
INTRODUCTION

Since the first demonstration of cortical stimulation for pain 
control [1], cortical stimulation techniques have been used to treat 
intractable pain and satisfactory pain relief has been reported 
by patients [2-5]. Repetitive transcranial magnetic stimulation 
(rTMS) and transcranial direct current stimulation (tDCS) were 
later introduced as safer and inexpensive methods of neuromodu-
lation. Recently published reviews have summarized the analgesic 

efficacy of rTMS [6] and tDCS [7]. High frequency (>5 Hz) rTMS 
has shown level A (definite) evidence of analgesic efficacy, when 
applied to the primary motor cortex (M1) with 90% intensity 
of individual resting motor threshold. Anodal tDCS to M1 also 
produced pain relief when applied to M1 for several days [8]. 
Although the mechanism of action remains to be clarified, these 
rTMS and tDCS studies suggest that cortical stimulation may be a 
promising therapeutic method of pain relief in patients. Interest-
ingly, the most efficient region for pain control was reported to be 
M1 not the primary somatosensory cortex (S1), although the pain 
signal is transmitted from the thalamus to M1 via S1. The role of 
S1 in pain perception during the cortical modulation is still in 
question. In this study, we have investigated the neuromodulation 
effect on pain in response to the tail clip test while applying pulse-
train or continuous optogenetic stimulation to S1. The frequencies 
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of pulse-train stimulation were selected to be 15, 30 and 40 Hz to 
evoke beta (15~30 Hz) or gamma (40 Hz) band oscillations. Beta 
band oscillations occur coherently in the mammalian somatosen-
sory-motor system, and associated in somatosensory processing as 
well as muscle activity [9]. Gamma band oscillations are reported 
to be related to the subjective perception of pain [10].

MATERIALS AND METHODS

Animals and preparation

Adult C57BL/6 Thy1-ChR2-YFP transgenic mice (Jackson 
Laboratory stock # 7612, Bar Harbor, ME, USA) with age of 12~17 
weeks (body weight, 20~30 g) were given food and water ad libi-
tum . This study was carried out in accordance with the recom-
mendations of Institutional Animal Care and Use Committee in 
Korea Institute of Science and Technology, following Act 1992 of 
the Korea Lab Animal Care Regulations and associated guidelines. 
The protocol was approved by the Institutional Animal Care and 
Use Committee (approval number: 2014-026). In total, 4 mice 
were used for behavior test for 7 different days. The number of tail 
clip test did not exceed more than 15 times. All efforts were made 
to minimize the number of animals used as well as animal pain 
and suffering. 

Surgery

All surgical procedures were performed under anesthetized state 
with the injection of ketamine/xylazine cocktail (120/6 mg/kg, i.p. 
injection). After fixing the mouse head in a stereotaxic apparatus 
(David Kopf Instruments, Model 902, Tujunga, CA, USA), the eyes 
were covered with Vaseline to keep the eyes from drying up. The 
midline of scalp was incised to expose the skull and a drop of 2% 
lidocaine was used around the incision to reduce any pain. After 
wiping and cleaning the skull, the skull was leveled using bregma 
and lambda positions. Holes were made on the forelimb S1 region 
(-0.38 mm AP, 2.25 mm ML from the bregma) and cerebellum 
(5.7 mm AP, ±1.7 mm ML from the bregma) using a dental drill 
(bur size 0.5 mm; MARATHON-3, Saeyang Microtech, Korea). A 
custom-made fiber optic cannula (FT200EMT, Thorlabs, Newton, 
New Jersey, USA; LC 1.25mm OD Multimode Ceramic Zirconia 
Ferrules, Precision Fiber Products, Milpitas, CA, USA) was at-
tached to a Teflon-coated tungsten wire electrode (0.045'' in coated 
outer diameter, A-M systems, Sequim, WA, USA) and implanted 
into the forelimb S1 region for stimulation (1.5 mm DV from the 
bregma). Two micro screws (chrome plated stainless steel, 1 mm 
in diameter, Asia Bolt, Seoul, Korea) were implanted above the cer-
ebellum and used as the reference and ground. The optrode and 
electrodes were fixed onto the skull by dental cement. After surgi-

cal procedures, the mouse was allowed to recover in an individual 
cage for at least a week. All the target coordinates of the electrodes 
followed the mouse brain atlas of Paxinos and Franklin [11].

Tail clip test

Acute pain was induced by a tail clip test according to a modifi-
cation of Haffner’s method [8, 9]. While the mouse was put in the 
custom-made acrylic cylinder (20 cm in diameter), an alligator clip 
exerting a force of 2.5 N was manually applied to the tail approxi-
mately at 1.5 cm from the tail base to induce pain. The force was 
measured by attaching a flexible force sensor to the tail (FSR-400, 
Interlink Electronics, CA, USA). The mouse quickly responded to 
this nociceptive stimulus by biting the clip or licking the tail near 
the clipped position. The moment that the mouse first touched the 
clip or the tail was defined as the moment of reaction. Since the re-
action time varied depending on the clipping position, the clipping 
position was adjusted for each mouse to give a mean reaction time 
of 1 sec for 5 test trials in prior. The time between tail clip stimula-
tion onset and the moment of reaction was measured by slow-
motion video recording using a high-speed camera (video sam-
pling rate at 1000 frame/sec; Phantom Flex4K, AMTEK, Wayne, 
NJ, USA). When mouse became exhausted after experiencing a 
series of pain stimulation, it did not respond to the stimulation or 
did respond with a longer delay. If the mouse did not respond to 
the stimulation within 10 sec in three successive trials, the day’s 
stimulation session was stopped and those trials with reaction 
time longer than 10 sec were rejected. To minimize adaptation for 
pain and prevent any tissue damage, clipping position was slightly 
changed in each trial. Inter-trial interval was kept longer than 10 
min to give resting time enough for recovery and no more than 15 
trials were performed in a day. 

Optogenetic stimulation during tail clip test

Optogenetic stimulation was generated using a blue light LED 
(473 nm, Doric Lenses, Quebec, Quebec, Canada) delivered 
through a patch cable with core diameter of 200 μm (Doric Lenses, 
Quebec, Quebec, Canada). The light intensity was 3~4 mV/mm2 
and the light intensity threshold was determined as the minimal 
intensity to induce the forepaw tremor in each mouse (individual 
thresholds in Supplementary). The stimulation paradigm is de-
picted in Fig. 1. Continuous or pulse-train stimulations were ap-
plied approximately 0.25 sec after the tail clip. The stimulation ep-
ochs were 2 sec in duration, and with a pulse width of 10 msec for 
pulse-train stimulation. For pulse-train stimulation, 15, 30, and 40 
Hz frequencies were applied to evoke beta or gamma band oscilla-
tions in the somatosensory cortex. Different stimulation durations 
(1, 2, and 3 sec) were tested only at 15 Hz. Per stimulation type, 1 to 
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3 trials were applied to each animal per day, and in total, 10 to 19 
trials per stimulation type were applied to each mouse. The inter-
test interval was 10 min. We acquired the local field potential (LFP) 
of S1 by SynAmps2 amplifier (Compumedics, Abbotsford, Victo-
ria, Australia).

Behavior analysis

As in Fig. 1, the reaction time (T) was defined as the latency from 
tail clipping to bit the clip or lick on the tail. To quantitate the delay 
caused by optical stimulation, we also defined the time to reaction 

from stimulation cessation (τ). Data with the same type of stimu-
lation were collected from all the mice and used for the analysis. 
The paw movement was quantified by tracking the paw trajectory 
recorded with a high-speed camera. The trajectory of paw was 
captured by a motion capture algorithm, and then the general path 
was subtracted to get the trembling trajectory in one dimension. 

Statistical test

Kruskal-Wallis ANOVA and post-hoc Mann-Whitney U test 
with Bonferroni correction was performed to compare reac-

Fig. 1. Schematic design for the experiment. Optogenetic stimulation of S1 was applied to the animal right after clipping the tail. The reaction time mea-
sured with respect to the clipping time was referred as T and the reaction time from the light stimulation cessation was referred as τ. 

Fig. 2. (A) The reaction time to tail clip, T 
in different stimulation conditions. (B) The 
time to reaction from the stimulation ces-
sation, τ in different frequency stimulation. 
Whiskers indicate standard deviation. No 
statistical difference was found between T of 
no-stimulation and τ of pulse-train stimula-
tion groups. The number of trials was 48 for 
No stim, 44 for Cont, 50 for 15 Hz, 48 for 30 
Hz, and 47 for 40 Hz. *p<0.01, **p<0.001 in 
comparison to no-stimulation group.
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tion times. Significance was set at p<0.05. T-test was used for the 
linearity of slop. Firstly, t-value was calculated according to t=  
(r √(n-2))/√(1-r2), where n is the degree of freedom and r is the 
Pearson correlation coefficient. Then, the p-value was obtained 
from the t-distribution. All of analysis and statistics procedure 
were calculated by Matlab (Mathworks, Natick, MA, USA). 

RESULTS

As shown in Fig. 2A, the pulse-train stimulation to forelimb S1 
significantly increased T compared to no-stimulation condition 
(Kruskal-Wallis ANOVA, p<0.001; post-hoc Mann-Whitney 
U test, p<0.001 for all pulse-train stimulation compared to no-
stimulation), while T for continuous-stimulation group was not 
significantly different (post-hoc Mann-Whitney U test, p>0.05). 
None of the mice showed a response to pain during pulse-train 
stimulation, and the τ for pulse-train stimulation at 15, 30 and 40 
Hz was not statistically different from the T of the no-stimulation 
condition (Kruskal-Wallis ANOVA, p=0.68) as shown in Fig. 2B. 
In the case of the continuous stimulation, all the mice showed 
the pain response during the stimulation period so τ was not de-
fined. Simultaneously recorded LFPs and paw movement showed 
phase-locked oscillatory responses to pulse-train stimulation 

(Fig. 3B~D). On the other hand, continuous stimulation induced 
transient effects in LFP and paw movements (Fig. 3A), implicat-
ing that cortical oscillations generated by repetitive stimulation of 
S1 are associated with the hindered transmission of nociceptive 
signals from the tail clipping. With respect to different stimulation 
duration, T showed an incremental increase exhibiting a positive 
correlation (R2=0.68; p=0.18 for linearity test, Fig. 4A). However, 
τ for different stimulation duration was not significantly different 
from the T of no-stimulation condition (Kruskal-Wallis ANOVA, 
p=0.20) as shown in Fig. 4B, indicating that the simulation length 
itself does not elongate or shorten the reaction time after the stim-
ulation cessation.

DISCUSSION

By directly stimulating the S1 cortex, we showed that repeti-
tive stimulation at beta and gamma frequencies blocked the pain 
perception. During pulse-train S1 stimulation, the mouse paw 
in the contralateral side of stimulation trembled along with the 
oscillatory response in S1 and no animals responded to tail clip 
during the stimulation period. No obvious delay in pain percep-
tion was observed with continuous stimulation of S1, indicating 
that a simple increase of S1 activation is not relevant to the delayed 

Fig. 3. (A) LFP and paw movements during continuous stimulation. (B) LFP and paw movements during 15 Hz pulse-train stimulation. (C) LFP and 
paw movements during 30 Hz pulse-train stimulation. (D) LFP and paw movements during 40 Hz pulse-train stimulation. LFP was acquired from the 
optrode implanted in the forelimb S1.
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pain response. Differently from the phasic stimulation, continuous 
stimulation of S1 induced neither sustained oscillatory paw move-
ment nor rhythmic oscillations in the cortex. This result partly 
supports the idea that the sensory perception might be interfered 
by motor response induced by the neuromodulation, which is evi-
denced by the stronger suppression of sensory perception with the 
stronger motor responses [12]. If the presence of motor response 
or the rhythmic activation of motor cortex indirectly induced by 
the S1 activation is the key factor affecting the pain perception, it 
is understandable that neuromodulation of S1 suppressed tactile 
perception by tDCS [13] and TMS [14], yet the suppression effect 
was stronger for the case of motor cortex stimulation [14].

One possible mechanism of the interference in pain percep-
tion is that the afferent signals from the paw movement induced 
by optogenetic stimulation might compete with the pain signals 
from the tail. Phasic activation of S1 in beta & gamma band fre-
quency possibly generated resonant rhythmic oscillations in the 
sensorimotor area [15, 16] and induced oscillatory paw move-
ment, whereas continuous stimulation of S1 did not. On the other 
hand, the neuromodulation weaker than motor threshold was also 
proven effective to relieve pain [6], indicating that the competition 
between afferent sensory signals is not a single mechanism for the 
attenuating or blocking sensory perception. Another possibility 
is that the modulation of S1 and M1 might palliate the pain via 
cortico-incerto-thalamic pathway [17, 18]. Zona incerta (ZI) re-
ceives inputs from diffusive cortical areas including M1 as well as 
S1 [19], and provides inhibition to postromedial (POm) nucleus 
of thalamus [20, 21] which is crucial for nociceptive processing 
[22-25]. Abnormally enhanced activation of POm [26-28] and ac-
companying suppression of ZI [17] in central pain syndrome were 

rescued by motor cortex stimulation [29] or ZI stimulation [30]. 
Considering that the frequency range of action is about 10~30 Hz 
in ZI [31], sensorimotor rhythms generated by the phasic opto-
genetic stimulation might effectively trigger the incerto-thalamic 
circuit for pain control.

Putting aside the contribution of motor cortex, it has been 
known that tactile signals are transmitted to S1 via the ventro-
posterior nuclei of thalamus and are then passed to other corti-
cal regions such as the M1 and secondary somatosensory cortex 
[32], as well as the centromedial thalamus and POm via cortico-
thalamic projections [33]. Nicolelis and coworkers confirmed that 
oscillatory neuronal activity in the S1 spread to VPM, and became 
synchronized during tactile exploration [34]. In addition, Romo 
and coworkers have observed the frequency-locking rhythms in 
S1 and VPL produced by a 20 Hz tactile stimulation. Of interest to 
note is that they observed that the threshold for tactile discrimina-
tion was changed in both S1 [35] and VPL [36] depending on the 
strength of oscillations, suggesting altered signal transmission dur-
ing sensorimotor rhythms. Taken together, repetitive S1 stimula-
tion may cause the strong oscillations in cortico-thalamic circuits 
and block the timely transmission of peripheral pain signals.

In conclusion, our study strongly suggests that evoked senso-
rimotor rhythms block the external pain input, possibly via an 
insensitive state in thalamic neurons during entrained oscillation. 
This finding may potentially be applied in the clinical arena, to any 
patient with drug-resistant, chronic neuropathic pain. 
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