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Object. Unilateral contusions represent an increasingly popular model for studying the pathways and recovery
mechanisms of spinal cord injury (SCI). Current studies rely heavily on motor behavior scoring and histological
evidence to make assessments. Electrophysiology represents one way to reliably quantify the functionality of motor pathways. The authors sought to quantify the functional integrity of the bilateral motor and sensory pathways
following unilateral SCI by using measurements of motor and somatosensory evoked potentials (MEPs and SSEPs,
respectively).
Methods. Eighteen rats were randomly divided into 3 groups receiving a mild unilateral contusion, a mild midline contusion, or a laminectomy only (control). Contusions were induced at T-8 using a MASCIS impactor. Electrophysiological analysis, motor behavior scoring, and histological quantifications were then performed to identify
relationships among pathway conductivity, motor function, and tissue preservation.
Results. Hindlimb MEPs ipsilateral to the injury showed recovery by Day 28 after injury and corresponded to
approximately 61% of spared corticospinal tract (CST) tissue. In contrast, MEPs of the midline-injured group did not
recover, and correspondingly > 90% of the CST tissue was damaged. Somatosensory evoked potentials showed only
a moderate reduction in amplitude, with no difference in latency for the pathways ipsilateral to injury. Furthermore,
these SSEPs were significantly better than those of the midline-injured rats for the same amount of white matter
damage.
Conclusions. Motor evoked potential recovery corresponded to the amount of spared CST in unilateral and
midline injuries, but motor behavior consistently recovered independent of MEPs. These data support the idea that
spared contralateral pathways aid in reducing the functional deficits of injured ipsilateral pathways and further support the idea of CNS plasticity.
(http://thejns.org/doi/abs/10.3171/2012.1.SPINE11684)
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C

ontusion models of SCI are used to study damage
to a number of key motor and sensory pathways
that provide regulation of motor movement. It is
increasingly important to study and characterize these
models because the majority of human SCIs are contusion
injuries, whereas penetration injury and complete transaction are quite rare.37,55 Many recent studies have focused

Abbreviations used in this paper: BBB = Basso-Beattie-Bres
nahan; CST = corticospinal tract; MEP = motor evoked potential;
ROI = region of interest; RST = rubrospinal tract; SCI = spinal cord
injury; SSEP = somatosensory evoked potential.
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on unilateral injury to the spinal cord.7,8,21,32,34,38,40,45,46,48
These rodent models are ideal for evaluating specific motor pathways, such as the CST and RST, and for assessing
the efficacy of rehabilitative therapies. It has been shown
that disruption of the CST and RST in SCI results in behavioral motor deficits.38 Despite this damage, however,
motor behavior improves within several weeks postinjury.7
Furthermore, it has been shown that forepaw gripping in
rats with cervical SCI improves even when the majority
of fibers in the CST are disrupted.8 Rehabilitative training
also improved recovery of forelimb and hindlimb function
after unilateral contusion injuries.45 Although these studies
J Neurosurg: Spine / Volume 16 / April 2012

Functional assessment of unilateral contusion injury
that point to recovery are promising, unilateral contusion
studies rely heavily on motor behavior scoring and histological evidence to make their assessments.21,32,34,40,45,46,48
Therefore, it is important to characterize the functional
integrity of the motor pathways in addition to gross behavioral improvements.
Motor evoked potentials represent a reliable method
of quantifying the functionality of motor pathways.17,18
Specifically, MEPs have been extensively used to evaluate
the integrity of descending motor tracts, such as the CST
and RST, following SCI.1–6,17,18,26,31 Motor evoked potentials
are the electromyographic response of muscle in the periphery that are a result of stimulation of the motor cortex
using electrical current or transcranial magnetic stimulation. Somatosensory evoked potentials represent an objective, quantitative measure of sensory pathway continuity2–5
and are used by clinicians to assess spinal cord damage
in humans.20 Here, we present electrophysiological data
in conjunction with histological quantification and behavioral scores that reflect the sparing and recovery of motor
pathways after mild unilateral injury, an assessment that
has not yet appeared in the literature. We also report that
sensory pathways undergo less functional damage after a
unilateral injury than a midline injury for the same amount
of white matter tissue damage.
Both somatosensory and motor pathways have been
shown to generate new lateral axonal sprouts following spinal cord lesions,19,39,56 which supports CNS plasticity and
functional repair. The CST in rats is located in the ventral
part of the dorsal columns. Lesions to the dorsal CST in
rats have been shown to lead to new collaterals that originate from myelinated axons,9,10 and these new collaterals
have been shown to form synapses with motor neurons.9
Furthermore, regenerated axons through the lesion area
have been reported to aid in open-field behavioral recovery.29 In unilateral injuries, it has been shown that the outgrowth of CST axons terminates in the ipsilateral impaired
side of the spinal cord.14 The results presented here quantify the function of spinal tracts after a clinically relevant
unilateral injury and support the idea of plasticity following injury.

Methods

All experimental procedures were in accordance with
the guidelines provided in the Rodent Survival Surgery
manual and were approved by the Institutional Animal
Care and Use Committee at the Johns Hopkins University.
We sought to evaluate the extent of damage to the CST
as the result of a mild unilateral injury by using SSEPs
and MEPs recorded from pathways both ipsilateral and
contralateral to the SCI. We used histological data to supplement electrophysiological data to draw a link between
the functional integrity of the spinal cord and anatomical
preservation of the spinal tracts. Motor behavior of injured
rats was rated using the BBB score. Seventeen adult female
Lewis rats (Charles River Laboratories, Inc.), with an average body weight of 230 g, were used for this study. Prior to
electrode implantation, each rat was randomly assigned to
1 of 4 injury groups: midline injury (3 rats), right unilateral
injury (5 rats), left unilateral injury (4 rats), or laminectomy
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(5 rats). For data analysis, the right and left unilateral injury groups were combined (9 rats), and hindlimbs were
considered as either ipsilateral or contralateral to the site of
injury. The rats were housed in individual cages and given
free access to food and water.
Electrode Implantation

Rats were anesthetized and an incision was made
along the midline of the skull. Five bur holes were drilled
into the cleaned and exposed part of the cranium using a
standard dental drill (Fine Science Tools, Inc.). As shown
schematically in Fig. 1, 4 of these holes corresponded to the
right and left hemisphere sensorimotor cortical areas for
the hindlimbs and forelimbs. Forelimb sites are located 0.2
mm posterior to the bregma and 3.8 mm laterally from the
bregma, and hindlimb sites are located 2.5 mm posterior
to the bregma and 2.8 mm laterally from the bregma. The
fifth hole was drilled 3.0 mm to the right of the lambda
to serve as an intracranial reference. Transcranial screw
electrodes (Plastics One, Inc.) were then screwed into the
holes. Care was taken to ensure that the electrodes made
very light contact with the dura mater without compressing the dura or cortex. Random histological examinations
were performed to ensure that there was neither formation
of hematoma nor damage to brain structure as a result of
screw electrode implantation. The distal end of each electrode held an insulated 10-mm conductive wire with very
low impedance and was inserted into the slot of an electrode pedestal (Plastics One, Inc.). Carboxylate dental cement (3M) was used to hold the screw electrodes and electrode pedestal permanently in place. The skin incision was
closed with a 4-0 suture, and 2% lidocaine gel was applied.

Spinal Cord Injury

A standard MASCIS impactor (W. M. Keck Center
for Collaborative Neuroscience) was used to induce the
contusive injury in rats. Laminectomy was performed to
remove the laminae of T-8 and T-9 to expose the dorsal
surface of the spinal cord. Laminae are the posterior pedicles of the vertebral arch. Stabilization clamps were used
to immobilize the T-6 and T-12 vertebrae to support the
spinal column during impact. The T-8 was placed directly
under the vertical shaft of the mechanical impactor. In
the case of a unilateral insult, we offset the position of the
probe by 0.8 mm laterally (either left or right) to induce
an insult weighted toward one side of the spinal cord. The
impactor (2-mm gauge and 10 g) was adjusted to a height
of 6.25 mm to induce a mild midline or unilateral injury.
The probe was then released and allowed to fall freely
onto the rat’s spinal cord. The impact trajectory, height,
velocity, and duration of impact were recorded by a computer and were compared with expected values to ensure
consistency across all injuries. The rat was removed from
the device, and its paravertebral muscles and skin were
sutured. The entire procedure was performed while the
rat was under gaseous anesthesia consisting of a mixed
flow of 2% isoflurane, 80% oxygen, and room air at a flow
rate of 2 L/minute. The rat was placed on an electric heating pad to maintain body temperature at 37°C ± 0.5°C
throughout the experiment. An adequate level of anesthe415
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Fig. 1. Schematic of the setup for unilateral injury at T-8 (right) and placement of cranial screw electrodes over the sensorimotor cortex (left). Numbered electrodes correspond to the right forelimb (1), left forelimb (2), left hindlimb (3), and right hindlimb (4)
regions of the cortex and the reference (5). The example MEPs correspond to a right unilateral injury. “Contralateral to injury” or
“ipsilateral to injury” refers to MEPs recorded from the limb respective to the side of unilateral insult. The gray pathway indicates
the injured motor tracts corresponding to a right unilateral injury.

sia was determined by monitoring the corneal reflex and
limb withdrawal to pinch stimuli.
Electrophysiological Analysis

We used a neurophysiology monitoring setup for a
multilimb acquisition of SSEPs and MEPs, as previously
described.2–6,13,26,36 Two baseline recordings were taken
prior to injury or laminectomy, followed by recordings obtained at Days 7, 14, and 28 after injury.
For SSEPs, animals were anesthetized with 1.5%
isoflurane, and evoked potentials were recorded simultaneously from each of the 4 implanted electrodes while
sequentially stimulating each of the 4 limbs. Subdermal
needle electrodes (Safelead F-E3–48, Grass Technologies)
were used to stimulate the median and tibial nerves of the
forelimbs and hindlimbs, respectively, and a reference electrode was placed subdermally at the neck. Current pulses
of amplitude 3.5 mA and a duration of 200 μsec were delivered at a frequency of 0.25 Hz so that each limb received
a pulse once per second (1 Hz). For each recording session,
300 sweeps were recorded per electrode per limb.
For MEPs, animals were anesthetized via an intraperitoneal injection of a mixture of 43.5 mg/kg of ketamine, 4.3 mg/kg of xylazine, and 0.17 mg/kg of atropine
sulfate. As isoflurane has been shown to severely depress
MEP responses, this ketamine mixture was used for MEP
recordings to acquire the most reliable signal possible.1
Recording needle electrodes (Safelead F-E3–48) were inserted intramuscularly into the tibialis anterior muscle of
the hindlimbs. Reference electrodes were inserted into the
footpad of the corresponding limb, and a ground electrode
was inserted subdermally at the base of the tail. Bipolar
stimulation between 1 of the 4 cortical screw electrodes
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and the frontal screw was used to deliver a train of 5 pulses
at 15.1 Hz, with each pulse 200 μsec in duration. The simulation intensity varied between 3.5 and 12 mA, depending
on the threshold stimulation at which muscle activity was
found during baseline recordings; the threshold value was
determined as the intensity eliciting an observable twitch
in the limb but without excessive head shaking. Recordings
were performed with an intensity 50% above threshold.
Each cortical electrode individually applied a pulse train
every 2 seconds to acquire a minimum of 30 sweeps from
each limb per recording session.
Somatosensory evoked potentials were recorded using
an RA4LI headstage, and MEPs were recorded using an
RA16LI-D low-impedance headstage (both from TuckerDavis Technologies). All signals were sampled at 4882 Hz
using an RA16 Medusa Base Station and digitally recorded
using OpenEx recording software (Tucker-Davis Technologies) to a personal computer. Somatosensory evoked
potential signals were additionally amplified with a gain of
20,000 using an RA4PA Medusa PreAmp (Tucker-Davis
Technologies).
Signal Processing

To improve the signal-to-noise ratio, 3 mean sweeps
were computed per limb per recording by averaging 100
consecutive stimulus-locked sweeps or 10 consecutive
stimulus-locked sweeps for SSEP and MEP, respectively
(Fig. 2). A custom peak detection algorithm was used for
computing the peak-to-peak amplitude and latency for each
mean sweep, within the window of 5 and 30 msec after the
time of stimulus. The average amplitude and latency were
computed for each experimental group. All data reported
represent the means ± standard error. Statistical analysis
J Neurosurg: Spine / Volume 16 / April 2012
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Fig. 2. Representative MEP (upper) and SSEP (lower) response waveforms up to Day 28 after midline and unilateral SCI
from 2 sample rats. Following midline injury, MEPs were undetectable, whereas SSEPs improved only marginally. Following
unilateral injury, MEPs recorded from the hindlimb ipsilateral to injury (unilateral injured) exhibited a measurable recovery by
Day 28, whereas those recorded from the hindlimb contralateral to injury (unilateral uninjured) showed a near full recovery to
baseline levels. Somatosensory evoked potentials for stimulation of the ipsilateral injured hindlimb showed a slight decrease that
remained constant over the 28 days, whereas those for stimulation of the contralateral uninjured hindlimb showed no decrease
from baseline.

was performed using a 2-tailed unpaired t-test when comparing 2 injury groups and using a 2-tailed paired t-test
when determining statistical significance over baseline
values within 1 experimental group. Statistical significance
was considered as p < 0.05.
Motor Behavior Scoring

The 21-score BBB Locomotor Rating Scale1–6,11,12 was
used to validate the motor behavior of each animal before
and after injury. Two well-trained examiners, blinded to
the injury groups, evaluated and scored the motor behavior of each animal for the left and right sides individually.
Scoring was performed before injury and on Days 1, 7, 14,
21, and 28 after injury.
Histological Assessment

Rats were killed via transcardial perfusion with Dulbecco phosphate-buffered saline (GIBCO) and 4% paraformaldehyde solution (Electron Microscopy Sciences).
The spinal cord was carefully extracted from the vertebral
column, postfixed in 4% paraformaldehyde followed by a
30% sucrose solution for 24 hours, and embedded in paraffin. Spinal cords were sliced and fixed on glass slides. The
slides were stained with H & E to assess the morphology
of the injury and to quantify the percent damage of the
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gray matter, white matter, and CST. Percent damage was
calculated using the NIS-Elements Advanced Research
software package (Nikon Instruments, Inc.). In brief, binary masks were created based on predetermined control
threshold values for pixel composition, defining damage
versus undamaged areas of the spinal cord slice image.
For each histology image, individual ROIs were created
by hand, outlining the gray matter, white matter, and CST.
The binary masks were then restricted to each ROI to report the percent damage within the respective ROI, output
in μm2/μm2. Three histological slices through the epicenter
of injury were analyzed for each rat, and the mean percent
± standard error was reported.

Results
Descending Motor Pathways

Following contusive SCI to one-half of the spinal cord,
MEPs were recorded from each hindlimb either contralateral or ipsilateral to the injury during stimulation of the respective contralateral motor cortex via the implanted cortical electrodes (Fig. 1). In a similar fashion, SSEPs were
recorded from the same cortical electrodes during stimulation of the tibial nerve either contralateral or ipsilateral to
417
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injury. The MEPs and mean SSEPs are shown in Fig. 2 for
representative rats from each injury group. Baseline evoked
potentials recorded prior to injury are shown as a reference
for each rat. Hindlimb MEPs for the midline-injured rat
were completely abolished after the contusion injury and
did not recover even by Day 28. Similarly, MEPs measured
from the hindlimb ipsilateral to injury (unilateral injured)
were also abolished after injury but showed a slight recovery by Day 28. Motor evoked potentials recorded from
the hindlimb contralateral to injury (unilateral uninjured)
showed substantial recovery of function.
Group results were quantified using mean amplitude
(Fig. 3a). Motor evoked potential amplitudes for the 2 sides
of the unilateral injured group were significantly different for all days following injury. Furthermore, although
MEP amplitude disappeared in the midline-injured group
and showed no observable recovery, the unilateral injured
group displayed slight recovery by Day 28 (15 ± 8 μV, p =
0.007, compared with midline), suggesting partial recovery of motor tracts in a unilateral injury but not a midline
injury. For all injury groups, the mean MEP amplitudes
were significantly different from the corresponding baseline amplitude at all days postinjury. Although both left
and right sides of the spinal cord, specifically the motor
neuropathways, sustained some degree of injury during
unilateral impact, the injury was significantly greater on
the injured side.
Ascending Sensory Pathways

For the midline-injured rats, SSEPs were reduced in
amplitude but still present, unlike the MEPs, which were
completely abolished. The SSEPs corresponding to unilateral injured pathways as a result of stimulation of the
injured hindlimb were reduced compared with baseline, although they maintained a consistent shape and amplitude
for the duration of the study. Furthermore, SSEPs of the
unilateral injured pathways exhibited noticeably greater
amplitude than those of the midline-injured rats, even at

Day 7 after injury (42 ± 8 μV and 102 ± 16 μV for unilateral
injured and midline injury groups, respectively; p = 0.01).
Finally, we noted that SSEPs due to stimulation of the uninjured hindlimb in unilateral rats did not significantly different from baseline (p = 0.80, 0.67, and 0.77 for Days 7, 14,
and 28, respectively) and were consistent over the course of
the experiment.
As with the MEPs, group results were quantified using
mean amplitude; latency was used as a second parameter
to evaluate the conduction rate (Fig. 3b–c). With respect to
sensory pathways, SSEP amplitudes recorded from cortex
were significantly different between the 2 sides of the spinal cord in unilateral injury at Days 7 and 14 after injury.
However, the significance between these groups reduced
over time and was not maintained at Day 28.
More notably, SSEP amplitudes of pathways ipsilateral
to injury in the unilateral group were significantly greater
than those in the midline-injured group for all recording
days (p = 0.01, 0.008, and 0.016 for Days 7, 14, and 28, respectively). One can conclude that for the same severity of
contusion, the unilateral injury undergoes less functional
damage to somatosensory pathways. The latency of SSEPs,
which conveys information about the speed at which the
signal travels to the cortex, was not significantly different
between the injured and uninjured sides of the unilateral
group (p = 0.32 at Day 7). Furthermore, neither side of
the unilateral injury was significantly different from the
baseline latency. However, the latency was on average 2.55
msec greater in the midline-injured group than in the unilateral group over the course of 28 days.
Histological Evaluation of Tissue Damage

In addition to the electrophysiological analysis, we
performed a histological assessment of spinal cord slices
from the epicenter of injury after Day 28. Spinal cord slices
for representative rats from the laminectomy, midline injury, and unilateral injury groups are shown in Fig. 4a–c.
Laminectomy controls showed no visible damage to any

Fig. 3. Bar graphs showing group results comparing hindlimb electrophysiological data for midline (3 rats) and unilateral (9 rats)
injuries. a: Motor evoked potential amplitude for the midline-injured group was significantly different from that for the uninjured
limbs of the unilateral group for all days and was significantly different from the injured limbs of the unilateral group at Day 28, which
suggests partial recovery of motor tracts. All injury groups were significantly different from baseline at all days. b: Somatosensory evoked potential amplitude was significant between the 2 sides of the unilateral injury group for all days, those in the unilateral
injured group and midline-injured group were significantly different for all days, and those in the midline injury group and baseline
were significantly different for all days. c: Somatosensory evoked potential latencies between midline and both sides of the
unilateral injury were significant for all days; differences between the 2 limbs in the unilateral group, as well as between the 2 limbs
and baseline, were not significant for any day; and SSEP latencies for midline injury were significantly different from baseline for all
days. Values are reported as the means ± SE. *p < 0.05. **p < 0.01. B = baseline; D7, . . . 28 = Day 7, . . . Day 28.
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Fig. 4. Stained spinal cord slices showing the injury of 3 representative rats: laminectomy control (a), midline injury (b), and
unilateral injury (c). Bar graph (d) showing quantification of the percent of damaged tissue in the 3 groups. Schematic (e) of the
rat midthoracic spinal cord. Damage was quantified for the gray matter (GM), white matter (WM), and CST for each injury group.
Laminectomy controls did not show any quantifiable damage (0%), and thus data for this group are not shown. The 2 sides in
the unilateral group were significantly different in all tissue types. The midline and unilateral uninjured groups were significantly
different in all tissue types, whereas differences between the midline and the unilateral injured side were significantly different
only in the gray matter and the CST. Three slides per rat from the midline contusion (2 rats), unilateral (4 rats), and laminectomy
(1 rat) groups. *p < 0.05. **p < 0.01. H & E, original magnification × 20.

area of the spinal cord. Midline-injured rats showed extensive damage localized to the midline area comprising the
CST and gray matter, with considerable damage in the surrounding white matter tissue as well. Unilateral injury rats
showed very similar damage on the injured side (extensive
damage to the CST, gray matter, and white matter) with
limited damage to some areas of the CST and gray matter
on the side contralateral to contusion. These findings were
quantified using imaging software that evaluated the pixel
composition of each histological image, and the results are
presented in Fig. 4d as the percent damage of each tissue.
There was no quantifiable damage associated with the laminectomy group; therefore, this group was not included in
the quantified results.
The percent damage found in the gray matter and
the CST revealed similar trends among the remaining 3
groups (unilateral uninjured, unilateral injured, and midline groups). The uninjured unilateral side showed very
little damage to either region, followed by the injured side,
which showed 28% ± 11% and 39% ± 7% damage to the
gray matter and CST, respectively. Finally, the midline
contusion group showed the most damage with 57% ± 1%
and 82% ± 11% damage to the gray matter and CST, respectively. Next, we compared the unilateral injured group
with the midline injury group. The differences between
these groups were significant in gray matter and CST (p
< 0.001 and p = 0.01, respectively); however, the difference
in white matter damage was not significantly different between these groups (p = 0.38).
J Neurosurg: Spine / Volume 16 / April 2012

Motor Behavior Scores

We present gross motor behavior data, evaluated using
the BBB scale, as supplemental data to the electrophysiological and histoanatomical characterizations. Two expert
experimenters blinded to the type of injury independently
scored the left and right hindlimbs of each rat. The scores
for rats with a unilateral injury were divided respective
to the side of injury, whereas the left and right hindlimb
scores for the midline group were averaged. Figure 5 shows
gradual motor recovery over the course of 28 days for all
injury levels, with recovery beginning as early as Day 1 after injury. The BBB scores for the midline injury, unilateral
injured, and unilateral uninjured group plateaued at 16.0 ±
0.5, 18.7 ± 0.6, and 19.7 ± 0.3 points, respectively. Accordingly, the trends for each injury group showed that BBB
scores correspond to the severity of injury. On any given
day, the unilateral injury groups had higher BBB scores as
compared with the midline injury group. Moreover, uninjured limbs of rats in the unilateral group always exhibited
higher BBB scores as compared with those in the unilateral injured group (p < 0.1 at Days 4, 7, and 14).

Discussion

Hindlimb motor function in mammals is primarily
controlled by 2 descending motor tracts in the spinal cord:
the CST and the RST.41 In rats, the CST is located in the
ventral part of the dorsal column of the spinal cord and
419
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Fig. 5. Graph showing the BBB scores for hindlimb motor function
at 4 weeks postinjury. Limbs were scored independently by observers
unaware of the rats’ injuries. For midline and laminectomy groups, the
average of the 2 limbs was used; for the unilateral groups, limb scores
were plotted separately, according to side. At Day 28, the mean BBB
scores plateaued at 20.6 ± 0.6 for the laminectomy (control) group, 16.0
± 0.5 for the midline injury group, 19.7 ± 0.3 for the unilateral uninjured
group, and 18.7 ± 0.6 for the unilateral injured group. A statistically significant difference was found between midline and unilateral injuries.
*p < 0.05.

can be easily damaged by any dorsal impact or contusive
injury. Rubrospinal tracts are located in dorsolateral sides
of the spinal cord in rats (Fig. 4e). Many studies have reported that even slight damage to the rat spinal cord results in the complete disappearance of MEP responses,
whereas motor behavior recovers during the weeks following injury.31,47 Several studies specifically modeling unilateral contusion injuries have focused on behavioral and
histological data characterizing the extent of injury and
recovery.21,32,34,40,45,46,48 We sought to determine the extent
of damage to these pathways in a mild unilateral contusion
injury, an injury that is clinically relevant in a large number
of patients with SCI. We assessed the functional integrity
of the descending motor pathways as well as the ascending somatosensory pathways by using electrophysiology,
and we quantified the percent of anatomical tissue damage
in stained slices of each injured spinal cord that had been
taken through the epicenter of the injury.
Our results showed that after a mild midline contusion
injury, MEP responses are completely absent. However, after a unilateral injury, MEP responses measured from the
hindlimb of the uninjured side during stimulation of the
respective contralateral sensorimotor cortex recover significantly by Day 28 after injury. Even pathways through
the injured side of the spinal cord show a partial recovery
by Day 28 (Fig. 3a). Furthermore, the MEP recovery trends
of these 3 groups closely corresponded with the amount of
spared tissue quantified in stained spinal cord slices (Fig.
4); that is, a larger amount of tissue damage led to a greater
reduction in MEP amplitude.
In the midline injury group, the contusion injury resulted in about 90% damage to the CST, and we observed
no recovery of MEPs. This result was expected, as the
large majority of CST fibers were compromised during
injury. However, in the unilateral injury group, the side
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contralateral to the contusion sustained only about 10%
damage to the CST, and yet we still observed significantly
reduced MEPs at Day 28. Therefore, 10% damage to the
CST resulted in an approximately 50% reduction in MEP
responses. Similarly, on the side ipsilateral to the unilateral contusion, although more than half of the CST tissue
was spared (39% ± 7% damage), MEPs only marginally
recovered. These data suggest that although MEPs do correspond to the amount of spared CST fibers, small amounts
of anatomical damage to the CST may cause more pronounced functional deficits in the pathways.
Although damage contralateral to injury was initially
unintended, our subsequent study using MEPs revealed
that the CST is sensitive to even mild tissue damage. We
also showed that by using our well-calibrated weight
drop—whose speed, impact moment, and cord compression were monitored—we were able to detect and quantify
the small amount of damage that was incurred contralateral to the contusion. This is clinically important because
it will allow the natural progress of human SCIs to be precisely monitored. These findings should be considered in
future studies that seek to induce a unilateral injury, and
care should be taken when assessing functional outcomes
for both the ipsilateral and contralateral sides. It is worth
noting that human CSTs are situated in the ventral and
lateral columns of the spinal cord. This anatomical difference between rats and humans will play an important role
in the interpretation of therapeutic outcomes aimed at the
restoration of CST neurons, for which preliminary data are
acquired using a rat model.
Using our controlled impactor, we were able to deliver
injury to either the right or left side of the spinal cord, damaging essentially one-half of the dorsal ascending sensory
pathways, as indicated by the histological tissue evaluation (Fig. 4d). To determine the functional effects of unilateral injury on the sensory pathways, we also evaluated
SSEPs upon stimulation of each limb, measured from the
respective contralateral sensorimotor cortex. The midline
injury group displayed SSEPs with significantly reduced
amplitude and increased latency with respect to baseline,
in agreement with previous reports.2,4,5,24 However, SSEPs
recorded from the pathways corresponding to the injured
side of the unilateral injury, which received the same contusion injury as the midline group, exhibited SSEPs with
significantly greater amplitudes as compared with the
midline-injured group. Strikingly, the latency of SSEPs for
the uninjured unilateral side was not significantly different
from baseline. Therefore, although the signal was slightly
reduced in amplitude, it was not delayed with respect to
baseline SSEPs. Combining these findings with histological data, the midline-injured spinal cords and the injured
side of the unilateral injured spinal cords showed comparable levels of white matter damage (no significant difference, p = 0.38). Yet, for the same amount of tissue damage,
the unilateral group showed SSEPs with higher amplitude
and lower latency, 2 indicators of preserved functional integrity of sensory pathways. In the uninjured side of the
unilateral injury group, the percent of damaged white
matter was negligible, and similarly SSEP amplitude and
latency were not significantly different from baseline, as
expected. These findings suggest that the uninjured, spared
J Neurosurg: Spine / Volume 16 / April 2012
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pathways on the side contralateral to contusion injury in
unilateral injured spinal cords may contribute to the functional recovery of contralateral limbs.
The complete mechanism used by the spinal cord to
promote compensation or recovery of injured pathways
has yet to be fully elucidated. However, a number of studies have demonstrated that the spinal cord is capable of
plastic behavior and repair following SCI, particularly via
the lateral sprouting of axons. Axonal sprouting has been
observed in the CST,9,10,14,22,34,53,54 RSTs,42–44,51 and somatosensory pathways,27,52 following a variety of SCIs. Training
and exercise have also been shown to promote plasticity
and axonal sprouting in the spinal cord after SCI.23,30,35,49
Although we do not present explicit data that illustrate
plasticity, our current findings are in line with our preliminary data13 and data from other previous studies that
support spinal plasticity after a mild injury. We observed
reduced deficits of electrical conductivity for ipsilaterally
contused pathways in comparison with midline-contused
pathways. Despite the same magnitude of contusion injury
and the same degree of white matter tissue damage in the
midline and unilateral injuries, the unilateral group displayed significantly reduced deficits in neurotransmission:
the amplitude of unilateral SSEPs for the injured side was
more than 50 μV greater than the midline SSEP amplitude (p < 0.05), and the latencies of unilateral SSEPs were
not increased from baseline. Latency measurements reflect
the speed at which the neural signals reach the brain after
peripheral nerve stimulation. The lack of increased latencies in the unilateral injured group may suggest that SSEPs
are rerouted through uninjured pathways. The number of
spared fibers after SCI is inversely proportional to the severity of the contusion. Hence, depending on the severity of
contusion injury, a number of pathways that span the lesion
are always spared postinjury and may remain functional.
The latencies of both the injured and uninjured sides of the
unilateral contusion did not increase over baseline. These
SSEPs may be traveling through spared pathways contralateral to the injury or simply through spared ipsilesional
pathways. Similar to other authors,25 we have observed the
white matter and confirmed the presence of spared fibers
in both sides of the spinal cord. However, the individual
pathways cannot be determined from the histological data
alone. Further studies, such as neuroanatomical imaging
and functional MR imaging, will be needed to completely
elucidate this mechanism.
Finally, we used BBB scoring to assess the gross motor behavior of the rats in each injury group (Fig. 5). Saporta et al.47 reported an improvement in BBB scores after
complete contusion, despite the lack of recovery of MEPs.
Several previous studies of unilateral SCIs have documented intrinsic improvement in BBB scores after injury.2,4,45,48
It is therefore important to characterize BBB scores together with functional electrophysiology in unilateral injuries,
given the clinical relevance of the model and the increased
number of studies using unilateral injuries to study SCI.
Our BBB results following a mild unilateral contusion injury are consistent with previous reports in that the scores
increased and plateaued after injury. However, these data
did not correspond to the MEP results, which showed only
marginal improvement for unilateral injuries and no recovJ Neurosurg: Spine / Volume 16 / April 2012

ery for the mild midline injury. Therefore, we emphasize
the need for electrophysiology in addition to BBB scoring
when assessing unilateral SCIs.4,5

Conclusions

Although BBB motor behavior scoring has been widely reported in rat SCI experiments, our results are the first
to characterize via electrophysiology the functional integrity of motor and somatosensory pathways in a mild unilateral contusion injury. In the present study, we showed
that the sparing of pathways in the spinal cord following a
unilateral contusion injury might be enough to promote the
recovery of both motor and somatosensory transmission.
We also showed that MEP recovery closely corresponded
to the amount of anatomical damage sustained by the CST,
which was quantified in stained spinal cord slices. However, after injury, rats are able to develop a step reflex that
uses spinal circuits to coordinate walking independently
of the brain.50 Therefore, the BBB motor scores improved
in all injury groups regardless of MEP recovery. Lastly,
many recent studies utilizing novel therapies, such as stem
cells,28,33 to address SCI have reported behavioral and electrophysiological improvements.15,16 In light of the results in
the current study, which show endogenous behavioral and
electrophysiological recovery for a mild injury, care should
be taken when distinguishing among endogenous recovery,
plasticity, and the effectiveness of cell replacement. Our
results emphasize the importance of using precise electrophysiological techniques, together with behavioral assessments, to study recovery after SCI.
Disclosure
This work was funded by Maryland Stem Cell Research Fund
Grant Nos. 2007-MSCRFII-0159-00 and 2009-MSCRFII-0091-00
(A.H.A.), and National Institute of Child Health & Human
De
vel
op
ment, National Institutes of Health Grant No.
R21HD057487-01A1 (C.L.K.).
Author contributions to the study and manuscript preparation include the following. Conception and design: All, Maybhate.
Acquisition of data: Hu, Pashai. Analysis and interpretation of data:
Bazley, Hu, Maybhate, Pourmorteza. Drafting the article: Bazley.
Critically revising the article: all authors. Reviewed submitted version of manuscript: all authors. Approved the final version of the
manuscript on behalf of all authors: All. Statistical analysis: Bazley,
Maybhate. Administrative/technical/material support: Hu, Pashai.
Study supervision: All, Thakor, Kerr.
Acknowledgments
The authors thank Liye Zhou for assistance with histology and
Neil O’Donnell for BBB assessments.
References
1. Agrawal G, Iyer S, All AH: A comparative study of recording procedures for motor evoked potential signals. Conf Proc
IEEE Eng Med Biol Soc 2009:2086–2089, 2009
2. Agrawal G, Kerr C, Thakor NV, All AH: Characterization of
graded multicenter animal spinal cord injury study contusion
spinal cord injury using somatosensory-evoked potentials.
Spine (Phila Pa 1976) 35:1122–1127, 2010
3. Agrawal G, Sherman D, Maybhate A, Gorelik M, Kerr DA,
Thakor NV, et al: Slope analysis of somatosensory evoked po-

421

F. A. Bazley et al.
4.
5.

6.
7.

8.
9.
10.

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.

tentials in spinal cord injury for detecting contusion injury and
focal demyelination. J Clin Neurosci 17:1159–1164, 2010
Agrawal G, Thakor NV, All AH: Evoked potential versus behavior to detect minor insult to the spinal cord in a rat model. J
Clin Neurosci 16:1052–1055, 2009
All AH, Agrawal G, Walczak P, Maybhate A, Bulte JW, Kerr
DA: Evoked potential and behavioral outcomes for experimental autoimmune encephalomyelitis in Lewis rats. Neurol Sci
31:595–601, 2010
All AH, Walczak P, Agrawal G, Gorelik M, Lee C, Thakor NV,
et al: Effect of MOG sensitization on somatosensory evoked
potential in Lewis rats. J Neurol Sci 284:81–89, 2009
Anderson KD, Gunawan A, Steward O: Quantitative assessment of forelimb motor function after cervical spinal cord injury in rats: relationship to the corticospinal tract. Exp Neurol
194:161–174, 2005
Anderson KD, Sharp KG, Steward O: Bilateral cervical contusion spinal cord injury in rats. Exp Neurol 220:9–22, 2009
Bareyre FM, Kerschensteiner M, Misgeld T, Sanes JR: Transgenic labeling of the corticospinal tract for monitoring axonal
responses to spinal cord injury. Nat Med 11:1355–1360, 2005
Bareyre FM, Kerschensteiner M, Raineteau O, Mettenleiter
TC, Weinmann O, Schwab ME: The injured spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nat
Neurosci 7:269–277, 2004
Basso DM, Beattie MS, Bresnahan JC: Graded histological and
locomotor outcomes after spinal cord contusion using the NYU
weight-drop device versus transection. Exp Neurol 139:244–
256, 1996
Basso DM, Beattie MS, Bresnahan JC: A sensitive and reliable
locomotor rating scale for open field testing in rats. J Neurotrauma 12:1–21, 1995
Bazley FA, All AH, Thakor NV, Kerr C, Maybhate A: Plasticity associated changes in cortical somatosensory evoked
potentials following spinal cord injury in rats, in: Engineering in Medicine and Biology Society, EMBC, 2011, Annual
International Conference of the IEEE. New York: IEEE,
2011, pp 2005–2008 (http://ieeexplore.ieee.org/stamp/stamp.
jsp?tp=&arnumber=6090564) [Accessed January 6, 2012]
Carmel JB, Berrol LJ, Brus-Ramer M, Martin JH: Chronic
electrical stimulation of the intact corticospinal system after
unilateral injury restores skilled locomotor control and promotes spinal axon outgrowth. J Neurosci 30:10918–10926,
2010
Cho SR, Kim YR, Kang HS, Yim SH, Park CI, Min YH, et al:
Functional recovery after the transplantation of neurally differentiated mesenchymal stem cells derived from bone barrow in a
rat model of spinal cord injury. Cell Transplant 18:1359–1368,
2009
Erceg S, Ronaghi M, Oria M, Roselló MG, Aragó MAP, Lopez
MG, et al: Transplanted oligodendrocytes and motoneuron progenitors generated from human embryonic stem cells promote
locomotor recovery after spinal cord transection. Stem Cells
28:1541–1549, 2010
Fehlings MG, Tator CH, Linden RD: The relationships among
the severity of spinal cord injury, motor and somatosensory
evoked potentials and spinal cord blood flow. Electroencephalogr Clin Neurophysiol 74:241–259, 1989
Fehlings MG, Tator CH, Linden RD, Piper IR: Motor and somatosensory evoked potentials recorded from the rat. Electroencephalogr Clin Neurophysiol 69:65–78, 1988
Fouad K, Pedersen V, Schwab ME, Brösamle C: Cervical
sprouting of corticospinal fibers after thoracic spinal cord injury accompanies shifts in evoked motor responses. Curr Biol
11:1766–1770, 2001
Garcia RM, Qureshi SA, Cassinelli EH, Biro CL, Furey CG,
Bohlman HH: Detection of postoperative neurologic deficits
using somatosensory-evoked potentials alone during posterior
cervical laminoplasty. Spine J 10:890–895, 2010

422

21. Gensel JC, Tovar CA, Hamers FPT, Deibert RJ, Beattie MS,
Bresnahan JC: Behavioral and histological characterization of
unilateral cervical spinal cord contusion injury in rats. J Neurotrauma 23:36–54, 2006
22. Ghosh A, Haiss F, Sydekum E, Schneider R, Gullo M, Wyss
MT, et al: Rewiring of hindlimb corticospinal neurons after spinal cord injury. Nat Neurosci 13:97–104, 2010
23. Girgis J, Merrett D, Kirkland S, Metz GA, Verge V, Fouad K:
Reaching training in rats with spinal cord injury promotes plasticity and task specific recovery. Brain 130:2993–3003, 2007
24. Hu R, Zhou J, Luo C, Lin J, Wang X, Li X, et al: Glial scar and
neuroregeneration: histological, functional, and magnetic resonance imaging analysis in chronic spinal cord injury. Laboratory investigation. J Neurosurg Spine 13:169–180, 2010
25. Iannotti C, Ping Zhang Y, Shields CB, Han Y, Burke DA, Xu
XM: A neuroprotective role of glial cell line-derived neurotrophic factor following moderate spinal cord contusion injury.
Exp Neurol 189:317–332, 2004
26. Iyer B, Maybhate A, Presacco A, All AH: Multi-limb acquisition of motor evoked potentials and its application in spinal
cord injury. J Neurosci Methods 193:210–216, 2010
27. Kaas JH, Qi HX, Burish MJ, Gharbawie OA, Onifer SM,
Massey JM: Cortical and subcortical plasticity in the brains
of humans, primates, and rats after damage to sensory afferents in the dorsal columns of the spinal cord. Exp Neurol
209:407–416, 2008
28. Kerr CL, Letzen BS, Hill CM, Agrawal G, Thakor NV, Sterneckert JL, et al: Efficient differentiation of human embryonic
stem cells into oligodendrocyte progenitors for application in
a rat contusion model of spinal cord injury. Int J Neurosci
120:305–313, 2010
29. Klapka N, Hermanns S, Straten G, Masanneck C, Duis S, Hamers FP, et al: Suppression of fibrous scarring in spinal cord injury of rat promotes long-distance regeneration of corticospinal
tract axons, rescue of primary motoneurons in somatosensory
cortex and significant functional recovery. Eur J Neurosci
22:3047–3058, 2005
30. Krajacic A, Weishaupt N, Girgis J, Tetzlaff W, Fouad K: Training-induced plasticity in rats with cervical spinal cord injury:
effects and side effects. Behav Brain Res 214:323–331, 2010
31. Lee BH, Lee KH, Yoon DH, Kim UJ, Hwang YS, Park SK, et al:
Effects of methylprednisolone on the neural conduction of the
motor evoked potentials in spinal cord injured rats. J Korean
Med Sci 20:132–138, 2005
32. Lee JHT, Tigchelaar S, Liu J, Stammers AMT, Streijger F, Tetzlaff W, et al: Lack of neuroprotective effects of simvastatin
and minocycline in a model of cervical spinal cord injury. Exp
Neurol 225:219–230, 2010
33. Letzen BS, Liu C, Thakor NV, Gearhart JD, All AH, Kerr CL:
MicroRNA expression profiling of oligodendrocyte differentiation from human embryonic stem cells. PLoS ONE 5:e10480,
2010
34. Maier IC, Baumann K, Thallmair M, Weinmann O, Scholl J,
Schwab ME: Constraint-induced movement therapy in the
adult rat after unilateral corticospinal tract injury. J Neurosci
28:9386–9403, 2008
35. Martinez M, Brezun JM, Zennou-Azogui Y, Baril N, Xerri C:
Sensorimotor training promotes functional recovery and somatosensory cortical map reactivation following cervical spinal
cord injury. Eur J Neurosci 30:2356–2367, 2009
36. Maybhate A, Hu C, Bazley FA, Yu Q, Thakor NV, Kerr C, et al:
Potential long-term benefits of acute hypothermia after spinal
cord injury: assessments with somatosensory-evoked potentials. Crit Care Med [epub ahead of print], 2011
37. Metz GA, Curt A, van de Meent H, Klusman I, Schwab ME,
Dietz V: Validation of the weight-drop contusion model in rats:
a comparative study of human spinal cord injury. J Neurotrauma 17:1–17, 2000
38. Midha R, Fehlings MG, Tator CH, Saint-Cyr JA, Guha A: As-

J Neurosurg: Spine / Volume 16 / April 2012

Functional assessment of unilateral contusion injury
39.
40.

41.

42.
43.
44.

45.

46.

47.

48.

sessment of spinal cord injury by counting corticospinal and
rubrospinal neurons. Brain Res 410:299–308, 1987
Murray M, Goldberger ME: Restitution of function and collateral sprouting in the cat spinal cord: the partially hemisected
animal. J Comp Neurol 158:19–36, 1974
Pearse DD, Lo TP Jr, Cho KS, Lynch MP, Garg MS, Marcillo
AE, et al: Histopathological and behavioral characterization of
a novel cervical spinal cord displacement contusion injury in
the rat. J Neurotrauma 22:680–702, 2005
Pettersson LG, Alstermark B, Blagovechtchenski E, Isa T, Sasaski S: Skilled digit movements in feline and primate—recovery after selective spinal cord lesions. Acta Physiol (Oxf)
189:141–154, 2007
Raineteau O, Fouad K, Bareyre FM, Schwab ME: Reorganization of descending motor tracts in the rat spinal cord. Eur J
Neurosci 16:1761–1771, 2002
Raineteau O, Schwab ME: Plasticity of motor systems after
incomplete spinal cord injury. Nat Rev Neurosci 2:263–273,
2001
Ruitenberg MJ, Plant GW, Hamers FP, Wortel J, Blits B, Dijkhuizen PA, et al: Ex vivo adenoviral vector-mediated neurotrophin gene transfer to olfactory ensheathing glia: effects on
rubrospinal tract regeneration, lesion size, and functional recovery after implantation in the injured rat spinal cord. J Neurosci
23:7045–7058, 2003
Sandrow-Feinberg HR, Izzi J, Shumsky JS, Zhukareva V, Houle
JD: Forced exercise as a rehabilitation strategy after unilateral
cervical spinal cord contusion injury. J Neurotrauma 26:721–
731, 2009
Sandrow-Feinberg HR, Zhukareva V, Santi L, Miller K, Shumsky JS, Baker DP, et al: PEGylated interferon-beta modulates
the acute inflammatory response and recovery when combined
with forced exercise following cervical spinal contusion injury.
Exp Neurol 223:439–451, 2010
Saporta S, Makoui AS, Willing AE, Daadi M, Cahill DW, Sanberg PR: Functional recovery after complete contusion injury
to the spinal cord and transplantation of human neuroteratocarcinoma neurons in rats. J Neurosurg 97 (1 Suppl):63–68,
2002
Soblosky JS, Song JH, Dinh DH: Graded unilateral cervical
spinal cord injury in the rat: evaluation of forelimb recovery
and histological effects. Behav Brain Res 119:1–13, 2001

J Neurosurg: Spine / Volume 16 / April 2012

49. Thomas SL, Gorassini MA: Increases in corticospinal tract
function by treadmill training after incomplete spinal cord injury. J Neurophysiol 94:2844–2855, 2005
50. Tillakaratne NJK, Guu JJ, de Leon RD, Bigbee AJ, London NJ,
Zhong H, et al: Functional recovery of stepping in rats after
a complete neonatal spinal cord transection is not due to regrowth across the lesion site. Neuroscience 166:23–33, 2010
51. Wang X, Smith GM, Xu XM: Preferential and bidirectional labeling of the rubrospinal tract with adenovirus-GFP for monitoring normal and injured axons. J Neurotrauma 28:635–647,
2011
52. Wang XY, Li XL, Hong SQ, Xi-Yang YB, Wang TH: Electroacupuncture induced spinal plasticity is linked to multiple
gene expressions in dorsal root deafferented rats. J Mol Neurosci 37:97–110, 2009
53. Weidner N, Ner A, Salimi N, Tuszynski MH: Spontaneous
corticospinal axonal plasticity and functional recovery after
adult central nervous system injury. Proc Natl Acad Sci U S A
98:3513–3518, 2001
54. Yip PK, Wong LF, Sears TA, Yáñez-Muñoz RJ, McMahon SB:
Cortical overexpression of neuronal calcium sensor-1 induces
functional plasticity in spinal cord following unilateral pyramidal tract injury in rat. PLoS Biol 8:e1000399, 2010
55. Young W: Spinal cord contusion models. Prog Brain Res
137:231–255, 2002
56. Zhang Y, Xiong Y, Mahmood A, Meng Y, Liu Z, Qu C, et al:
Sprouting of corticospinal tract axons from the contralateral
hemisphere into the denervated side of the spinal cord is associated with functional recovery in adult rat after traumatic brain
injury and erythropoietin treatment. Brain Res 1353:249–257,
2010

Manuscript submitted August 12, 2011.
Accepted January 3, 2012.
Please include this information when citing this paper: published
online February 3, 2012; DOI: 10.3171/2012.1.SPINE11684.
Address correspondence to: Angelo H. All, M.D., M.B.A., Depart
ment of Biomedical Engineering, Johns Hopkins University
School of Medicine, 720 Rutland Avenue, Traylor 701-C, Baltimore,
Maryland 21205. email: angelo@bme.jhu.edu.

423

