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Abstract

Background: Lots of studies have measured motor evoked potential (MEP) induced by transcranial magnetic stimu-
lation (TMS) in anesthetized animals. However, in awake animals, the measurement of TMS-induced MEP is scarce

as lack of sufficient restraint. So far, the explicit study of anesthesia effects on corticospinal excitability and repetitive
TMS (rTMS) induced modulation is still lacking. This study aimed to: (1) measure TMS-induced MEP in both awake
restrained and anesthetized rats, (2) investigate the effect of anesthesia on corticospinal excitability, and (3) on rTMS-
induced modulation.

Methods: MEP of eighteen rats were measured under both wakefulness and anesthesia using flexible binding and
surface electrodes. Peak-to-peak MEP amplitudes, resting motor threshold (RMT) and the slope of stimulus response
(SR) were extracted to investigate anesthesia effects on corticospinal excitability. Thereafter, 5 or 10 Hz rTMS was
applied with 600 pulses, and the increase in MEP amplitude and the decrease in RMT were used to quantify rTMS-
induced modulation.

Results: The RMT in the awake condition was 44.6 & 1.2% maximum output (MO), the peak-to-peak MEP amplitude
was 404.6 +48.8 nV at 60% MO. Under anesthesia, higher RMT (55.6 & 2.9% MO), lower peak-to-peak MEP amplitudes
(258.6+32.7 uV) and lower slope of SR indicated that the corticospinal excitability was suppressed. Moreover, under
anesthesia, high-frequency rTMS still showed significant modulation of corticospinal excitability, but the modulation
of MEP peak-to-peak amplitudes was weaker than that under wakefulness.

Conclusions: This study measured TMS-induced MEP in both awake and anesthetized rats, and provided explicit
evidence for the inhibitory effects of anesthesia on corticospinal excitability and on high-frequency rTMS-induced
modulation of MEP.
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Background

Transcranial magnetic stimulation (TMS), a noninvasive
brain stimulation technique that induces an electric cur-
rent in the brain through a varying magnetic field, has
been widely used in clinical and scientific applications
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[1, 2]. TMS applied to the motor cortex allows for stim-
ulation of the corticospinal tract and eliciting motor
evoked potential (MEP) in peripheral muscles [3]. When
induced MEP reaches a threshold amplitude at rest, the
corresponding machine output is determined as resting
motor threshold (RMT) [4, 5]. Both MEP and RMT can
be used as markers of corticospinal excitability as well as
the modulation of excitability by repetitive TMS (rTMS)
(6, 7].
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In human TMS studies, MEP is commonly measured
via surface electrodes in awake states [8]. In awake ani-
mals, MEP measurement entails practical difficulties due
to the lack of sufficient restraint. So far, only one study
measured TMS-induced MEP in the awake condition
roughly [9]. In most animal experiments, MEP was not
measured [10-12]. In some studies, MEP was measured
under anesthesia by inserting electrodes [3, 6, 7, 13-18],
which provided an objective basis for judging the RMT
and quantifying the corticospinal excitability. However,
it is not known whether the corticospinal excitability was
affected by anesthesia.

Several studies have confirmed that anesthetics
impacted neural activities, including significant down-
regulation of Cxcl12 mRNA expression in primary hip-
pocampal neurons[19], suppressing neural activities in
cerebral cortex [20], inhibiting excitatory transmitter
release by blocking presynaptic Ca®" channels or extra-
cellular mechanisms [21], and leading to distinct spa-
tiotemporal activity in principal neurons of the mouse
olfactory cortex [22]. Not only that, a preliminary study
also showed that the modulation of functional connectiv-
ity by low-frequency rTMS varied considerably among
the isoflurane, propofol and dexmedetomidine groups
[23]. Surprisingly, high-frequency rTMS increased BDNF
and GluR1 in awake animals while decreasing them in
isoflurane-anesthetized animals [11]. Thus, we specu-
lated that anesthesia might also have effects on MEP and
rTMS-induced modulation of MEP. Studies on patients
showed that MEP was inhibited with desflurane, sevo-
flurane or propofol in a dose-dependent manner [24, 25].
However, two studies on rats revealed no differences in
the mean MEP amplitude under different anesthesia
[14, 16]. There is still insufficient evidence to determine
whether anesthesia affects MEP and rTMS-induced
modulation in rats.

In our opinion, to investigate the influence of anes-
thesia on corticospinal excitability and rTMS-induced
modulation, an explicit comparison study between anes-
thetized and awake animals is very necessary, which is
currently most lacking. In a study by Linden et al,, a light
cloth stockinet was used to confine the awake rat on a
wooden board, and TMS-induced MEP was measured,
but Linden et al. did not measure MEP in anesthetized
rats under the same condition [9]. In another study by
Hsieh et al., a platform with 4 straps was used to restrict
the awake rat, and TMS-induced mechanomyogram was
measured, again confirming the feasibility of flexible
bindings [15]. However, the study did not measure TMS-
induced MEP in unanesthetized rats. In the study of
Cermak et al.,, a headpost was implanted into rat skull to
guide the TMS target and RMT was estimated by observ-
ing limb/paw twitches, but MEP was not measured [26].
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One study by Gersner et al. demonstrated that propo-
fol modulated MEP in a dose-dependent manner, but it
was not clear whether this was an explicit comparison
between awake and anesthetized rats [27].

In this study, we aimed to construct explicit compari-
sons between awake and anesthetized rats. The effects of
anesthesia on corticospinal excitability were investigated
by fully measuring and comparing MEP, RMT and stimu-
lus response (SR) during wakefulness and anesthesia. The
effects of anesthesia on rTMS-induced modulation were
investigated by fully measuring and comparing high fre-
quency rTMS-induced increase of MEP and decrease of
RMT during wakefulness and anesthesia. We hypoth-
esized that anesthesia would inhibit corticospinal excit-
ability and rTMS-induced modulation. This study would
reveal explicit evidence for the influence of anesthesia on
corticospinal excitability and provide reference for rTMS
applied under anesthesia.

Methods

Animal preparation and grouping

Eighteen adult male Sprague—Dawley rats (300-350 g)
were obtained from HFK Bioscience Co., Ltd. (Beijing,
China). The rats were housed in group of 3, with soft saw-
dust in cages. The room temperature was 24 £ 2 °C, lights
were on at 7:00 a.m. with a 12 h light/dark cycle, and
water and food were available ad libitum. All experiments
were approved by the Ethics Committee of the Institute
of Biomedical Engineering, Chinese Academy of Medical
Sciences& Peking Union Medical College (Approval No.
IRM-DWLL-2019115). All operations were in accord-
ance with the ARRIVE guidelines 2.0 (Animal Research:
Reporting of In Vivo Experiments) [28].

The rats were randomly divided into three groups
according to the method of random number table: sham
group (n=6), 5-Hz rTMS group (n=6) and 10-Hz rTMS
group (n=6). In each group, two experiments were per-
formed, one under wakefulness and the other under
anesthesia. The order of these two experiments was bal-
anced and random. The interval between experiments
under wakefulness and anesthesia was 2 weeks. The over-
all procedure for experiments under wakefulness and
anesthesia was shown in Fig. 1A and the process for each
experiment was shown in Fig. 1B. After the last treatment
and data collection, the rats were euthanized by intra-
peritoneal injection of sodium pentobarbital at 200 mg/

kg.

Platform for fixing rats

Each rat was placed on a board, belly down. The board
was supported by two columns that allowed the rats’
limbs to hang down. A customized small animal anes-
thesia machine (R520; RWD Life Science Co., Ltd.,
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Shenzhen, China) with a mixture of medical oxygen and
isoflurane (4%) was used to temporarily anesthetize rats
in an induction box. For the wakefulness experiments,
three flexible bindings were used to confine the rat’s
neck and back to the board to ensure significant restric-
tion, and the isoflurane was removed immediately
after the animal was securely fixed. For the anesthesia
experiments, the isoflurane (1%) was continuously fed
through the respiratory face mask [11]. The rats were
allowed to breath spontaneously without assistance.
The platforms for awake and anesthetized rats were
shown in Fig. 1C and 1D.

Before the experiment, three stages of acclimation
were performed. In the first stage, the rats adapted
to the living environment for two days. In the second
stage, acclimation of the restriction training was per-
formed once a day for three days. In the third stage,
the acclimation of the noise of TMS was performed for
two days. During the experiment, the rats were in good
physiological condition and showed no discomfort.

RMT and MEP measurements

RMT and MEP were measured based on EMG record-
ings. After the rat was fixed, the left forelimb was depil-
ated and the brachioradialis was located via palpation.
The EMG was recorded via Ag/AgCl surface electrodes
in a belly-tendon montage (Micromed, Mogliano Veneto,
Italy) for both awake and anesthetized rats, with the
bandpass filtering of 0.1-1000 Hz and the sampling rate
of 32,768 Hz. A ground electrode was attached onto
the tail. A small amount of conductive gel was applied
between the electrodes and the muscles to reduce skin
resistance.

A Magstim Rapid? stimulator (Magstim Co. Ltd., Whit-
land, UK) was used to generate single-pulse TMS. A fig-
ure-of-eight coil (Magstim Co. Ltd., Whiteland, UK) with
an internal diameter of 8 mm and an outer diameter of
30 mm was fixed 2 mm from the head with a holder to
minimize the pressure on the rat’s head. Viewed from the
top, the direction of coil current was clockwise in the left
circular and counterclockwise in the right circular. Based
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on the pre-determined induced electric field, the center
of the coil was located over the right motor cortex and
moved craniocaudally and mediolaterally to identify the
“hot-spot” (often 0.5 cm lateral to bregma) [3, 29]. RMT
was defined as the lowest stimulus intensity that elicited
MEDP in the contralateral brachioradialis with a peak-to-
peak amplitude above 50 V in at least 5 out of 10 trails.
The inter-pulse interval was 7 s [7, 15] and the step size
of stimulatus intensity was 1% maximum output (MO,
1.2 T). Due to signal noise and the polymorphic nature of
the MEP we often observed MEP amplitudes of > 100 pV
in real time [23, 30, 31].

For the sham group, RMT and the MEP with 60% MO
were measured under both wakefulness and anesthesia.
Then, MEP with the stimulus intensity of 100%, 110%
and 120% RMT were recorded respectively. For 5-Hz
and 10-Hz groups, RMT was measured and MEP with
the stimulus intensity of 110% RMT was recorded under
wakefulness and anesthesia.

rTMS

After the initial RMT and MEP measurements, high-
frequency rTMS was applied for both awake and anes-
thetized rats. For the 5-Hz and 10-Hz rTMS groups, the
stimulus frequencies of rTMS were 5 and 10 Hz respec-
tively [32, 33]. The session consisted of 600 pulses with
the pulse width of 280 us [34]. The coil was positioned
in a manner consistent with that during initial RMT and
MEP measurements. For the sham rTMS group, the fre-
quency of rTMS was 5 Hz, and the coil was placed 8 cm
away from the head so as not to subject the rat to mag-
netic stimulation.

After rTMS, the RMT was remeasured in the 5-Hz
and 10-Hz rTMS groups. In the sham group, the RMT
was not remeasured again, as it would be essentially
unchanged over such a short time interval in the absence
of effective stimulation. After rTMS, MEP with the
stimulus intensity of 110% of the pre-rTMS RMT was
recorded, in all three groups. Thus, the comparison of
MEP before and after rTMS was made under the same
intensity. The increase in MEP amplitude and decrease in
RMT were calculated to evaluate the modulation of cor-
ticospinal excitability induced by high-frequency rTMS.
The rTMS-induced modulation was compared between
wakefulness and anesthesia experiments.

Data processing and statistical analysis

The RMT, peak-to-peak amplitude of MEP and the
slope of SR were calculated to quantify corticospinal
excitability and were used to investigate anesthesia
effects on the corticospinal excitability. The peak-to-
peak amplitudes of MEP were calculated using MAT-
LAB (version 2018). First, the EMG recordings were
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preprocessed, namely, 50-Hz power interference and
baseline drift were removed using inverse Fourier
transform. Second, the EMG recordings under the
same condition were segmented by TMS pulses and
averaged. As the appearance of MEP was fixed in time
relative to the TMS pulse, the superposition average
allowed the extraction of the MEP. Then, the peak-to-
peak amplitudes of MEP were calculated. The SR with
increasing stimulus intensity was quantified by the pol-
ynomial linear fitting. The slope of SR was calculated
based on the peak-to-peak amplitudes of 120% RMT
and the peak-to-peak amplitudes of 100% RMT.

To quantify the rTMS-induced modulation, delta
RMT was calculated by subtracting the RMT before
r'TMS from the RMT after rTMS, and delta MEP was
calculated by subtracting the peak-to-peak amplitudes
of MEP before rTMS from that after rTMS. Delta RMT
and delta MEP were compared between wakefulness
and anesthesia to investigate the effects of anesthesia
on r'TMS- induced modulation.

The data were expressed as mean =+ standard error of
the mean (SEM). Paired ¢ tests were used to compare
MEP and RMT during wakefulness and anesthesia.
Two-way or multi-factor analysis of variance (ANOVA)
was used to assess the effects of anesthesia, stimulus
intensity, and stimulus frequency (5 or 10 Hz) on MEP
properties and rTMS-induced modulation, followed by
post-hoc Bonferroni tests. Shapiro—Wilk normality test
was performed to determine the normal distribution,
N (0, 1). All statistical analyses were performed using
SPSS software (version 21.0) and the significance level
was set at 0.05.

Results
RMT and MEP under wakefulness and anesthesia
The RMT and the MEP at 60% MO from the sham group
were shown in Fig. 2. As shown in Fig. 2A, the RMT
under wakefulness was 44.6+1.2% MO. Under anesthe-
sia, the RMT was 55.6+2.9% MO, an increase of 11.0%
MO compared to that under wakefulness. There was
a significant difference in RMT under the two states
according to the paired-samples ¢ test (Fig. 2A, P=0.002).
As shown in Fig. 2B, “0” represented the time point of
the stimulation, and the baseline prior to stimulation was
stable. MEP appeared at 5-8 ms after stimulation and
mainly consisted of a negative peak and a positive peak.
With the stimulus intensity of 60% MO, the peak-to-peak
amplitude of MEP was 404.6+48.8 puV under wakeful-
ness and 258.6 +32.7 uV under anesthesia. The peak-to-
peak MEP amplitude under anesthesia was significantly
different from that under wakefulness according to the
paired-samples ¢ test (Fig. 2C, P=0.024).
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Both the increase in RMT and the decrease in peak-
to-peak MEP amplitude reflected the inhibitory effect of
anesthesia on corticospinal excitability.

MEP induced by increasing stimulus intensities

Based on the measured RMT, the stimulus intensities
were set as 100%, 110%, and 120% RMT respectively
in the sham group. The corresponding MEP signals

repeated-measures ANOVA, there were significant
differences among the three stimulus intensities (F(2,
35)=28.08, P<0.001), and between wakefulness and
anesthesia (F(1, 35)=17.25, P<0.001). More pre-
cisely, the peak-to-peak MEP amplitudes significantly
increased with increasing stimulus intensity (P<0.001
for wakefulness, P=0.003 for anesthesia) and, at the
intensities of 110% and 120% RMT (but not 100%

were recorded, under both wakefulness and anesthe- RMT), the peak-to-peak MEP amplitudes were
sia, as shown in Fig. 3A and 3B. According to two-way
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significantly lower under anesthesia than under wake-
fulness (Fig. 3C, 110% RMT, P=0.013; 120% RMT,
P<0.001).

The interaction effect results (F(2, 35)=2.70,
P=0.079) suggested a trend that anesthesia may affect
the increase in peak-to-peak MEP amplitudes induced
by the increasing stimulus intensity. The SR with
increasing stimulus intensity was quantified by lin-
ear fitting, as shown in Fig. 3D. The SR slope reflected
that the degree of corticospinal excitability increased
with the increase of stimulus intensity. As shown in
Fig. 3E, the SR slope under anesthesia was significantly
lower than that under wakefulness (P=0.023), reflect-
ing the inhibitory effect of anesthesia on corticospinal
excitability.

rTMS-induced modulation of RMT

Figure 4A showed the RMT before and after both 5
and 10 Hz rTMS. For the sham rTMS, the RMT was
not remeasured, as it would be essentially unchanged
over such a short time interval in the absence of effec-
tive stimulation. The RMT after rTMS was significantly
lower than that before rTMS according to the multi-
factor ANOVA (F(1, 47)=39.997, P<0.001), which
reflected the facilitation of corticospinal excitability by
rTMS.

Under both wakefulness and anesthesia, the
rTMS-induced decrease in RMT was calculated and
compared, to explore the effects of anesthesia on
rTMS-induced modulation of RMT. As shown in
Fig. 4B, the decrease in RMT induced by 10 Hz rTMS
was significantly greater than the decrease induced
by 5 Hz rTMS (E(1, 23)=5.911, P=0.022). However,
the decrease in RMT between wakefulness and anes-
thesia was not significantly different (F(1, 23)=0.065,
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P=0.800), indicating that anesthesia did not affect the
rTMS-induced modulation of RMT.

rTMS-induced modulation of MEP

MEP before and after rTMS from all three groups were
shown in Fig. 5A and 5B, respectively under wakeful-
ness and anesthesia. The MEP was recorded at a stimu-
lus intensity of 110% RMT. According to multi-factor
ANOVA, there were significant differences before and
after rTMS (F(1, 71)=27.736, P<0.001), among the
three groups (F(2, 71)=6.194, P=0.003). The post-
hocs showed that the peak-to-peak amplitudes after
r'TMS were significantly higher than that before rTMS
in 5-Hz rTMS group (p =0.001) and 10-Hz rTMS group
(p<0.001), as shown in Fig. 5C. For the sham group,
there was no significant difference in MEP before and
after rTMS (p=0.532).

Under both wakefulness and anesthesia, the increase
in peak-to-peak MEP amplitudes was calculated and
compared, to explore the effects of anesthesia on rTMS-
induced modulation of MEP. As shown in Fig. 5D, the
increase in peak-to-peak MEP amplitudes induced by
10-Hz rTMS was greater than that induced by 5-Hz
rTMS (F(1, 23)=12.111, P<0.001). Importantly, the
increase in peak-to-peak MEP amplitude induced by
rTMS was significantly lower under anesthesia than
under wakefulness (F(1, 23)=7.800, P=0.008), which
reflected the inhibitory effect of anesthesia on the rTMS-
induced modulation of MEP.

Discussion

Due to the practical difficulties while shackling awake
rats, the meticulous measurement of TMS-induced
MEP in awake rats is not easy. As a result, the explicit
comparison of TMS-induced MEP and rTMS-induced
modulation between anesthetized and awake rats is
very lacking. In this study, flexible bindings were used to
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confine awake rats on the board, and surface electrodes
were used to measure TMS-induced MEP in awake rats.
More importantly, explicit comparisons between awake
and anesthetized rats were constructed. Our results
showed that anesthesia inhibited the corticospinal excit-
ability, represented as higher RMT, lower peak-to-peak
amplitudes of MEP and lower SR slope, compared to that
under wakefulness. It’s worth noting that under anesthe-
sia, high-frequency rTMS still showed significant modu-
lation of corticospinal excitability, but the modulation
of MEP peak-to-peak amplitudes was weaker than that
under wakefulness.

RMT and MEP measurement in awake rats

In this study, the RMT under wakefulness was
44.6+1.2% MO (Fig. 2A) and MEP with 60% MO was
404.6 £48.8 uV (Fig. 2C). In the study by Linden et al,,
the mean RMT in awake rats was 31+£7.4% MO and
the peak-to-peak MEP amplitude of 100% RMT was
more than 4.6 £2.72 mV [9]. As the magnetic stimulator
used in our study (Rapidz; Magstim Co. Ltd., Whitland,
UK) was different from that used in the study by Linden
et al. (model MS-10; Caldwell Laboratories, Inc., Ken-
newick, WA, USA), the MO is different, so direct com-
parisons of RMT and MEP (% MO) are inappropriate.
However, in terms of measurement methods, this study
is more detailed than the study by Linden et al. [9]. In our

methods, surface electrodes were used instead of needle
electrodes to measure MEP and the increment of stim-
ulus intensity was set to 1% MO instead of 10% MO to
determine RMT.

In the study of Cermak et al., a headpost was implanted
into rat skull serving as a fixation of the TMS coil and
RMT under wakefulness was 34.6+6.3% maximum
stimulator output, which was estimated by observing
limb/paw twitches [26]. However, the device proposed by
Cermak et al. did not consider recording MEP in awake
rats while performing TMS. Preimplantation of subcu-
taneous recording electrodes is a promising technique,
which has been used to measure MEP induced by sub-
cutaneous electrical stimulation in awake rats [35, 36].
In future research, a focused rodent TMS coil [18], an
implanted headpost serving as a fixation of the TMS coil
and the preimplantation of subcutaneous recording elec-
trodes are promising techniques to measure MEP under
wakefulness while performing TMS. However, in order
to avoid obvious interference on MEP due to free move-
ment of the limbs, the restraint is still necessary.

Anesthesia inhibited corticospinal excitability

In the present study, the RMT under anesthesia was
55.6£2.9% MO (Fig. 2A), and the peak-to-peak
MEP amplitudes of 60% MO and 120% RMT were
258.6+32.7 pV (Fig. 2C) and 326.1+19.4 uV (Fig. 3C)
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respectively. Using the same magnetic stimulator and
coil, our results were similar to that under urethane in
the study by Sykes et al. [16]. Compared to that under
wakefulness, the RMT under anesthesia increased by
11% MO (Fig. 2A) and the peak-to-peak MEP amplitudes
of 60% MO decreased by 146 pV (Fig. 2C). A recent study
by Gersner et al. demonstrated that the MEP amplitude
in both low propofol bolus group (10 mg/kg) and high
propofol bolus group (20 mg/kg) were significantly lower
than the control group (no bolus) [27]. As anesthesia was
maintained using continuous propofol infusion (1 mg/kg
per min) before the experiment, it was not clear whether
the rats were fully awake in the control group, nor were
any measures taken to limit their movements [27]. Com-
pared with the study by Gersner et al., the major highlight
of this study is the explicit comparison between awake
and anesthetized MEP. This study provided explicit evi-
dence for the inhibition of anesthesia on corticospinal
excitability. Moreover, the SR slope under anesthesia was
significantly lower than that under wakefulness in this
study (Fig. 3E). As the SR is collectively produced by mul-
tiple stimulation intensities, the SR slope is considered a
more reliable and robust measure of corticospinal excit-
ability [23, 37].

According to the recent study [21], isoflurane inhibited
the excitatory transmitter release by blocking presynap-
tic Ca2+ channels and exocytic machinery. In addition,
the protein level of a5 GABAA receptor ((56GABAAR),
gephyrin, and dystrophin were significantly increased
under isoflurane [37]. These factors may be the reasons
that isoflurane inhibits corticospinal excitability. It is
important to note that the reduced corticospinal excit-
ability by isoflurane in this study refers to the excitability
of the entire pathway from cortex to spine.

The influence of anesthesia on rTMS-induced modulation
As shown in Fig. 4A and 5C, high-frequency rTMS facili-
tated corticospinal excitability in both awake and anes-
thetized conditions, with a reduced RMT and increased
peak-to-peak MEP amplitudes after rTMS. The modula-
tion of corticospinal excitability induced by 10 Hz rTMS
was greater than that induced by 5 Hz rTMS. The stimu-
lation frequency of rTMS has a significant influence on
the efficacy of rTMS [38]. According previous studies,
high-frequency rTMS produce after-effects via inducing
long-term potentiation (LTP) on synaptic activity in a
frequency-dependent manner [12, 38], which may be the
reason why 10 Hz rTMS modulates corticospinal excit-
ability more strongly than 5 Hz rTMS.

Under anesthesia, high-frequency rTMS still showed
significant modulation of corticospinal excitability.
Namely, even though the animals were anesthetized, neu-
romodulation was still visible. Several previous studies
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using r'TMS under anesthesia improved neuroplasticity
and restored memory impairment [39, 40]. Our results
further confirmed the findings of rTMS under anesthe-
sia. Moreover, our results showed that high frequency
r'TMS restored reduced corticospinal excitability to a
certain extent, as shown in Fig. 5C. For human neuro-
surgery, anesthesia is indispensable and the corticospinal
excitability is decreased during surgery. Alleviating the
inhibition of corticospinal excitability by intraoperative
high-frequency rTMS may be of great significance for the
accurate identification of cortical function in surgery.

It’s worth noting that the increase in MEP of 110%
RMT was significantly lower under anesthesia than
under wakefulness, indicating the modulation of MEP
was weaker than that under wakefulness. Studies have
indicated that the baseline excitability state and sponta-
neous neural activity during stimulation can dramatically
affect the modulation of rTMS [11, 23, 41]. However,
the decrease in RMT between wakefulness and anes-
thesia was not significantly different, namely, anesthesia
did not affect rTMS-induced modulation of RMT. RMT
represents the threshold for generating MEP. In this
study, the comparison of MEP amplitude was under a
supramaximal stimulus intensity (110% RMT). A previ-
ous study revealed that the threshold for producing an
MEDP reflected the excitability of a central core of neu-
rons that arises from the excitability of individual neu-
rons and their local density [42]. The MEP induced by a
supramaximal stimulus intensity may involve neurons
that are intrinsically less excitable or spatially further
from the center of activation [42]. Pharmaco-TMS-EMG
studies strongly supports that MT represents cortico-
cortical axon excitability, directly excited by TMS at
threshold intensity with the induced current oriented
along the anterior-to-posterior axis [43, 44]. MEP ampli-
tude elicited by supramaximal stimulus intensity reflects
transsynaptic activation of corticospinal neurons through
a complex network of excitatory circuits controlled by
inhibitory circuits [43, 44]. The RMT and MEP reflected
corticospinal excitability from two levels of threshold
stimulus intensity and suprthreshold stimulus intensity
respectively. The specific mechanism underlying how
anesthesia affects the rTMS-induced modulation of MEP
still needs further study.

Technical limitations

In the present study, latencies were shorter than that in
some existing TMS-MEP studies, probably because we
administered magnetic stimulation with higher inten-
sity. According to three TMS-MEP studies [3, 6, 9],
the latency of MEP decreased with the increase of the
stimulus intensity, namely, the greater stimulus inten-
sity would lead to a shorter latency. In five TMS-MEP



Wang et al. BMC Anesthesiology ~ (2022) 22:111

studies [3, 6, 7, 14, 16], the threshold of MEP was 15 pV,
20 uV or 50 pV. In our study, to quickly identify MEP
online, the threshold was set to 100 pV, which was
much higher than that in previous five TMS-MEP stud-
ies. This meant that the absolute machine output cor-
responding to 100% MT in our study was stronger than
that of the other four studies. As a result, latencies in
our study were shorter.

Before rTMS, the RMT of all three groups were meas-
ured. After rTMS, the RMT was not remeasured again
for the sham group, as it would be essentially unchanged
over such a short time interval in the absence of effec-
tive stimulation. The study by Cermak et al. revealed
no significant difference in MT across three days [26].
We acknowledge that this is a limitation of the study,
although the main conclusions are not affected.

Conclusions

In conclusion, the present study systematically meas-
ured TMS-induced MEP and rTMS-induced modula-
tion and explicit comparisons were carried out between
awake and anesthetized rats. Under anesthesia, corti-
cospinal excitability was suppressed, but rTMS-induced
modulation remained, although the modulation of MEP
peak-to-peak amplitudes was weaker than that under
wakefulness. This study provided explicit evidence for the
inhibitory effects of anesthesia on corticospinal excitabil-
ity and provided reference for the application of rTMS.

Abbreviations

TMS: Transcranial magnetic stimulation; rTMS: Repetitive TMS; MEP: Motor
evoked potential; RMT: Resting motor threshold; SR: Stimulus response; MO:
Maximum output.

Acknowledgements
Many thanks to Dr. Wenbo Liu for his help in language editing.

Authors’ contributions

XW, TW, ZL, and TY conceived and designed the experiments. XW, TW, and YL
performed the experiments. XW, JJ and HW analyzed the data. XW, ZL, and
TY wrote the manuscript. XW, ZL, and TY were responsible for critically revis-
ing the article for important intellectual content involved in the article and
approved the final version of the article for publication.

Funding

This research was supported by National Natural Science Foundation of China
(52107241, 52007199), National Key Research and Development Program

of China (2018YFC0115600), and Natural Science Foundation of Tianjin
(19JCYBJC28900).

Availability of data and materials

The data is available from the corresponding author (Tao Yin) with reasonable
request.

Declarations

Competing interests
The authors declare no competing interests.

Page 9 of 10

Ethics approval

The study was performed in accordance with the Declaration of Helsinki and
approved by the Ethics Committee of the Institute of Biomedical Engineering,
Chinese Academy of Medical Sciences & Peking Union Medical College.

Completing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Author details

'Institute of Biomedical Engineering, Chinese Academy of Medical Sciences &
Peking Union Medical College, Tianjin, China. 2Neuroscience Center, Chinese
Academy of Medical Sciences, Beijing, China.

Received: 5 November 2021 Accepted: 11 April 2022
Published online: 19 April 2022

References

1. Eldaief M, Press D, Pascual-Leone A. Transcranial magnetic stimulation in
neurology A review of established and prospective applications. Neurol-
ogy Clinical practice. 2013;3(6):519-26.

2. Vahabzadeh-Hagh AM, Muller PA, Roman G, Abraham Z, Alexander R.
Translational neuromodulation: approximating human transcranial mag-
netic stimulation protocols in rats. Neuromodulation. 2012;15(4):296-305.

3. Luft AR, Kaelin-Lang A, Hauser T-K, Cohen LG, Thakor NV, Han-
ley DF. Transcranial magnetic stimulation in the rat. Exp Brain Res.
2001;140(1):112-21.

4. Karabanov AN, Raffin E, Siebner HR. The Resting Motor Threshold
- Restless or Resting? A Repeated Threshold Hunting Technique to
Track Dynamic Changes in Resting Motor Threshold. Brain Stimul.
2015;8(6):1191-4.

5. TerBraack EM, de Goede AA, van Putten M. Resting Motor Threshold, MEP
and TEP Variability During Daytime. Brain Topogr. 2019;32(1):17-27.

6. Rotenberg A, Paul AM, Vahabzadeh-Hagh AM, Navarro X. épez Vales
R, Pascual Leone A, Jensen F: Lateralization of forelimb motor evoked
potentials by transcranial magnetic stimulation in rats. Clin Neurophysiol.
2010;121(1):104-8.

7. Muller PA, Dhamne SC, Vahabzadeh-Hagh AM, Pascual-Leone A, Jensen
FE, Rotenberg A. Suppression of motor cortical excitability in anesthe-
tized rats by low frequency repetitive transcranial magnetic stimulation.
PLoS One. 2014;9(1):e91065.

8. JinJ-n.Wang X, LiY, Wang H, Liu Z-p, Yin T: rTMS combined with motor
training changed the inter-hemispheric lateralization. Exp Brain Res.
2019;237(10):2735-46.

9. Linden RD, Zhang YP, Burke DA, Hunt MA, Harpring JE, Shields CB.
Magnetic motor evoked potential monitoring in the rat. J Neurosurg.
1999,91(1):205-10.

10. Ahmed Z, Wieraszko A. Modulation of learning and hippocampal,
neuronal plasticity by repetitive transcranial magnetic stimulation (rTMS).
Bioelectromagnetics. 2006;27(1):288-94.

11. Gersner R, Kravetz E, Naim-Feil J, Pell G, Zangen A. Long-term effects of
repetitive transcranial magnetic stimulation on markers for neuroplasti-
city: differential outcomes in anesthetized and awake animals. J Neurosci.
2011;31(20):7521-6.

12. Wang H, Xian X, Wang Y, Geng Y, Han B, Wang M, Li W. Chronic high-
frequency repetitive transcranial magnetic stimulation improves
age-related cognitive impairment in parallel with alterations in neuronal
excitability and the voltage-dependent Ca2+ current in female mice.
Neurobiol Learn Mem. 2015;118(1):1-7.

13. Loffler S, Gasca F, Richter L, Leipscher U, Trillenberg P, Moser A. The effect
of repetitive transcranial magnetic stimulation on monoamine outflow in
the nucleus accumbens shell in freely moving rats. Neuropharmacology.
2012;63(5):898-904.

14. Vahabzadeh-Hagh AM, Muller PA, Alvaro PL, Jensen FE, Alexander R.
Measures of cortical inhibition by paired-pulse transcranial magnetic
stimulation in anesthetized rats. J Neurophysiol. 2012;105(2):615-24.



Wang et al. BMC Anesthesiology ~ (2022) 22:111

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

Hsieh T-H, Dhamne S, Chen J-J, Pascual-Leone A, Jensen F, Rotenberg

A. A new measure of cortical inhibition by mechanomyography and
paired-pulse transcranial magnetic stimulation in unanesthetized rats. J
Neurophysiol. 2012;107(1):966-72.

Sykes M, Matheson NA, Brownjohn PW, Tang AD, Rodger J, Shemmell
JBH, Reynolds JNJ. Differences in motor evoked potentials induced in rats
by transcranial magnetic stimulation under two separate anesthetics:
implications for plasticity studies. Front Neural Circuit. 2016;10(1):80.
Parthoens J, Verhaeghe J, Servaes S, Miranda A, Stroobants S, Staelens

S. Performance characterization of an actively cooled repetitive
transcranial magnetic stimulation coil for the rat. Neuromodulation.
2016;19(1):459-68.

Meng Q, Jing L, Badjo JP, Du X, Hong E, Yang Y, Lu H, Choa F-S. A novel
transcranial magnetic stimulator for focal stimulation of rodent brain.
Brain Stimul. 2018;11(3):663-5.

Klenke S, Specking C, Stegen M, Engler A, Peters J. Methylation in HT22
cells and primary hippocampal neurons with and without isoflurane
exposure. BMC Anesthesiol. 2020;20(1):66.

Yatziv S-L, Yudco O, Dickmann S, Devor M. Patterns of neural activity in
the mouse brain: Wakefulness vs. General anesthesia Neuroscience Let-
ters. 2020;735(1):135212.

Wang H-Y, EguchiKohgaku Yamashita and Takayuki, Tomoyuki Taka-
hashi. Frequency-dependent block of excitatory neurotransmission by
isoflurane via dual presynaptic mechanisms. The Journal of Neuroscience.
2020;40(21):4103-15.

Blauvelt DG, Sato TF, Wienisch M, Murthy VN. Distinct spatiotemporal
activity in principal neurons of the mouse olfactory bulb in anesthetized
and awake states. Front Neural Circuit. 2013;7(1):114.

Boonzaier J, van Tilborg GAF, Straathof M, Petrov PI, van Heijningen CL,
van Vliet G, Smirnov N, van der Toorn A, Neggers SF, Dijkhuizen RM. Differ-
ential outcomes of rTMS and anesthesia effects on functional connectiv-
ity in the rat brain. Brain Stimul. 2017;10(2):418.

Ohtaki S, Akiyama'Y, Kanno A, Noshiro S, Hayase T, Yamakage M, Mikuni
N.The influence of depth of anesthesia on motor evoked potential
response during awake craniotomy. J Neurosurg. 2016;126(1):260-5.
Xiang B, Jiao S, Zhang Y, Wang L, Yao Y, Yuan F, Chen R, Zhou Q. Effects

of desflurane and sevoflurane on somatosensory-evoked and motor-
evoked potential monitoring during neurosurgery: a randomized
controlled trial. BMC Anesthesiol. 2021;21(1):240.

Cermak S, Meng Q, Peng K, Baldwin S, Mejias-Aponte C, Yang Y, Lu

H. Focal transcranial magnetic stimulation in awake rats: Enhanced
glucose uptake in deep cortical layers. Journal of Neuroscience Methods.
2020;339(1):108709.

Gersner R, Paredes C, Hameed M, Dhamne S, Pascual-Leone A, Rotenberg
A.Transcranial magnetic stimulation tracks subminute changes in cortical
excitability during propofol anesthesia. Annals of Clinical and Transla-
tional Neurology. 2020;7(3):384-9.

Percie du Sert N, Hurst V, Ahluwalia A, Alam S,Avey M, Baker M, et al. The
ARRIVEguidelines 2.0: updated guidelines for reporting animal research. J
Physiol. 2020;18(7):e3000410.

Zhang X-y, Sui Y-f, Guo T-c, Wang S-h. Hu Y, Lu Y-s: Effect of Paired Associa-
tive Stimulation on Motor Cortex Excitability in Rats. Current Medical
Science. 2018;38(5):903-9.

Enticott PG, Kennedy HA, Rinehart NJ, Tonge BJ, Bradshaw JL, Fitzgerald
PB. GABAergic activity in autism spectrum disorders: An investigation of
cortical inhibition via transcranial magnetic stimulation. Neuropharma-
cology. 2013;68(1):202-9.

Ah Sen CB, Fassett HJ, EI-Sayes J, Turco CV, Hameer MM, Nelson AJ. Active
and resting motor threshold are efficiently obtained with adaptive
threshold hunting. PLoS One. 2017;12(10):e0186007.

Hoogendam JM, Ramakers GMJ, Di Lazzaro V. Physiology of repetitive
transcranial magnetic stimulation of the human brain. Brain Stimul.
2010;3(2):95-118.

Chen X, Dong G-Y, Wang L-X. High-frequency transcranial magnetic
stimulation protects APP/PS1 mice against Alzheimer’s disease progress
by reducing APOE and enhancing autophagy. Brain and Behavior.
2020;10(8):¢01740.

Hsieh TH, Huang YZ, Rotenberg A, Pascual-Leone A, Chiang YH, Wang

JY, Chen JJJ. Functional dopaminergic neurons in substantia nigra are
required for transcranial magnetic stimulation-induced motor plasticity.
Cereb Cortex. 2015;25(7):1806-1804.

Page 10 of 10

35. Oria M, Chatauret N, Raguer N, Cérdoba J. A new method for measuring
motor evoked potentials in the awake rat: effects of anesthetics. J Neuro-
traum. 2008;25(1):266-75.

36. Oria M, Chatauret N, Chavarria L, Romero Giménez J, Palenzuela L, Pardo
Yules B, Arranz JA, Bodega G, Raguer N, Cérdoba J. Motor-evoked poten-
tials in awake rats are a valid method of assessing hepatic encephalopa-
thy and of studying its pathogenesis. Hepatology. 2010;52(1):2077-85.

37. Siebner HR, Hartwigsen G, Kassuba T, Rothwell JC. How does transcranial
magnetic stimulation modify neuronal activity in the brain? Implications
for studies of cognition. Cortex; a journal devoted to the study of the
nervous system and behavior. 2009;45(9):1035-42.

38. Dong X, Yan L, Huang L, Guan X, Dong C, Tao H, Wang T, Qin X, Wan Q.
Repetitive transcranial magnetic stimulation for the treatment of Alz-
heimer’s disease: A systematic review and meta-analysis of randomized
controlled trials. PLOS ONE. 2018;13:20205704.

39. KrishnanV, Shin S, Belegu V, Celnik P, Reimers M, Smith K, Pelled G.
Multimodal Evaluation of TMS - Induced Somatosensory Plasticity and
Behavioral Recovery in Rats With Contusion Spinal Cord Injury. Front
Neurosci. 2019;13(1):387.

40. TanT, Xie J, LiuT, Chen X, Zheng X, Tong Z, Tian X. Low-frequency (1Hz)
repetitive transcranial magnetic stimulation (rTMS) reverses AR1-42-
mediated memory deficits in rats. Exp Gerontol. 2013;48(8):786-94.

41. Joyeux L, Deprez M, Khatoun A, Van Kuyck K, Pelsmaekers K, Engels AC,
Wang H, Monteiro Carvalho Mori da Cunha MG, De Vleeschauwer S, Mc
Laughlin M, et al. Quantitative analysis of motor evoked potentials in the
neonatal lamb. Sci Rep. 2017;7(1):16095.

42. Hallett M. Transcranial magnetic stimulation: a primer. Cell Press.
2007;55(2):187-99.

43. Ziemann U.TMS and drugs. Clin Neurophysiol. 2004;115(8):1717-29.

44. Ziemann U, Reis J, Schwenkreis P, Rosanova M, Strafella A, Badawy R,
Mdller-Dahlhaus F. TMS and drugs revisited 2014. Clin Neurophysiol.
2015;126(10):1847-68.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Anesthesia inhibited corticospinal excitability and attenuated the modulation of repetitive transcranial magnetic stimulation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animal preparation and grouping
	Platform for fixing rats
	RMT and MEP measurements
	rTMS
	Data processing and statistical analysis

	Results
	RMT and MEP under wakefulness and anesthesia
	MEP induced by increasing stimulus intensities
	rTMS-induced modulation of RMT
	rTMS-induced modulation of MEP

	Discussion
	RMT and MEP measurement in awake rats
	Anesthesia inhibited corticospinal excitability
	The influence of anesthesia on rTMS-induced modulation
	Technical limitations

	Conclusions
	Acknowledgements
	References


