-traumatic stress
disorder (PTSD). The aim of this study was to determine if
repeated transcranial magnetic stimulation (rTMS) facilitates
fear extinction in rats, especially when paired with exposure
to a conditioned stimulus (CS). Thirty-five rats were conditioned to a tone CS by pairing the tone with an electric foot
shock as an aversive unconditioned stimulus (US). We assessed the effects of 10 Hz rTMS before fear extinction (experiment 1) and rTMS paired with CS during extinction (experiment 2) on the following day. Fear responses of the rats
were estimated using the level of freezing upon tone stimulus
and were compared between the rTMS and corresponding
sham groups. The rats treated with rTMS before fear extinction showed no difference in freezing time when compared
with the sham group. However, the rats treated with rTMS
paired with CS during extinction showed significantly less
freezing behavior than the sham group, and this enhancement of fear extinction remained after 24 h without further
stimulation. This finding suggests that high-frequency rTMS
paired with trauma-reminding stimuli enhances fear extinction and that rTMS in conjunction with exposure therapy is
potentially useful for facilitating extinction memory in the
treatment of PTSD. © 2011 Published by Elsevier Ltd on
behalf of IBRO.
Key words: classical fear conditioning, exposure therapy,
fear extinction, post-traumatic stress disorder, therapeutic
neuromodulation, transcranial magnetic stimulation.

Fear extinction is defined as the decrease in learned fear
response that normally occurs when a conditioned stimulus (CS) is repeatedly presented in the absence of the
aversive unconditioned stimulus (US) (Milad and Quirk,
2002; Milad et al., 2006). An organism can learn that the
CS no longer signals an aversive outcome through extinction learning and can thus adapt properly to changeable
environments in which the meaning of a stimulus varies
over time. Conditioned fear is an essential adaptation
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that the vmPFC is involved in fear extinction in humans
(Phelps et al., 2004; Milad et al., 2007), and the thickness
of the vmPFC in humans was shown to be correlated with
extinction memory via structural neuroimaging (Milad et
al., 2005). Furthermore, functional neuroimaging studies
using symptom-provocation methods showed that the
vmPFC activity was attenuated in PTSD patients, compared with that of healthy controls (Milad et al., 2006;
Francati et al., 2007). These parallel findings suggest that
activation of the vmPFC can be a possible treatment for
exaggerated fear memory, such as that characterized in
PTSD.
However, electrical stimulation of the brain is invasive
and costly for clinical use in treating anxiety disorder patients. Hence, transcranial magnetic stimulation (TMS) has
been suggested as a potential candidate for the treatment
of dysregulated fear memory (Milad and Quirk, 2002; Milad
et al., 2006). TMS is a noninvasive brain stimulation technique that induces electric currents in the brain tissue
using a brief, rapidly time-varying magnetic field pulse
(magnitude up to 1.0⬃4.0 Tesla, rise time ⬃100 s),
based on Faraday’s electromagnetic induction principle
(George and Belmaker, 2000; Hallett, 2000). TMS can be
delivered to an awake person without any surgery or anesthesia and has minimal side effects; thus, it has been
widely utilized in assessments of cortical physiology, in the
functional mapping of the cerebral cortex, and in the treatment of neuropsychiatric diseases such as depression
(George and Belmaker, 2000; George et al., 2000; Post
and Keck, 2001; O’Reardon et al., 2007). TMS is known to
modulate the brain activity of the targeted region and of
remote inter-connected areas (George and Belmaker,
2000; Post and Keck, 2001). Repetitive TMS (rTMS) has
been found to exert excitatory or inhibitory modulation on
brain activity, depending on the stimulation frequency.
High-frequency rTMS (⬎10 Hz) has been posited to increase regional brain activity and facilitate synaptic potentiation, whereas low-frequency rTMS (⬍1 Hz) downregulates and inhibits brain activity (Kimbrell et al., 1999;
George and Belmaker, 2000; Maeda et al., 2000; Speer et
al., 2000; Fitzgerald et al., 2006).
rTMS has been investigated as a potential treatment
for PTSD in several clinical trials (Grisaru et al., 1998;
McCann et al., 1998; Rosenberg et al., 2002; Cohen et al.,
2004). Although the use of rTMS has shown clinical improvement compared with the sham group, its clinical effect on PTSD patients was only mild to modest, and findings related to core PTSD symptom improvement are still
controversial. One crucial limitation of the previous studies
is that they adopted conventional rTMS treatment and did
not attempt to combine rTMS with the exposure therapy.
Notably, vmPFC stimulation was effective only when
paired with exposure to the CS in the rodent experiments,
suggesting that combining the trauma-reminding stimuli
with rTMS on the vmPFC would be beneficial in carrying
out the exposure therapy (Milad and Quirk, 2002; Milad et
al., 2006).
Therefore, this study aimed to examine whether rTMS
paired with CS enhances fear memory extinction in rats

compared with the corresponding sham group. We hypothesized that rTMS is more effective when paired with CS
exposure, compared with simple rTMS treatment before
fear extinction.

EXPERIMENTAL PROCEDURE
Animals
Thirty-five male Sprague–Dawley rats at 7 weeks of age and
weighing 230 –250 g were obtained from a commercial supplier
(Koatech, Pyoungtaek, South Korea) for use in this study. The rats
were housed in groups of three to four in transparent polycarbonate cages located in an environmentally controlled rearing system
(22–24 °C, 50 – 60% humidity) and were maintained on a 12/12-h
light/dark cycle with free access to food and water for a week
before the experiment. All experimental procedures were conducted according to the guidelines for the care and use of laboratory animals approved by the relevant local government. All
efforts were undertaken to minimize the number of animals and
their suffering in the present study.

Behavioral experiment apparatus
All behavioral experiments were conducted in the same fearconditioning chamber (TSE system, Homburg, Germany) consisting of a perspex chamber (460⫻460⫻300 mm) and a grid floor.
The conditioning chamber was located in a sound-attenuating
cabinet with a red ambient light (11 W). Acoustic CSs were delivered through a loud speaker attached under the cabinet ceiling
and electrical foot shocks as US through the grid floor connected
to a computer-controlled shocker unit (TSE system). The chamber
was thoroughly cleaned with 70% aqueous ethanol between each
experiment.

Transcranial magnetic stimulation
A Neopulse stimulator (Neotonus Inc., Marietta, GA, USA) and a
modified figure-of-eight coil with an iron core (Epstein and Davey,
2002), which was 7 cm in diameter, were used for the rTMS. A
single train of rTMS consisted of 50 pulses of stimulation at a
frequency of 10 Hz with an intensity of 50% of the maximal
machine output, resulting in 0.7 T, which was about 90% of the
motor threshold determined by visual inspection of the forelimb
movement (Hargreaves et al., 2005). The motor threshold was
defined as the machine output resulting in detectable forelimb
movement in five trials out of 10, but it might not be same as that
measured using the motor-evoked potential.
During the stimulation, the center of the coil was placed
approximately 3 mm anterior to bregma and gently touched the
scalp. The orientation of the coil was set tangentially to the sagittal
axis, and the handle of the coil was oriented in the rostral direction.
A sham treatment was performed in the same way, but with the
coil tilted at 90 degrees to shunt the magnetic field induced from
the coil and mimic the acoustic artifacts of the TMS. Most of the
rats exhibited little movement during the restraint, and rats showing strong resistance to the restraint and stimulation (n⫽3) were
excluded from the study.

Experiment 1: simple rTMS
The behavioral experiments consisted of three phases: fear conditioning (day 1), extinction (day 2), and retention test (day 3). The
entire scheme of the experimental procedures is depicted in Fig 1.
On day 1, rats were exposed to five tones of CS (30 s; 80 dB
in sound pressure level; 4 kHz) for habituation approximately 5
min after being placed in the conditioning chamber. Following this,
the same five tones as the CS were presented paired with co-
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Fig. 1. A schematic illustration of the experimental procedure applied in this study. (A) Experiment 1: the effect of simple rTMS vs. sham treatment
before fear extinction. (B) Experiment 2: the effect of CS-paired rTMS vs. CS-paired sham treatment during fear extinction.

terminating electric foot shocks (1 s; 1.0 mA) to generate conditioned fear to the CS. The inter-trial interval was 2⬃4 min with an
average of 3 min throughout the entire experiment.
The following day, the rats were divided into an rTMS and a
sham group and were given the rTMS or sham treatment, respectively, 5 min before the extinction process. The rats were restrained in an animal holder made of transparent acryl (Jeung Do
Bio & Plant Corporation, Seoul, South Korea), and the head of
each rat was aligned to the hole on the upper surface of the holder
during the administration of the rTMS or sham treatment (Kim et
al., 2006). Twenty trains of rTMS or sham treatments were delivered to each rat with a 25-s inter-train interval (total of 1000 pulses
of stimulation over 10 min). Five minutes after the rTMS or sham
treatment, the rats were moved to the same conditioning chamber
and underwent fear extinction learning. Ten tone CSs were presented without the US during the extinction, and freezing responses to each CS were recorded.
On day 3, the retention test was conducted on rats 24 h after
the extinction. Rats were moved to the same conditioning chamber, and five CSs were presented after approximately 5 min.

Experiment 2: CS-paired rTMS
The behavioral experiment consisted of three phases, as in experiment 1: fear conditioning (day 1), extinction (day 2), and a
retention test (day 3). In experiment 2, rTMS was given paired with
CS presentation during the extinction phase on day 2. The remaining parts of the experimental procedure, including fear conditioning on day 1 and the retention test on day 3, were identical
to those of experiment 1.
In the extinction phase on day two, 20 CSs were presented in
the same conditioning chamber approximately five minutes after
placing rats in the chamber. Because it was not possible to assess
the freezing behavior of the rats accurately during the rTMS or
sham administration, due to the need for the restraint, 20 CS
presentations were divided into five observation trials and 15
stimulation trials. Trials 1, 2, 11, 19, and 20 were the observation
trials, in which only the CS was presented to the rats without any
restraint for an assessment of the freezing response. The remaining 15 trials (trials 3–9 and 12–18) were the stimulation trials, in
which the head of each rat was gently held by the hand of the

experimenter, and a train of rTMS or sham was given paired with
the onset of the CS. The rats were divided into two groups, an
rTMS group and a sham group, and the corresponding treatment
was given during the stimulation trials on day 2.

Data analysis
The behavior of the rats during the experiments was recorded with
a digital camera, and the freezing behavior in response to the CS
was scored off-line using a digital stopwatch. In this study, freezing was defined as a lack of body movement except that caused
by respiratory motion and the heartbeat. The amount of freezing in
each trial was quantified as the percentage of total freezing time
for the duration of the CS (i.e. 30 s). The percentage of freezing
response in each group was compared using a two-tailed Student’s t-test. The overall differences in freezing during each phase
between the rTMS and sham groups were also assessed using
repeated measures ANOVA.

RESULTS
First, we examined the effect of 10-Hz rTMS administered
before extinction learning without pairing with exposure to
the CS. Rats were divided into the rTMS and sham groups
and underwent fear conditioning, extinction learning, and
retention tests on days 1, 2, and 3, respectively. In experiment 2, rTMS was given during the presentation of the CS
to rats during extinction, paired with the onset of the tone.
On day 1 of experiment 1, rats in the rTMS (n⫽8) and
sham groups (n⫽7) showed no freezing to the CS initially
but reached a level of approximately 80% freezing in response to the CS by the end of the conditioning phase (Fig.
2A). The rats in both groups acquired a conditioned fear to
the tone, which was initially neutral, and did not differ in
their fear response, as determined by repeated measures
ANOVA (P⫽0.643).
On day 2, simple rTMS delivered before the extinction
did not facilitate fear extinction compared with the sham
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Fig. 2. Experiment 1: the freezing responses of rats treated with rTMS (n⫽8) vs. sham (n⫽7) before extinction (mean value⫾SE). (A) Conditioning
phase (day 1). The two groups were not different in the level of freezing responses during fear conditioning. (B) Extinction phase (day 2). rTMS
administered before extinction did not enhance fear extinction compared with the sham treatment. Overall freezing behavior was not different (P⬎0.05,
repeated-measure ANOVA). (C) Test phase (day 3). The levels of freezing in response to the CS of both groups were quite similar during the test
phase (P⬎0.50, repeated measure ANOVA). ⴱ* represents P⬍0.01.

treatment. Freezing responses to the CS during the extinction phase were not different between the rTMS and sham
groups during the extinction phase, except for trial 3, in
which rats in the sham group exhibited significantly less
freezing compared with those in the rTMS group (P⬍0.01)
(Fig. 2B). However, the freezing responses of the two
groups before and after trial 3 were very similar (repeated
measure ANOVA, P⫽0.077). Simple rTMS did not produce
any enhancement in subsequent fear extinction on day 2.
On day 3, two groups were also not significantly different in the freezing response during the test phase (Fig.
2C), indicating no long-term effect on fear extinction (repeated measures ANOVA, P⫽0.841). Taken together,
simple rTMS before extinction learning did not facilitate
fear extinction.
In experiment 2, rats in the rTMS (n⫽9) and sham
(n⫽8) groups acquired an approximate 80% freezing response to the originally neutral tone after fear conditioning
on day 1 (Fig. 3A), as in experiment 1. Thus, rats in both

groups in experiment 2 had approximately the same level
of fear response to the CS during the conditioning phase
(repeated measures ANOVA, P⫽0.991).
On the following day, freezing responses to the CS
before the rTMS or sham administration (i.e. trials 1 and 2)
were not significantly different between the two groups
(trials 1 and 2 in Fig. 3B; P⫽0.148 and P⫽0.114, respectively). The CSs were then paired with a single train of
rTMS or sham treatment during the stimulation trials (trials
3–10 and 12–18). Rats treated with CS-paired rTMS demonstrated significantly less freezing compared with the
CS-paired sham group after 15 extinction trials paired with
rTMS (trials 19 and 20 in Fig. 2B; P⫽0.045 and P⫽0.046,
respectively). This result indicates that 15 trains of rTMS
paired with CS enhanced fear extinction compared with the
sham treatment.
The rats that received CS-paired rTMS also exhibited a
lower level of freezing to the tone 24 h after extinction
without further rTMS administration (Fig. 3C). On day 3,

Fig. 3. Experiment 2: the freezing responses of rats treated with CS-paired rTMS (n⫽9) vs. CS-paired sham treatment (n⫽8) during extinction. (A)
Conditioning phase (day 1). Both groups exhibited approximately the same level of freezing at the end of conditioning. (B) Extinction phase (day 2).
Fifteen trains of CS-paired rTMS significantly reduced the freezing to CS compared with the sham treatment. (C) Test phase (day 3). The CS-paired
rTMS group showed significantly less freezing than the CS-paired sham group (P⬍0.05, repeated-measure ANOVA). * represents P⬍0.05,
ⴱ
* represents P⬍0.01.
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the freezing responses of the CS-paired rTMS group in
trials 1 and 2 were significantly lower than those of the
CS-paired sham group (P⫽0.026 and P⫽0.004, respectively). The difference in the freezing responses between
the CS-paired rTMS and the sham group was not significant in trials 3–5. This result may be due to the relatively
large inter-subject variability of freezing within each group
during the latter part of the test phase. Rats in the rTMS
group exhibited less freezing compared with those in the
sham group during all of the testing trials on day 3; additionally, the overall effect was significant (repeated measures ANOVA, P⫽0.035). Taken together, these findings
indicate that CS-paired rTMS during extinction learning
exhibits the long-term effect of fear extinction.

DISCUSSION
To investigate the efficacy of rTMS as a potential treatment
for exaggerated fear memory, this study assessed the
effect of 10 Hz rTMS paired with a CS on fear extinction in
rats. While simple rTMS given before fear extinction did not
enhance extinction learning, rTMS paired with CS significantly facilitated fear extinction. This enhancement in extinction memory continued until the next day without further
stimulation, implying the formation of long-term extinction
memory. These findings suggest that the mild effect of
conventional rTMS as a treatment for PTSD can become
considerably effective when paired with a traumatic reminder. To our knowledge, this is the first report on the
effect of rTMS on fear extinction with and without CS
exposure in rats.
The finding of this study agrees with the results of a
previous electrical stimulation study showing that only a
stimulation paired with CS was effective in facilitating fear
extinction (Milad and Quirk, 2002). CS-paired rTMS significantly accelerated fear extinction, indicating a distinctive
effect of rTMS paired with CS presentation. rTMS before
extinction learning (i.e. without CS presentation) failed to
enhance fear extinction, excluding the possibility that simple rTMS nonspecifically affected the animal brain and the
subsequent behavior in this study. This result suggests
that simply combining an rTMS treatment session with
conventional exposure therapy is likely not greatly effective
and that rTMS paired with the CS is required to facilitate
extinction learning.
What is the possible neurophysiological mechanism of
facilitated fear extinction induced by CS-paired rTMS? We
speculate that this mechanism may be the modulation of
neuronal activity or synaptic modification in the region
involved in fear extinction, possibly the vmPFC and the
amygdala. High-frequency rTMS has been reported to upregulate brain activity and increase cortical excitability, as
measured by motor-evoked potentials (Maeda et al., 2000;
Huang et al., 2005; Fitzgerald et al., 2006) and EEG recordings (Esser et al., 2006). Furthermore, neural activity
and corresponding hemodynamic responses elicited by
rTMS have been directly measured in the cat visual cortex
(Allen et al., 2007). We should note that rTMS modulated
spontaneous activity during the resting state and during
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sensory stimulus-evoked activity differently, and these
modulations lasted up to several minutes. Thus, the effect
of rTMS on neuronal activity is dependent on the ongoing
activity evoked by sensory inputs, and this dependence
can account for the distinct effect of the CS-paired extinction found in this study. Pairing rTMS and sensory stimuli is
essential, as evidenced by this and a previous study demonstrating the short duration of the modulation effect of
rTMS (Allen et al., 2007).
However, we should note that the rTMS procedure
requires repeated restraint of the rats during the extinction
session, which may induce stress. Consequently, this
stress may be associated with the result that the control
rats showed very little extinction in experiment 2, compared with experiment 1. Given this poor extinction, Gregory Quirk suggested that we should not exclude the possibility that the rTMS may be interfering with the effects of
stress (personal communication). To address this issue,
rats could potentially be acclimatized to the restrainer for a
certain period of time (e.g. several days) before training to
reduce stress. Still, removing the rats during the extinction
session will likely interfere with extinction.
One of the limitations we should address in this report
is the degree of localization of the rTMS. In recent animal
TMS studies, a stereotaxic frame and sedation were also
used to control the precise location of the coil (Luft et al.,
2002; Rotenberg et al., 2010), but this method was not
feasible in the present study due to the requirement of an
observable behavioral response. We also modified the
commercial TMS apparatus for use on smaller rats, but the
coil size was still too large to focus on the vmPFC, which is
possibly implicated in consolidation, retention, and expression of extinction memory (Quirk et al., 2000; Milad and
Quirk, 2002; Morgan et al., 2003; Milad et al., 2004; Santini
et al., 2004; Burgos-Robles et al., 2007). Given that the
stimulation of the more dorsal prelimbic areas exhibited an
effect of stimulation opposite that of the infralimbic subregion of the vmPFC (Vidal-Gonzalez et al., 2006), the relatively broad application of TMS on the frontal part of rat
brains may produce minimal effects or even cancellation
effects between the dorsal prelimbic and infralimbic regions. Thus, it is not certain that the facilitation of fear
extinction results from the activation of the vmPFC by
high-frequency rTMS paired with CS.
In addition, we assessed the effect of rTMS at only one
frequency, 10 Hz, in this study. We need to apply rTMS
with a wide range of frequencies to find the most effective
stimulation for the facilitation of fear extinction in a future
investigation. For rTMS with low frequencies, longer durations of the stimulation and restraint are required to apply
the same number of pulses, and the short application of
rTMS with a low frequency paired with CS exposure may
prevent formulating an experimental procedure comparable to the high-frequency rTMS experiment. Thus, we
should develop a novel paradigm to overcome this problem in the future.
Finally, freezing responses to the tone in both groups
in experiment 2 were relatively high because of the intense
foot shocks used during the fear conditioning phase and
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the stress from the restraints. Three rats showing high
mobility were excluded from this study at the extinction
phase because of the difficulty restraining these rats. The
remaining rats used in experiment 2 tended to exhibit a
high level of freezing relative to the original group. Thus,
issues arising from this tendency toward a high level of
freezing, such as a ceiling effect, should be carefully taken
into account in interpreting the findings.
It is conceivable that high-frequency rTMS paired with
trauma-reminding stimuli may serve as potential therapeutic intervention for patients suffering from exaggerated fear
memory, such as PTSD. As shown in this study, rTMS not
paired with the CS (i.e. a traumatic reminder) does not
effectively enhance extinction; thus, the simple rTMS treatment currently used alone might not be suitable. This
explanation can account for the slight effect reported in
previous clinical studies of rTMS in treating PTSD (Grisaru
et al., 1998; McCann et al., 1998; Rosenberg et al., 2002;
Cohen et al., 2004), all of which adopted conventional
simple rTMS protocols. Therefore, a preferable rTMS protocol combined with a cognitive intervention, such as trauma-reminding stimuli, is likely required to maximize the
clinical efficacy of rTMS in treating anxiety disorders. Recently, a cognitive strategy to regulate conditioned fear,
similar to cognitive-behavioral therapy (CBT) for anxiety
disorders, was found to be mediated by the vmPFC connections implicated in fear extinction (Delgado et al.,
2008). In conclusion, we suggest that a more refined application of rTMS in combination with exposure therapy or
CBT is required to treat pathological fear, and the temporal
pairing of brain stimulation and cognitive activation is crucial toward that end.
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