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Objectives: To approximate methods for human transcranial magnetic stimulation (TMS) in rats, we
tested whether lateralized cortical stimulation resulting in selective activation of one forelimb contralat-
eral to the site of stimulation could be achieved by TMS in the rat.
Methods: Motor evoked potentials (MEP) were recorded from the brachioradialis muscle bilaterally in
adult male anesthetized rats (n = 13). A figure-of-eight TMS coil was positioned lateral to midline. TMS
intensity was increased stepwise from subthreshold intensities to maximal machine output in order to
generate input–output curves and to determine the motor threshold (MT) for brachioradialis activation.
Results: In 100% of the animals, selective activation of the contralateral brachioradialis, in the absence of
ipsilateral brachioradialis activation was achieved, and the ipsilateral brachioradialis was activated only
at TMS intensities exceeding contralateral forelimb MT. With increasing TMS intensity, the amplitudes of
both the ipsilateral and contralateral signals increased in proportion to TMS strength. However, the
input–output curves for the contralateral and ipsilateral brachioradialis were significantly different
(p < 0.001) such that amplitude of the ipsilateral MEP was reliably lower than the contralateral signal.
Conclusions: We demonstrate that lateralized TMS leading to asymmetric brachioradialis activation is
feasible with conventional TMS equipment in anesthetized rats.
Significance: These data show that TMS can be used to assess the unilateral excitability of the forelimb
descending motor pathway in the rat, and suggest that rat TMS protocols analogous to human TMS
may be applied in future translational research.
� 2009 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Transcranial magnetic stimulation (TMS) is a nearly quarter-
century-old method for noninvasive focal cortical stimulation that
is in wide use in humans for studying cortical plasticity and corti-
cal excitability (Barker et al., 1985; Barker et al., 1987; Hallett,
2007). TMS in humans is commonly applied over the motor cortex
such that a reliable unilateral motor evoked potential (MEP) can be
elicited in the contralateral arm and hand muscles (Kobayashi and
Pascual-Leone, 2003; Fitzgerald et al., 2006). The MEP features,
such as its peak amplitude or its integrated voltage, can then be
measured as markers of regional cortical excitability, and the
MEP latency can be used to assess conduction along central motor
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pathways. Presently, motor cortex TMS methods are applied in a
wide range of studies in healthy subjects and in patients with dis-
orders of cortical excitability or corticospinal integrity. Epilepsy,
stroke, motor neuron disease, and multiple sclerosis are among
the diseases where motor cortex TMS methods appear useful to
measure the extent of disease, or the effect of therapeutic interven-
tions (Ziemann, 2004; Rossini and Rossi, 2007; Frye et al., 2008).

In recent years, TMS research has been extended to the rat (Luft
et al., 2001; Avdin-Abidin et al., 2008; Rotenberg et al., 2008, in
press), a common translational research animal model. Yet,
although human in human TMS experiments TMS strength is most
often calibrated to unilaterally activate the upper limb motor cor-
tex, the majority of published TMS data in rats are derived from
experiments where MEPs were recorded from the hindlimbs (Luft
et al., 2001; Luft et al., 2002). Forelimb TMS-induced MEPs have
been demonstrated in rats, but the capacity to induce unilateral
forelimb MEPs and to measure their threshold for activation by
ed by Elsevier Ireland Ltd. All rights reserved.
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TMS has not been described (Kamida et al., 1998; Nielsen et al.,
2007). That is, relatively focal TMS of the rat motor cortex similar
to human focal TMS that results in upper limb MEPs selectively
contralateral to the site of stimulation has not been shown. Such
regional stimulation in the rat would be useful in many experi-
mental protocols where unilateral hemispheric stimulation is
desired.

Among the present limitations for focal TMS in rats is the rela-
tively broad volume of electrical current which can be induced by a
conventional TMS coil which in a rat brain may translate to simul-
taneous stimulation of the motor cortex in both hemispheres and/
or of the distal components of descending motor pathways, and
thus limit the translational relevance of methods intended to mod-
el relatively focal human TMS. Improving focality of rat TMS by
construction of miniature TMS coils has been difficult as this re-
quires restricting the amount of current discharged into them, in
order to prevent the risk of coil rupture (Cohen and Cuffin,
1991). However, the lack of focality offered by conventional TMS
coils may be overcome with eccentric coil positioning such that
only a fraction of the electromagnetic field is applied to one hemi-
sphere (Luft et al., 2001). Accordingly, to better approximate hu-
man focal TMS methods in rats and to facilitate future
translational rat TMS experiments, we conducted the present study
to test whether lateralized TMS coil placement can lead to asym-
metry of the brachioradialis MEP in the rat.
2. Materials and methods

2.1. Animal preparation

Thirteen adult male Long-Evans rats (243 ± 37 g; mean ± s.d.)
were used for the present experiment. All animals were housed
in a temperature-controlled animal care facility with a 12/hour
light-dark cycle. All procedures were approved by and in accor-
dance with the guidelines of the Animal Care and Use Committee
at Children’s Hospital (Boston, MA) and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Rats were
anesthetized with intraperitoneal sodium pentobarbital and placed
into a stereotactic frame within 30 minutes after injection. Sodium
pentobarbital was administered in divided doses starting with
50 mg/kg. After placement into the ear bars, rats were assessed
clinically at 15 min intervals and additional sodium pentobarbital
was administered in increments equal to 20%–30% of the initial
dose until a clinical state of deep sedation with preserved with-
drawal from foot pinch was achieved. All efforts were made to
minimize animal suffering and the number of animals used. Rat
body temperature was maintained with a circulating water heater.
Fig. 1. Rat and TMS coil setup. Anesthetized rats were placed into an electrically
isolated metal rodent stereotactic frame. EMG was recorded from the brachiorad-
ialis muscle bilaterally as the figure-8 TMS coil was positioned with its center
anterior and lateral to bregma. Active (white arrow), reference (black arrow) and
ground (gray arrow) electrodes are indicated. The TMS coil midline is marked by a
white triangle. Note, direction of electrical current (arrows on coil) is constant in
with the coil positioned over either the left or the right hemisphere. (For
interpretation of color mentioned in this figure the reader is referred to the web
version of the article.)
2.2. Electromyography

MEPs were recorded with monopolar uninsulated 27G stainless
steel needle electrodes (Axon Systems Inc., Hauppauge, NY) in-
serted into the belly of each brachioradialis muscle. Location of
the brachioradialis was determined by palpation through with
the forelimb in extended position. A reference electrode was posi-
tioned distally in the paw between the 3rd and 4th digit. Each ani-
mal was electrically grounded via a single needle electrode placed
in the tail. EMG signal was band pass filtered 100–1000 Hz and
amplified X1000 (AM Systems Model 1700; Sequim, WA). EMG sig-
nal was digitized with 40 kHz sampling and stored for post hoc
analysis (AD Instruments Colorado Springs, CO). To eliminate aver-
aging of positive and negative voltages of polyphasic signals, all
MEP voltages were converted to absolute values and integrated
for measures of power (area under the curve).
2.3. Transcranial magnetic stimulation

A MagStim Rapid magnetic stimulator equipped with one boos-
ter and a figure-of-eight coil (outside lobe diameter = 20 mm, in-
side lobe diameter = 10 mm; combined long axis
length = 110 mm; Magstim Company, Whitland, UK) was used for
the present study. To minimize the probability that electrical cur-
rent would be induced by the magnetic stimulator in the metal ste-
reotactic frame and conducted to the rat, the ear bars and snout
clamp were covered with paraffin film before each experiment.
The TMS coil was held in a micromanipulator and secured to the
stereotactic frame (Fig. 1), which permitted movement of the coil
in three axes. TMS intensity was recorded as percent machine out-
put (% MO), with 100% corresponding to the maximal amplitude
electrical current conducted through the magnetic coil, and to
the maximal strength of the generated magnetic field.

TMS sessions conducted with the coil in a relatively constant
position with the center 12.50 ± 0.84 mm (mean ± s.d.) lateral
(mirrored either left or right) to midline, 3.58 ± 0.26 mm posterior
to bregma and in light contact with the scalp, which in our experi-
ence approximates a 2.5 mm distance between an adult rat brain
and coil surface. Since surgical exposure of the bregma would re-
quire a deeper anesthetic state than could be tolerated in our
experiment, the anterior–posterior bregma coordinates were cal-
culated relative to the interaural line and used a the zero referent
according to methods described by Wishaw et al. (1977). The slight
variation in coil center position in the present experiment reflects a
small variance in skull width and curvature of the snout. Once the
TMS coil was positioned, an input–output curve was generated by
systematically adjusting the stimulator intensity in steps of 5% MO
from 40% to 100% MO with a 7 s inter-pulse interval.

2.4. Statistics

All data were reviewed post hoc by visual inspection. Individual
EMG traces with obvious electrical artifact (<0.1% of total) were
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eliminated from analysis. Peak-to-peak amplitude, motor thresh-
old (MT) and integrated amplitude were computed automatically
in the 5–30 msec time window, as our pilot data indicated a 4 msec
maximal duration of TMS artifact, and approximately 25 msec
maximal latency to onset of the MEP in rats. Values from ten con-
secutive sweeps were averaged for the comparison of MEP voltages
at any one TMS intensity. Means of values derived from the MEP
ipsilateral and contralateral to site for stimulation at multiple
TMS intensities were compared by paired 2-tailed t-tests, and pro-
portions were compared by chi squared test. Contribution of later-
ality and stimulus intensity to MEP amplitude were compared by
two-way ANOVA.
3. Results

3.1. Motor threshold and the contralateral MEP

Rapid motor threshold (MT) measures were obtained from the
input–output curve in each animal post hoc by automated analysis.
We designated forelimb MEPs as ‘‘contralateral” if the signal was
from the brachioradialis in the limb opposite to the stimulated
hemisphere, and ‘‘ipsilateral” if the signal was from the brachiorad-
ialis in the limb on the same side to the stimulated hemisphere.

Based on pilot brachioradialis TMS-derived MEP data in our lab-
oratory and on published reports establishing motor hindlimb
MEPs in rats, we defined MT as the stimulation intensity (% MO)
Fig. 2. Representative motor evoked potential (MEPs). Lateralized ipsilateral (left) and c
Each tracing is an average of five MEPs at 100% MT. Latency to the start of the first pos
appearance of the MEP signal required rectification to absolute values for statistical inte
at which a MEP >15 lV in amplitude was recorded on P5 of 10 tri-
als (Luft et al., 2001). With these criteria, we identified average MT
of 86.2% ± 8.9% MO (mean ± s.d.). We also found a left–right dis-
crepancy such that average left hemisphere (right brachioradialis)
MT was 81.4% ± 8.0% MO (n = 7), and the right hemisphere (left
brachioradialis) average MT was 91.7% ± 7.5% MO (n = 6), signifi-
cantly greater than left (p = 0.03; t = 2.42). However, as TMS coil
positions were essentially constant over the left and right hemi-
sphere, the possibility that the left–right discrepancy reflects a dif-
ference in size or location of the relevant portions of the motor
systems should be considered and further study will be required
to validate this finding.

At 100% MT, contralateral brachioradialis MEP onset latencies,
defined as time to the start of the first positive deflection, ranged
from 7.6 to 12.4 ms (mean 10.4 ± 1.5 ms). The MEPs generally
had a complex and polyphasic morphology with one or two prom-
inent peaks followed by a variable number of lower amplitude
peaks (Fig. 2), resembling in appearance and reliable lateralization
the cortically-derived MEPs seen with direct electrical stimulation
(Schlag et al., 2001).

3.2. Forelimb MEP lateralization

The contralateral and ipsilateral forelimbs differed significantly
with respect to the MT and the MEP size. Although MT (>15 lV
MEP on P5 of 10 trials) was reached in the contralateral limb in
100% of the animals, MT criteria in the ipsilateral limb were met
ontralateral (right) MEPs recorded from the brachioradialis in four rats are shown.
itive deflection (*) was used to calculate timing of MEP onset. Note, the polyphasic
gration of voltages. Upward trace deflections correspond to negative voltage.



Fig. 3. Lateralized forelimb MEP activation. Asymmetry of the MEP response to
eccentric TMS coil position is demonstrated in a Kaplan–Meier curve which shows a
greater proportion of rats with contralateral (solid line) than ipsilateral (dashed
line) activation at suprapthreshold stimulator intensities.
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only in 15% (2 of 13) of the subjects. In the remaining rats, ipsilat-
eral MT was not reached, even at 100% MO (Fig. 3).

The lateralization of the brachioradialis signal is also supported
by the input–output curves which demonstrate that ipsilateral
MEP amplitudes were smaller than contralateral ones. For the en-
tire group of animals, at stimulator intensities P70% MO, peak as
well as integrated MEP voltage was significantly greater for contra-
lateral than for ipsilateral MEP (Fig. 4 A and B). Two-way ANOVA of
these data reveals significant (p < 0.001) independent contribu-
tions of signal laterality and stimulus strength toward either the
peak or integrated voltage MEP measure.
B

A

*

**

**
*

**
*

Fig. 4. Ipsilateral–contralateral MEP size discrepancy. Input–output curves show
consistently greater mean integrated (A) and maximal (B) voltage in the brachio-
radialis contralateral to the stimulated hemisphere at intensities >70% MO. Error
bars represent standard error of mean. (*) p < 0.05; (**) p < 0.01.
In two rats, a bilateral MEP (Fig. 5) consistent with bilateral acti-
vation of descending motor pathways was identified, at stimula-
tion intensities exceeding 100% MT. Although we did not observe
isolated limb twitches with TMS in any animal, at TMS intensities
approaching 100% MO, a visible twitch of the torso variably accom-
panied the bilateral MEP suggesting relatively broad motor activa-
tion with the higher TMS intensities.
4. Discussion

The present experiment provides the first demonstration that
predominantly contralateral forelimb MEPs can be obtained with
conventional TMS equipment that is adapted for rats. We also
show that basic TMS-derived measures such as MT, an input–out-
put curve, and an ipsilateral–contralateral MEP size ratio can be
obtained from the rat brachioradialis. As 100% of subjects showed
an ipsilateral–contralateral brachioradialis MEP discrepancy con-
sistent with preferred activation of a contralateral motor pathway,
these data support the hypothesis a reproducible asymmetric fore-
limb motor response can be achieved with a fixed eccentric TMS
coil position. Although the current data do not exclude bilateral
activation of extra-motor cortex, or motor connections beyond
the brachioradialis, the reliable MEP asymmetry suggests that re-
gional TMS is feasible in anesthetized rats. These data provide a
Fig. 5. Contralateral and ipsilateral MEPs. (A) Representative averaged sweeps from
two rats show a predominantly contralateral MEP at 100% MT. (B) Bilateral MEPs
are evident at stimulator of 112.5% MT (top) and 133.3% MT (bottom). Five sweeps
were averaged per tracing. Upward trace deflections correspond to negative
voltage.
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step toward extending human TMS protocols to translational re-
search where unilateral forelimb descending motor pathways can
be interrogated in rats and in rat disease models.

The relatively low signal amplitude and high MT for the contra-
lateral MEP, 100% MO in one rat may be an anesthesia effect. For
instance, the paralytic capacity of sodium pentobarbital (Krampfl
et al., 2000) may have contributed to the overall lower MEP ampli-
tude in our study as compared to other published reports. This ele-
vated threshold for activation may also account for the large
fraction (85%) of rats who did not meet ipsilateral limb MT criteria.
However, an overall lower MEP size does not affect the main obser-
vation of MEP asymmetry with eccentric position. We anticipate
that in follow-up work to this study, simultaneous recording from
multiple muscle groups in the forelimbs and in the hindlimbs may
facilitate more detailed characterization of lateralized TMS effects
in rats.

The broad MT range (Fig. 3) in our data also suggests that fol-
low-up experiments aimed to test systematically a range of anes-
thetics and doses to identify an optimal rat TMS protocol would
also be useful. The application of EEG methods to monitor the
depth of anesthesia as described by Luft et al. (2001) may also be
beneficial in future experiments. Additionally, the capacity for rel-
atively focal cortical activation with a large TMS coil suggests that
development of a novel compact TMS coil to facilitate focal electro-
magnetic coupling between the stimulator and the rat brain (Lie-
betanz et al., 2003) would perhaps enable greater localization of
the induced current in future work.

The origin of MEPs in rats remains a matter of interest that will
require further investigation that is beyond the scope of the cur-
rent experiment which is aimed to demonstrate asymmetry of
the brachioradialis MEP with eccentric TMS coil positioning in rats.
The strong lateralization of the MEPs in our study suggests that the
signals originate within one hemisphere. Further, their polyphasic
morphology suggests a cortical origin as these appeared similar in
latency and morphology to published cortically-derived MEPs in
rats that are seen with direct electrical stimulation (Schlag et al.,
2001). However, as some signals had relatively early (<8 msec)
latencies to onset, a subcortical origin of activation is plausible.
We anticipate that further studies employing methods for focal
brain and spinal cord lesion as well as precise electrical stimulation
to test whether distinct cortical and subcortical forelimb MEP gen-
erators can be identified. Ultimately, the translational relevance of
rat MEP data will have to be confirmed in follow-up studies since
whether and to what extent rat corticomotor connectivity resem-
bles human is an area of active investigation (Liang et al., 1991;
Liang et al., 1993; Alstermark et al., 2004).
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