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a b s t r a c t

The motor evoked potential (MEP) is an electrical response of peripheral neuro-muscular pathways to
stimulation of the motor cortex. MEPs provide objective assessment of electrical conduction through
the associated neural pathways, and therefore detect disruption due to a nervous system injury such as
spinal cord injury (SCI).

In our studies of SCI, we developed a novel, multi-channel set-up for MEP acquisition in rat models.
Unlike existing electrophysiological systems for SCI assessment, the set-up allows for multi-channel MEP
acquisition from all limbs of rats and enables longitudinal monitoring of injury and treatment for in vivo
models of experimental SCI.
otor behavioral (BBB) test The article describes the development of the set-up and discusses its capabilities to acquire MEPs in
rat models of SCI. We demonstrate its use for MEP acquisition under two types of anesthesia as well as a
range of cortical stimulation parameters, identifying parameters yielding consistent and reliable MEPs.

To validate our set-up, MEPs were recorded from a group of 10 rats before and after contusive SCI. Upon
contusion with moderate severity (12.5 mm impact height), MEP amplitude decreased by 91.36 ± 6.03%.
A corresponding decline of 93.8 ± 11.4% was seen in the motor behavioral score (BBB), a gold standard in

rodent models of SCI.

. Introduction

The motor evoked potential (MEP) is the peripheral nervous sys-
em’s response to an external electrical or magnetic stimulus in
he motor cortex (Nashmi et al., 1997; Haan and Kalkman, 2001).
hanges in MEP waveform shape and amplitude have been shown

n many studies to exhibit significant correlation with spinal cord
njury, neurological deficit (Patil et al., 1985; Fehlings et al., 1989),
nd recovery (Nashmi et al., 1997; Onifer et al., 2007b). In two
arly studies, Patil et al. showed that transsection of the spinal cord
aused disappearance of the MEP, while Fehlings et al. showed a
elationship between the severity of the spinal cord injury induced
nd the amplitude of the MEP.

Over time, MEP recording has been applied to various clinical

ituations in order to increase understanding of spinal cord motor
athways. In two such recent studies, Diehl et al. assessed facil-

tation of lower limb MEPs to improve diagnosis of incomplete
pinal cord injury, and Galgiardo et al. showed that MEPs were sig-
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nificantly different in patients with multiple sclerosis as opposed
to controls (Diehl et al., 2006; Gagliardo et al., 2007). However,
such application is constrained by the difficulties in obtaining a
consistent MEP signal, and by the lack of a standardized proto-
col for recording of MEPs in in vivo experimental research studies.
In experimental or animal-based MEP research, many different
approaches have been used for MEP recording. For example, Schlag
et al. have used protocols with low-frequency cortical stimulation,
while Kakinohana et al. used comparatively higher-frequency stim-
ulation (Schlag et al., 2001; García-Alías et al., 2006; Kakinohana et
al., 2007).

In the context of spinal cord injury (SCI), MEP monitoring is
important since it can provide direct assessment of the electrical
function of the spinal cord motor pathways (Nashmi et al., 1997;
Gruner and Yee, 1999; Cao et al., 2005; Lee et al., 2007). This may
be used to examine the effects of graded spinal cord injury, as in
studies by Nashmi et al. or by Cao et al. or to examine the efficacy of
various therapeutics as in studies by Gruner et al. and Lee et al. Mod-
erate and severe injuries to the spinal cord do not always destroy

the entire neuro-pathways at and around the epicenter of impact.
After injury, a small number of axons may retain their anatomi-
cal continuity, although they may not be functional. MR-Imaging
is used for identification of this “functional incompleteness” and
“anatomical completeness”, allowing treatment to be designed; its

dx.doi.org/10.1016/j.jneumeth.2010.08.017
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ig. 1. The figure shows a schematic time course of the two stimulation protocols
enotes the stimulus interval and R denotes response interval, or the ‘sweep time
rains were used to stimulate each of the four limbs so that each fourth stimulus ev

ffectiveness can be monitored using MEPs (Bunge et al., 1993;
akulas, 1999, 2004; Fawcett, 2002).

Similar electrophysiological monitoring is performed using
omatosensory evoked potentials (SSEPs), which are a measure of
he functional integrity of the sensory pathways of the spinal cord.
uch evoked potential studies, as performed by García-Alías et al.,
ee et al., Al-Nashash et al. and others are generally longitudinal;
ith evoked potential monitoring being performed both before and

fter the rat is injured (García-Alías et al., 2006; Lee et al., 2007;
nifer et al., 2007b; Agrawal et al., 2009a; Al-Nashash et al., 2009;
ll et al., 2009). However, these studies generally do not record
voked potentials from all four limbs and as a result do not provide
complete picture of spinal cord integrity. The development of a
ulti-channel set-up for evoked potential recording is therefore

mportant. The multi-channel system would be particularly appli-
able to models of SCI that induce paraplegia. In these models, only
indlimb function is affected. However, there is need for quality
ontrol of the MEP changes and unless forelimb MEP signals can
e recorded in conjunction with hindlimb MEP signals, it is diffi-
ult to determine whether any change in hindlimb MEP signals is
irectly correlated with the injury, or with other injury parameters
hat may not be related to contusion.

In this article we describe a set-up to record multi-channel MEPs
n rats from all the four limbs. This method uses a set of cranial
lectrode positions, which allows for concurrent recording of MEPs
nd SSEPs from the same rat. In developing this method, we draw
pon two previous methods for electrical MEP stimulation (1) a

ow-frequency stimulation method (15 Hz) (Schlag et al., 2001),
nd (2) a high-frequency stimulation (500 Hz) (Kakinohana et al.,
007). Fig. 1 shows the stimulus pulse-trains used in both methods.
fter attempting both methods, we determine a set of stimulation
arameters that allows for consistent MEP recording. We then vali-
ate our MEP set-up in detecting injury to the spinal cord. To do this,
e record MEP signals and perform behavioral assessments using

he Basso, Beattie and Bresnahan (BBB) locomotor test for a group
f 10 rats. The BBB test is a motor behavioral assessment method,
nitially presented by Basso et al. that subjectively quantifies loco-

otive deficit in rats; it is widely used in rodent models of spinal
ord injury basic research as discussed by Brösamle et al. and Onifer
t al. in two reviews of the use of animal models to study spinal cord
njury (Basso et al., 1995, 1996; Brösamle and Huber, 2006; Onifer
t al., 2007b). We then examine the effect of contusive injury gen-
rated by the NYU-MASCIS impactor on MEP signal amplitude and
BB score by comparing baseline and day 1 post-injury values.
. Methods

All experimental procedures were in accordance with the guide-
ines provided in the Rodent Survival Surgery manual and were
n this study, high-frequency (500 Hz; top) and low-frequency (15.1 Hz, bottom). S
g which an MEP signal can be recorded. It should be noted that successive pulse
response from the same limb again.

approved by the Institutional Animal Care and Use Committee
(IACUC) at the Johns Hopkins University.

A total of 10 adult female Fischer rats, with a mean body
weight of 220 ± 20 g, were used. Rats were housed individu-
ally and had free access to food and water. After injury, their
bladders were expressed regularly for up to 5 days with no com-
plications or infections observed. During the survival period, no
sign of autotomy or autophagy was observed. The rats were
also placed on a homeothermic blanket system (Harvard Appa-
ratus Ltd., Kent, UK) to maintain their body temperature at
37 ± 0.5 ◦C, as measured by a rectal probe, throughout the entire
experiment. Lacrilube ophthalmic ointment (Allergan Pharma-
ceuticals, Irvine, CA) was applied to the rats’ eyes to prevent
drying.

Electrode implantation: MEP electrode implantation was per-
formed 2 days prior to contusive injury and was performed using a
mixture of Ketamine (75 mg/kg), Xylazine (10 mg/kg) and Atropine
(0.3 mg/kg), 0.14 ml of which was administered via intra-peritoneal
injection 10–15 min prior to surgery. Following anesthesia, a
midline incision was made on the rat’s head skin, the tissues under-
neath were cleaned and the cranium exposed. Five holes were
drilled in the skull, as shown in Fig. 2, using a standard dental drill
(Fine Science Tools, North Vancouver, BC, Canada).

Screw electrodes (E363/20, Plastics One, Inc, Roanoke, VA) were
implanted to a depth of 0.75 mm. Care was taken to ensure that
the electrodes made light contact with, but did not put pressure
on or puncture the dura mater. Forelimb screw electrodes were
inserted 0.2 mm posterior to bregma, and 3.8 mm lateral to the
midline. Hindlimb screw electrodes were inserted 2 mm posterior
to the bregma and 2 mm lateral to the midline. During determi-
nation of the stimulation parameters, a reference electrode was
inserted in one hemisphere, in the right frontal bone, 2 mm from
the coronal and sagittal sutures. After determination of appropri-
ate stimulation parameters, the position of this reference electrode
was changed in order to allow for concurrent recording of SSEPs
and MEPs using the same electrode arrangement. This new refer-
ence electrode position was then used in validation of the recording
procedure. The new reference electrode was inserted 4 mm lateral
to the midline and 6 mm posterior to the bregma, in the occipi-
tal bone. The distal end of each electrode was then inserted into a
slot on an electrode pedestal (MS363, Plastics One, Inc, Roanoke,
VA). Carboxylate dental cement (Durelon Carboxylate Cement, 3M,
ESPE, St. Paul, MN) was then used to hold the screw electrodes and
the pedestal in place, securing them for long term stimulation of
MEPs.
The electrode implantation was done with high level of preci-
sion by an expert micro-surgeon with many years of experience of
rat surgery with many publications (Dr. All) (Agrawal et al., 2009b,
2010a,b). Although the positional accuracy with respect to anatomy
is hard to characterize, the reproducibility of our MEP signals across
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Fig. 2. A schematic of the experimental set-up for the acquisition of the multi-limb motor evoked potentials (MEP). The rat skull was implanted with a set of 5 screw
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lectrodes making light touch with the dura. The stimulation was generated with th
ulse-trains (S1–S4; freq. 20 Hz, pulse width 100 �s, amplitude 5–12 mA). The four-c
ampled at 5 kHz and stored for further analysis. The signals were acquired before
YU impactor with an impact height of 12.5 mm.

ifferent animals and across different trials in a single animal, is
ndicative of this precision.

The contusive injury: Following intra-peritoneal anesthesia, the
ack region of the rat was shaved and aseptically prepared with
hlorhexidine (Phoenix Pharmaceuticals, Inc., St. Joseph, MO). A
idline incision was made along the thoracic vertebrae and the

kin was opened. The paravertebral muscles at the region of interest
T6–T12) were retracted. A laminectomy was performed at thoracic
ertebra T8 to expose the dorsal surface of the spinal cord, with-
ut opening the dura mater. The spinous processes of the vertebrae
t T6 and T12 were secured in stabilization clamps to reduce the
otion of the spinal column during impact. The impact rod was

entered above the exposed part of the spinal cord at the T8 level.
he rod was slowly lowered until it came in contact with the dura.
his contact was detected by the completion of a circuit, activating
n alarm. The exposed dorsal surface of the spinal cord at the T8
evel was then contused with the NYU weight-drop device by drop-
ing a 10 g rod with a flat circular impact surface from a height of
2.5 mm. This was a moderate contusion injury, similar to more
han 50% of SCI cases observed in humans. Various biomechani-
al parameters such as the impact velocity of the rod, the distance
f cord compression, the cord compression rate, and the dynamic
orce applied to the cord were precisely monitored using the com-
uter, and there was <0.05% variation between these values, which
as statistically insignificant.

Post-injury care: After injury, the muscles were sutured in
ayers using absorbable 2-0 suture, and the skin was closed

ith 4-0 suture. All rats were allowed to recover in a warmed
age and food and water was kept easily accessible. The antibi-
tic Gentamicin (5 mg/kg, intramuscular; Abbott Laboratories,
bbott Park, IL) was administered immediately post-surgery and

hen daily for 4 days. The analgesic, Buprenex (0.01 mg/kg of
.3 mg/ml, intramuscular; Reckitt Benckiser Pharmaceuticals, Inc.,

ichmond, VA) was delivered post-surgery and daily for 3 days.
fter surgery, the rat’s bladders were expressed 2 times a day
ither for the first 4 days or until they regained control of their
rination.
of a computer controlled signal generator and delivered in the form of 4 successive
l bipolar MEPs were recorded with 4 sub-dermal electrodes, amplified and digitally

ter the contusive spinal cord injury (at the thoracic vertebra T8) induced using the

Multi-limb MEP: MEP signals were acquired 15 min after induc-
tion of anesthesia. During determination of MEP stimulation
parameters, two types of anesthesia were tried.

Ketamine anesthesia: A mixture of 45 mg/ml of Ketamine and
5 mg/ml of Xylazine was administered via intra-peritoneal injec-
tion.

After determination of stimulation parameters, it was found
that the addition of Atropine to the anesthesia cocktail improved
MEP amplitude. This is consistent with previous research which
indicates that the addition of Atropine to a Ketamine/Xylazine anes-
thesia cocktail helps reduce the incidence of cardiac arrhythmia and
excessive salivation (Green et al., 1981).

Implemented anesthesia: MEP signal validation was therefore
performed under a mixture of Ketamine (75 mg/kg), Xylazine
(10 mg/kg) and Atropine (0.3 mg/kg), which was administered via
intra-peritoneal injection.

Isoflurane anesthesia: The rat was held in a transparent chamber
with 3% Isoflurane and room air flow until the onset of drowsiness.
Its mouth and nose was then placed within an anesthesia mask
with a well-fitting rodent size diaphragm, which was connected to
a C-Pram circuit designed to deliver and evacuate the gas through
one tube. A mixture of 1.5% Isoflurane, 80% oxygen and room air
was delivered to the mask at the rate of 2 l/min for anesthesia.

During recording, the rat’s mouth and nose was then placed
within a gas mask with a well-fitting rodent size diaphragm. The
rat continued spontaneous breathing throughout the course of the
recording.

MEP acquisition: An isolated constant current stimulator (DS3,
Digitimer Ltd., Hertfordshire, England) was used for the electri-
cal stimulation of the MEP. This stimulator was controlled by an
RP2.1 Real-Time Processor (Tucker-Davis Technologies, Alachua,
FL), using the OpenEx software suite (Tucker-Davis Technologies,
Alachua, FL), installed on a PC running the Windows XP operat-

ing system. MEPs were recorded from each of the limbs using
sub-dermal needle electrode pairs (Safelead F-E3-48, Grass Tech-
nologies, West Warwick, RI). For each limb, one needle electrode
was inserted as a recording electrode into the belly of the tib-
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alis anterior (TA) muscle in the case of the hindlimbs and the
xtensor digitorum communis muscle in the case of the forelimbs,
nd one needle electrode was inserted as a reference electrode
nto the footpad of the limb. These needle electrodes were con-
ected to an RA16LI headstage, with a gain of 10,000, which was
onnected to an RA4PA pre-amplifier (both from Tucker-Davis
echnologies, Alachua, FL). This pre-amplifier interfaced with an
A16BA Medusa Base Station (Tucker-Davis Technologies, Alachua,
L), which performed the data acquisition at a sampling frequency
f 5000 Hz. The Medusa Base Station was also controlled using the
penEx software suite. MEP stimulation and recording was done

eparately for each limb, moving clockwise from the right fore-
imb to the right hindlimb. Fig. 2 shows a schematic of the entire
et-up.

Stimulation parameters: Trains of electrical stimulation were
sed to induce MEP signals. In order to determine MEP stimulation
arameters, two stimulus frequencies were used: low-frequency
timulation at 15.1 Hz and high-frequency stimulation at 500 Hz.
hese stimulation frequencies were chosen through reference to
apers by Schlag et al. (2001) and Kakinohana et al. (2007). In both
ases, stimulus intensity varied between 5 and 12 mA.

High frequency: A pulse train of 6 pulses was used; this was the
owest number found to produce adequate MEP signals. Pulse width

as 100 �s with an inter-train frequency of 0.5 Hz.
Low frequency: A pulse train of 5 pulses was used, with pulse

idth of 50 �s.
After comparing these two approaches, we determined that

ow-frequency stimulation produced more consistent MEP signals,
f higher amplitude. A range of frequencies ∼15 Hz (10 Hz, 15 Hz,
0 Hz) and pulse numbers∼6 (4–10) were then tried. A compromise
et of stimulation parameters was determined, which was used for
alidation of the MEP signal in an SCI model.

Implemented parameters: A pulse train of 5 pulses was used, with
ulse width 100 �s, intra-pulse period of 50 ms, and inter-train fre-
uency of 0.5 Hz. Stimulation intensity was varied between 3.5 and
2 mA.

The MEP signal was recorded for 500 ms after the initiation of
ach pulse-train, but only the portion of the MEP signal located
ithin 50 ms of the final stimulus pulse was analyzed. 500 ms of

ecording was performed in order to also allow for analysis of any
igh-latency changes, no such changes were however observed,
hich is why 50 ms of the MEP signal was analyzed. Due to the high

ignal-to-noise ratio, 5 min of MEP recording, or 150 sweeps were
ound to be sufficient, both for baseline and post-injury recordings.
o sweeps were rejected. In order to verify the ability of MEP to
etect injury to the spinal cord, MEP recordings were performed
n the first day after the contusion injury was performed. Baseline
pre-injury) MEP recordings were also performed.

A notch filter was then used to remove 60 Hz noise from the
ignals. Running averages, each containing 10 sweeps of the signal
ere then obtained and analyzed to ensure consistent behavior of

he signal throughout the recording cycle. The grand average of all
ime-locked sweeps was then taken. This average was used for all
urther analysis.

Behavioral assessment: The BBB motor behavioral test was per-
ormed to validate the MEP set-up. One week prior to surgery, all
ats were made familiar with the open field area and research assis-
ant personnel at four different instances. Two days prior to the
njury, the locomotor function of all animals was assessed using
he 21-point open-field (BBB) locomotor rating scale (Basso et al.,
995, 1996). Behavioral assessments were then performed on the

rst day after the injury. All observations were made by two inde-
endent observers, who were unaware of the extent or nature of the

njury. Behavioral assessment was performed within a few hours
f MEP recording. In our studies, Matlab 7.0 (The Mathworks, Inc.)
as used for the statistical analysis.
Fig. 3. The figure shows a biphasic MEP signal. The peaks of the signal are circled.
Peak-to-peak amplitude obtained from such time-domain analysis is a commonly
used measure for MEPs.

Mean peak-to-peak amplitude was calculated for each of the
MEP signals, as shown in Fig. 3 by taking the difference in ampli-
tude between the first negative and first positive peak. Percentage
change in amplitude from baseline recordings after injury to the
spinal cord was then determined and used to validate the ability of
MEP signals obtained to detect SCI.

3. Results

Ketamine anesthesia and high-frequency stimulation: High-
frequency stimulation produced an MEP signal with amplitude
of 215.62 ± 17.67 �V and variability of 8.19% (coefficient of varia-
tion = 0.0819). High stimulation intensities of 12 mA were required
to obtain MEPs. A representative MEP signal is shown in Fig. 4a.

Isoflurane anesthesia and high-frequency stimulation: In the high-
frequency stimulation method, no MEP signal could be seen. A
representative MEP figure is shown in Fig. 4b.

Ketamine anesthesia and low-frequency stimulation: Low-
frequency stimulation produced MEP signals with amplitude of
384.60 ± 13.84 �V and very low variability between sweeps of
3.60% (coefficient of variation = 0.0360). A representative MEP fig-
ure is shown in Fig. 4c.

Isoflurane anesthesia and low-frequency stimulation: The use of
Isoflurane anesthesia severely diminished the MEP response, as
shown in Fig. 4d. Even at maximum stimulation parameters of
12 mA and 14 pulses, only a faint twitch was observed and the
characteristic polyphasic shape of the MEP signals was highly dis-
turbed. The peak-to-peak amplitude of the response was found to
be 31.68 ± 14.56 �V with high variability of 45.96% (coefficient of
variation = 0.4596). A representative MEP figure is shown in Fig. 4d.

Validation: Time-domain analysis of MEPs obtained at baseline
and post-injury show dramatic differences, validating the ability
of MEPs obtained through this system to detect SCI. Fig. 5a and b
shows representative MEP signals obtained from the right and left
hindlimb of a rat. Note the flat nature of the MEP signal after injury,
as compared to the polyphasic shape of the baseline MEP signal.

Fig. 6 shows the percentage change in the amplitude of MEPs
observed. MEP peak-to-peak amplitude dropped 91.36 ± 6.03%.

This is normalized with respect to the baseline amplitude observed
for each rat. A paired t-test was then performed, to validate that the
reduction in MEP amplitude was significant with p-value < 0.05 for
the hindlimbs.
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ig. 4. The figure shows MEP signals obtained using (a) Ketamine anesthesia and h
etamine anesthesia and low-frequency stimulation and (d) Isoflurane anesthesia
nesthesia produces the most consistent and high-amplitude MEP.

Behavioral analysis: Evaluation of open-field locomotor per-
ormance using BBB scoring directly correlated with the results
btained with the amplitude analysis. The injury group showed
ramatic reduction in locomotion immediately following spinal
ord injury. Fig. 6 clearly shows this agreement.

BBB baseline motor behavioral scores were 21 in all rats indicat-
ng no impairments or injuries. After the contusion, the average of
he BBB scores was 1.3 ± 2.4, confirming the results obtained with
he MEPs recordings.

However, no significant correlation was observed between MEP
mplitude variations at the injured stage and BBB score variations
t the injured stage. This is possibly due to the narrow nature of
he BBB score in the assessment of injured rats. BBB scores varied
etween 0 and 1 for all but 1 of the rats considered, while MEP
ercentage amplitudes varied from 1.2% to 15.6% of baseline values.
n absence of such correlation is therefore not unexpected.
. Discussion

The main aim of this study was to determine an experimental
rotocol that would consistently and successfully record multi-
equency stimulation, (b) Isoflurane anesthesia and high-frequency stimulation, (c)
low-frequency stimulation. Note that low-frequency stimulation under Ketamine

channel MEPs. As seen in Fig. 5a and b using our multi-channel
set-up and Ketamine cocktail anesthesia with low-frequency
(20 Hz) stimulation pulses for cortical stimulation, we were able
to obtain stable MEPs in the baseline, injury and control groups of
our study. Further, the MEP signals obtained decline dramatically
after injury.

Some details of our MEP stimulation protocol merit further dis-
cussion. Our results suggest that high-frequency stimulation does
not produce reliable MEP signals, a result that contrasts with that
of Kakinohana et al. (2007). We also found that Isoflurane severely
depresses MEP signals, to the point of eradicating them in high-
frequency recording. This might be due to the fact that Isoflurane
has been shown to depress I-waves of the MEP in previous clinical
and experimental studies (Calancie et al., 1991; Hicks et al., 1992;
Russell et al., 1994; Ubags et al., 1998; Zhou and Zhu, 2000). Further,
we found that a combination Ketamine/Xylazine/Atropine cocktail

allows for recording of high-amplitude MEPs during light anesthe-
sia. This is consistent with other findings for a Ketamine/Xylazine
cocktail (Green et al., 1981; Zandieh et al., 2003).

Following the comparison of these two methods, we attempted
to explore low-frequency stimulation, to determine useful stimula-
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ig. 5. The figure shows representative MEP signal before and after injury for the (a)
eft hindlimb and (b) right hindlimb. Note the dramatic reduction in amplitude of
he MEP signal following spinal cord injury. These MEP signals were obtained using
etamine anesthesia.

ion parameters. We observed that stimulus intensity could not be
tandardized, except insofar as a determination of the correct range
f stimulation was possible (5–12 mA). Hindlimb MEP stimulation
enerally required higher MEP stimulus intensity than Forelimb
EP stimulation, but rat-to-rat variation was common. We there-

ore did not attempt to standardize this parameter. We however
ecided that pulse width of 100 �s was the appropriate param-
ter to use. Higher pulse width of stimulation was observed to

ause excessive twitching of limbs in the rats, during stimulation,
nd lower stimulus width failed to produce a usable signal. We
hen attempted to select appropriate stimulation intensities. In our
xperience, stimulation frequencies >20 Hz produced high levels of
witch in the rat during recording and therefore affected replicabil-
Fig. 6. The figure shows the percentage change in MEP amplitude and the change
in BBB score following injury. The error bar indicates the standard deviation of the
change. Note the dramatic reduction in MEP amplitude following injury.

ity of the MEP signal. Stimulation frequencies <10 Hz produced an
excessive delay between each twitch, preventing improvement in
the MEP signal shape within each pulse train, thereby negating the
effect of using a pulse train. In our experience, both 15 Hz stimu-
lation and 20 Hz stimulation produced consistent MEP recordings.
However, to improve MEP signal development, we decided to use
20 Hz as our stimulation frequency, as such use appeared to pro-
vide just enough time for the MEP signal to completely develop in
between each stimulus of the pulse train.

The inter-stimulation interval was also varied. No effect of such
variation on either experimental quality or MEP signal-to-noise
ratio was observed. It should also be noted that as presented, our
multi-limb set up can record all four peripheral channels simul-
taneously. This is important, since the set up could then allow
characterization of any electrical “leakage” across neural pathways
– especially in the case of injured pathways. Note that the so called
“sprouting” of neuronal axons after contusive spinal cord injury
– equivalent to electrical shorting of a circuit – is a documented
anatomical fact (Hill et al., 2001; Weaver et al., 2001). The sprouting
could lead to partial leakage of a single cortical electrical stimu-
lus, through all four peripheral pathways. Our set up will allow
characterization of such a leakage due to its ability to record simul-
taneously from all four limbs.

The second aim of the study was to validate this MEP protocol,
and apply it to spinal cord injury. As seen in the results, the maximal
MEP amplitude (recorded at around 230 ms after the last stimulus
of the train) dropped approximately 90% one day after contusion,
indicating the high sensitivity of the MEP signal to injury to the
spinal cord.

The BBB open-field motor behavioral test was applied to all the
rats before and after the contusion, in order to corroborate and
reinforce the results obtained by analyzing the MEPs in the time and
time-frequency domain. These scores were in agreement with the
MEPs. The rats had a score of 21 (no hindlimb impairment) before
the injury and a score in the range of 1 following the contusion.

Note that the BBB scores and electrophysiology with MEP should
be viewed as complementary assessments of efficacy of various
treatment regimens. The objectivity of MEP recording allows for
the confirmation of BBB scores obtained, and ensures that any
improvement seen in the functional ability of the rat has an electro-
physiological basis and not as a result of the subjective components
of the BBB tests.

It is also important to note that the placement of skull elec-

trodes used in this study allows for concurrent measurement of
SSEP signals from the rat. While there have been many studies
which use either MEPs (Cao et al., 2005; García-Alías et al., 2006;
Beaumont et al., 2009) or SSEPs (Nagai et al., 2006; Onifer et
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l., 2007a; Nakashima et al., 2008; Saadoun et al., 2008; Agrawal
t al., 2009b) to characterize SCI, fewer studies use both meth-
ds and record MEPs and SSEPs from the same rat before and
fter SCI. Concurrent measurement of SSEPs and MEPs is possible
sing the set-up described in this paper. This provides electro-
hysiological determination of the functional integrity of both the
ensory and motor pathways of the spinal cord in a single rat, and
herefore is a more complete view of spinal cord neuro-pathway
unctionality.

In summary, we have developed and implemented a successful
rotocol for recording robust MEPs. From our comparison of var-

ous anesthesia and stimulation parameters, we have found that
ortical current stimulation with a 3.5–12 mA pulse train with pulse
requency of 20 Hz and pulse width of 100 �s under Ketamine anes-
hesia yields the best MEP signal in a rat. Use of such a protocol
ould improve the objectivity of current animal models research
ith MEP.
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