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Remote Changes in Cortical Excitability after Experimental
Traumatic Brain Injury and Functional Reorganization

Derek R. Verley,1 Daniel Torolira,1 Brandon Pulido,1 Boris Gutman,2 Anatol Bragin,3

Andrew Mayer,4 and Neil G. Harris1

Abstract

Although cognitive and behavioral deficits are well known to occur following traumatic brain injury (TBI), motor deficits

that occur even after mild trauma are far less known, yet are equally persistent. This study was aimed at making progress

toward determining how the brain reorganizes in response to TBI. We used the adult rat controlled cortical impact injury

model to study the ipsilesional forelimb map evoked by electrical stimulation of the affected limb, as well as the

contralesional forelimb map evoked by stimulation of the unaffected limb, both before injury and at 1, 2, 3, and 4 weeks

after using functional magnetic resonance imaging (fMRI). End-point c-FOS immunohistochemistry data following 1 h of

constant stimulation of the unaffected limb were acquired in the same rats to avoid any potential confounds due to altered

cerebrovascular coupling. Single and paired-pulse sensory evoked potential (SEP) data were recorded from skull elec-

trodes over the contralesional cortex in a parallel series of rats before injury, at 3 days, and at 1, 2, 3, and 4 weeks after

injury in order to determine whether alterations in cortical excitability accompanied reorganization of the cortical

map. The results show a transient trans-hemispheric shift in the ipsilesional cortical map as indicated by fMRI, remote

contralesional increases in cortical excitability that occur in spatially similar regions to altered fMRI activity and greater c-

FOS activation, and reduced or absent ipsilesional cortical activity chronically. The contralesional changes also were

indicated by reduced SEP latency within 3 days after injury, but not by blood oxygenation level–dependent fMRI until

much later. Detailed interrogation of cortical excitability using paired-pulse electrophysiology showed that the con-

tralesional cortex undergoes both an early and a late post-injury period of hyper-excitability in response to injury,

interspersed by a period of relatively normal activity. From these data, we postulate a cross-hemispheric mechanism by

which remote cortex excitability inhibits ipsilesional activation by rebalanced cortical excitation-inhibition.

Keywords: excitability; fMRI; plasticity; recovery; sensorimotor

Introduction

Motor deficits after traumatic brain injury (TBI) are a

significantly under-studied problem. Although it is well

known that TBI results in severe and persistent cognitive and be-

havioral deficits in a many patients, motor weakness also occurs in

9–56% of injured individuals,1–5 with up to 30% showing persistent

deficits in upper limb function 2–5 years post-TBI.4,6 These alter-

ations in motor function are not merely restricted to severe TBI in

adults since deficits in sensory-motor cortical inhibition have been

measured in mild TBI over 1 year following a single or multiple

concussions7 and in children.8 Persistent deficits in cortical functional

activation evoked by finger tapping have been measured at 1 year

after mild injury,9 and electrophysiological data reveal significant

motor system changes in athletes who sustained their injury almost 3

decades earlier.10 Moreover, even despite good general recovery in

patients 3–4 years following injury, abnormal movement-related

cortical potentials remain.11 It is clear, therefore, that persistent motor

deficits are an important sequela of TBI, but unlike in stroke, they

have received relatively little attention as far as clinical interventional

strategies and experimental mechanistic research.

Much of basic research on traumatic brain injury (TBI) has been

focused on neuroprotective strategies largely targeting the ipsile-

sional (injured) hemisphere. However, there is a great deal of

clinical evidence, albeit after stroke injury and not TBI, to indicate

that remote brain regions far removed from the primary site of

injury, such as the contralesional hemisphere (the opposite, less-

injured hemisphere) also are significantly affected, and that such

remote changes may inhibit normal functioning of the injured

side.12,13 After TBI, metabolic diaschisis is observed and is likely
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one of a number of mechanisms responsible for functional meta-

bolic changes in regions remote from a major injury site.14 Prior

work in the experimental controlled cortical impact injury (CCI) rat

model of TBI has established that affected hindlimb-evoked cere-

bral blood flow is altered by TBI, and that contralesional activation

occurs rather than the normal unilateral activity within the hemi-

sphere opposite the stimulated limb.15 This functional recruitment

of remote regions has been shown to occur as early as 1–2 days after

TBI in the rodent in association with impairments in phasic GA-

BAergic transmission,16 and with subsequent alterations in con-

tralesional neuronal circuitry at more chronic time-points.17 It

remains unclear how these remote changes evolve after TBI and

whether they play a significant part in restoration of function, or

whether they are merely temporary adaptive changes that unfold to

support short-term compensatory behavior until spontaneous re-

sumption of some normal function occurs. In addition, wider

questions remain about these remote changes, the timing of the start

of neurorehabilitative care after TBI, and on which brain region to

focus. These questions warrant an understanding of how mecha-

nisms of plasticity evolve to govern motor function after injury.

The current study focused on making progress toward determining

how the cortex reorganizes in response to injury as measured using

forelimb evoked functional magnetic resonance imaging (fMRI)

activity. Given the likelihood of altered neuronal-vascular coupling

after TBI, and the unknown contribution of significant TBI-

associated gliosis to the blood oxygen level–dependent (BOLD)

signal, we also employed cortical electrophysiologic measurements

as well as c-FOS histology. Current results indicate that the affected

limb cortical map temporarily shifts to the contralesional side in

accordance with the severity of injury, but then remains absent or

reduced in all cortical regions at 4 weeks. BOLD signal changes were

increased within the contralesional cortex at 4 weeks post-injury, and

evidence from studying sensory-evoked potentials (SEPs) showed

that this was accompanied by increased cortical excitability. We

discuss these data in light of other post-injury data supporting ex-

citability changes and we postulate a potential mechanism to explain

the low or absent ipsilesional activity at chronic times.

Methods

Experimental protocol

Two separate cohorts of adult male rats were used to acquire
either: 1) longitudinal sensory-evoked (fMRI) data before injury and
then at 1, 2, 3, and 4 weeks after mild-to-moderate CCI (n = 11),
followed by c-FOS histology in a subset of animals (n = 8) together
with an additional seven injured rats at 5 weeks post-injury; or 2)
longitudinal SEP electrophysiology recordings (n = 8) before and at
1, 2, 3, and 4 weeks after moderate brain injury. Pre-injury data
served as control data. In addition, to control for any effects of ex-
perimental conditions on BOLD or SEP data, we first acquired data
by stimulating the unaffected limb in order to confirm the expected
cortical activation indicating optimal experiment conditions. As a
result, low or absent activations elicited by subsequent stimulation of
the affected limb could be attributed solely to the effects of injury and
not to artifacts of experimental condition. All experimental proce-
dures were approved by the University of California, Los Angeles
(UCLA) Institutional Animal Care and Use Committee.

Brain injury

Adult male Sprague-Dawley rats (320-350 g) purchased from
Charles River Breeding Labs (Hollister, CA) were acclimated to
standard housing conditions for 1 week prior to use. Throughout the
study, rats were allowed access to food and water ad libitum. Brain

injury was conducted as described previously by our lab.17–20

Briefly, following anesthetization with isoflurane (3% induction,
1–1.5% for maintenance) vaporized in oxygen flowing at 0.8 L/min
flow rate, the rat was placed in a stereotaxic frame (Stoelting Co.,
Wood Dale, IL) and the scalp was shaved. Body temperature was
maintained throughout the surgery using a thermostatically-
controlled heating pad. After cleaning the scalp with alternating
betadine and ethanol scrubs, 0.1 mL of the local anesthetic bupi-
vicaine was injected subcutaneously at the midline of the scalp
before the skull was exposed via a midline incision.

A 6 mm diameter craniotomy was created using a dental drill with
intermittent perfusion with sterile saline to prevent heating. A sur-
gical microscope was used to expose the left hemispheric sensori-
motor cortex 0 mm from bregma and -2.5 mm lateral from the
midline. Injury was induced by controlled cortical impact (CCI)
whereby a 3 mm Ø flat tip was advanced through the craniotomy
tangentially onto the dural surface at 20 psi (1.3 m/sec; n = 7) or 30
psi (1.8 m/sec; n = 4) to a depth 2 mm below the dural surface with a
250 msec dwell time, resulting in a left-side injury focused over the
primary sensorimotor cortex. Two speeds were used to induce mild-
to-moderate injury in order to try to reproduce real-world variation
in clinical injuries that are used in research studies. Injury severity
was assessed in an unbiased automated fashion using quantitative
brain atrophy measures (see below), which resulted in final sub-
group assignments of five mild and six injured rats. An image was
acquired through the microscope for all injuries for later verification
of the presence of a subdural hematoma. The craniotomy was then
sealed with a layer of non-bioreactive, Kwik-Cast silicon elasomer
(Sarasota, FL) and the scalp was resutured and covered with a layer
of bupivicaine local anesthetic solution and triple antibiotic oint-
ment. Animals were placed in a recovery chamber with ambient
temperature maintained at *28�C until they had awoken from an-
esthesia and then returned to their home cages. No mortalities oc-
curred due to acute post-traumatic complications.

MRI

A 7 Tesla Bruker MR spectrometer running Paravision 5.1
(Bruker, Billerica, MA) was used to acquire structural and func-
tional data before and at weekly intervals after brain injury. Rats
were briefly anesthetized with 4% isofluorane in oxygen flowing at
0.6 L/min in order to administer medetomidine sedation (0.05 mg/
kg in sterile saline)21 via the penile vein. Following placement of a
subcutaneous cannula and initiation of continuous infusion of
medetomidine (0.1 mg/kg/h), the rat was transferred to a purpose-
built cradle and secured using 3-point immobilization of the head
with two ear bars and a tooth bar. Respiration was monitored re-
motely and temperature was homoeothermic-controlled by forced
air (SA11 Instr, Inc.). The S116 Bruker gradients (400 mT/m) were
used in combination with a birdcage transmit and an actively de-
coupled receive-only surface coil to acquire the data. Following a
multi-slice gradient echo pilot scan to optimize positioning within
the magnet, localized shimming was performed on the head to
improve B0 homogeneity.

fMRI. A multi-slice, gradient-echo, single shot echo-planar
imaging sequence (repetition time (TR) = 2 sec, echo time (TE) =
30 msec, no averages and using 14 · 0.75 mm thick coronal, slices
with a 30 mm2 field of view and a data matrix of 128 read by 64
phase-encoding steps) was used to acquire BOLD data during
repeated electrical stimulations (10 Hz, 3.5 mA) of affected and un-
affected forelimbs in separate experiments that each used an ‘‘off-on-
off’’ block design repeated thrice, with each block consisting of
60 sec off, 40 sec on, and 60 sec off. Limb stimulation was evoked
through a pair of steel electrodes positioned subcutaneously while the
rat was under the initial period of isoflurane anesthesia through the
thenar and hypothenar pads on each paw, so that the electrode tips lay
just distal to digit numbers 2 and 5, under pads 1 and 3, respectively.
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fMRI data acquisition began at 20-30 min after the termination of the
initial 10-min period of isoflurane anesthesia. After two runs of
stimulus-evoked fMRI acquisition, isoflurane anesthesia was rein-
stated and detomidine infusion was discontinued.

Structural. A two-dimensional rapid acquisition with relaxa-
tion enhancement (RARE) sequence was used to collect T2-
weighted images with TR = 6018 msec, TE = 56 msec, and RARE
factor = 8, and using the same geometry as used for the fMRI
protocol, except a data matrix of 128-read by128-phase encoding
steps. At the end of the imaging session, sedation was reversed
using antisedan (1.0 mg/kg, intraperitoneally). Rats recovered to
the awake state and resumed exploratory behavior in their home
cages within 2 minutes of this reversal injection.

Image analysis

fMRI. Data were weighted Fourier transformed to 128 · 128 and
converted to compressed Neuroimaging Informatics Technology
Initiative format for entrance into the FEAT analysis pipeline.22,23

First-level analyses were run after brain extraction, motion and slice
timing correction, 5 mm spatial smoothing, and a high-pass filter
(100 sec). Data were analyzed using the general linear model by
fitting a hemodynamic response function composed of a square wave
according to the stimulus protocol timing, convolved with a single
gamma variate function to derive the temporal derivative waveform.
Analysis was performed using temporal filtering and using FMRIB’s
improved linear modeling with pre-whitening while including mo-
tioning correction parameters in the model. Data were co-registered
to a study-specific anatomical template using FLIRT24 with 12 de-
grees of freedom and a corratio cost function. Statistical maps were
initially cluster thresholded at z = 1.7 and p < 0.05 based upon pre-
injury data showing the expected robust activation within the
sensory-motor cortex. Higher level group analyses were run between
baseline and post-injury data using FMRIB’s local analysis of mixed
effects25 with automatic outlier de-weighting and with contrasts
cluster thresholded at z = 1.7 and p < 0.001.26,27 Initially, the T2-
weighted images were used for segmentation of the contused from
non-contused tissue using manual tracing based on the well-defined
border of hyperintensity at 4 weeks post-injury. These were displayed
as an overlap map after warping the data to a common template space
using the transformation parameters obtained from the fMRI analy-
sis. A more objective gray matter volume analysis was also con-
ducted via tensor-based morphometry (TBM; see below) from the
T2-weighted anatomical data at 4 weeks after injury and were used as
a surrogate measure of injury severity for the fMRI analysis. These
data were used as a covariate of interest to determine whether brain
activation was modulated by the severity of the ipsilateral injury.

TBM

TBM was used to measure local volumetric differences on T2-
weighted structural data pre-injury and at 4 weeks post-injury as an
indicator of injury severity, implemented in a similar manner as
before28,29 with the LONI pipeline.30 Earlier post-injury structural
data were not analyzed in the same way because temporary, acute
time-point edema would confound the loss of brain tissue in a
developing contusion. Briefly, following brain extraction of pre-
injury and 4-week data with BET2,23 data were corrected for B1
field intensity correction using the nonparametric, non-uniform
intensity normalization N4 algorithm.31 A minimum deformation
target (MDT) image was created by aligning all subject volumes to
all other volumes using a mutual information-based, inverse-
consistent algorithm, followed by applying the inverse of the mean
displacement field from all subjects to the MDT.

Next, image volumes in subject space were aligned to the MDT
by nonlinearly deforming the anatomy of each image to the MDT,
while optimizing the regularity of the deformation by quantifying

the inverse consistent symmetric Kullback-Leibler distance be-
tween the MDT and the resulting deformation to allow for unbiased
registration.28 The Jacobian matrices were derived from the dis-
placement field calculated from each image-to-MDT template co-
registration. The Jacobian determinant of the matrix is a univariate
measure that represents the fractional volume change required to
match the template image to each subject space, and represents
relative tissue volume differences between each rat and the MDT.
A gray matter region of interest was drawn on the MDT within the
area encompassed by injury in all rats. Regions were warped to
subject space to obtain mean gray matter Jacobian values for each
rat as a surrogate for severity. Unsupervised k-means clustering
(Matlab, 2011a; Mathworks) was used to classify individual values
into different injury level subgroups. Correlation analysis of TBM
values and activated voxel counts were conducted by Spearman’s
rank correlation.

Immunohistochemistry. c-FOS immunohistochemistry data
were obtained using a previously published method18 from eight
rats used for MRI together with an additional seven injured rats at 5
weeks after injury (CCI; 20 psi, 1.4 m/sec). Briefly, rats were
continuously stimulated by electrical stimulation of the unaffected
forelimb for 1 h while under medetomidine anesthesia as for fMRI,
following which they were kept in a quiet environment for a further
2 h. Following terminal barbiturate anesthesia, they were trans-
cardially perfused-fixed with saline and 4% paraformaldehyde, the
brains were cryoprotected, sectioned at 50 l, incubated with goat
anti–c-FOS primary antibody (#PC38; Calbiochem, San Diego,
CA; 1:200), which was amplified using biotinylated secondary
antibody (Vector Laboratories, Burlingame, CA; 1:500) and visu-
alized using the diaminobenzidine reaction product. Eight mounted
sections, 650 lm apart were used to measure cortical gray matter
(GM) volume/hemisphere and expressed as loss of ipsilateral cor-
tical gray matter (ipsilateral GM – contralateral GM/contralateral
GM · 100) using Stereoinvestigator software (Microbrightfield
Inc., Williston, VT). Unsupervised k-means clustering (Matlab,
2011a; Mathworks) was used to classify the GM loss data into the
smallest number of groups based on the data through minimizing
the variance within each group and maximizing it between groups.
This resulted in two groups, which we operationally defined as mild
and moderate injury severity, merely as indicated by the difference
in loss of GM tissue, and not in reference to any type of standard
severity level across the TBI field. The original eight rats were
clustered into a mildly injured (n = 4) group and a moderately in-
jured (n = 4) group, the same designation as for fMRI and an ad-
ditional seven rats were classified as six mildly injured rats and one
moderately injured rat. One mildly injured rat did not produce high
quality c-FOS staining and therefore it was removed so that the total
group size was nine mildly injured and five moderately injured rats.

Three sections/brain, 650 lm apart, were used to compute c-FOS
density bilaterally within gray and white matter regions using
Stereoinvestigator software (MicroBrightFiled, Inc, Williston, VT)
interfaced to an M2 upright microscope (Zeiss, Thornwood, NY).
Group versus region cell density data were tested for mild versus
moderate injury differences using linear mixed effects models with
Dunnett’s post hoc multiple comparison for correction of multiple
regions using a one-tailed test (R, version 3.13, packages lme,
multcomp).32 A one-tailed test was implemented since the a priori
hypothesis generated from the fMRI data was that an increase in c-
FOS density would be found in moderately injured rats compared
with mildly injured rats.

Sensory-evoked cortical recordings

A parallel series of eight injured rats (CCI 30 psi, 1.8 m/sec) was
used to investigate the cortical sensory evoked potential before and
after injury. Two electrode montages were used to cover the extent
of the contralesional cortex. Montage A (n = 4) consisted of three
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stainless steel epidural screw electrodes of Ø = 1.19 mm (including
threading) over the anterior aspect of the forelimb sensorimotor
cortex (SMC) at coordinates relative to bregma: (2.0, 2.0 mm), (1.5,
-1.0 mm), and (4.0, -1.0 mm). Montage B (n = 4) consisted of five
electrodes that overlapped with Montage A, with electrodes placed
at: (3.0, 2.0 mm), (2.0, 0.0 mm), (4.5, 0.0 mm), (2.0, -2.0 mm), and
(4.5, -2.0 mm). A reference electrode was placed midline in the
frontal bone. A hand drill (model DH-1 holder, D#60 bit; Plastics1,
Roanoke, VA) set to 0.8 mm depth and diameter of 1.00 mm was
used to fine tune the depth and width of the smaller pilot hole so that
recording electrode screws could be set into the skull with 1/2 turn
or less. These precautions ensured that the dura was not deformed at
any time throughout the drilling or electrode placement procedure.
Insulated electrode leads were connected to gold-plated sockets
within a plastic pedestal and dental acrylic was used to anchor it to
the skull over the electrodes. The location of the skull that would
later be removed for CCI injury was covered with silicon elastomer
(WP Inst, Sarasota, FL) and a thin layer of dental acrylic for easy
removal. Each montage was implanted one week prior to control
recordings and 2 weeks in advance of CCI injury.

SEPs were recorded using the MP150 Biopac system (Biopac
Systems, Inc., Goleta, CA). Single and paired-pulse SEPs (PP-
SEPs) were recorded over the contralesional cortex evoked by
2.0 mA electrical stimulation of the unaffected forelimb using
bipolar, 1 msec square pulses, and while under the same medeto-
midine sedation as detailed before for the MRI study. The inter-
stimulus interval (ISI) between pulses was varied between 30, 35,
40, 50, 100, and 200 msec. One week after the pre-injury PP-SEP
recording, rats were anesthetized with isoflurane and the left side of
the electrode headset was removed with a dental drill and CCI was
performed through the left side of the headset as described above.
The contused cortex and craniotomy was sealed with a thin layer of
silicon elastomer and the headset was re-closed with dental acrylic.
Further PP-SEP data was acquired at 3 days and 1, 2, 3, and 4 weeks
post-injury.

SEP analysis

The first 23 of 35 acquired time-locked PP-SEP epochs of
350 msec duration were averaged offline using the ensemble aver-
aging function within the Acknowledge Software v4.1.1 (BioPac
Systems, Inc., Goleta, CA). Peak amplitudes of the evoked response
(N1) were measured from the baseline immediately following the
first (stimulus A) and second (stimulus B) stimulus artifacts for N1A
and N1B for each ISI at each time-point. The PP ratio was calculated
as the ratio of the second response amplitude relative to the first
(N1B/N1A) as a function ISI time. Data were averaged over all
electrode pairs (three or five electrodes, Montage A and B, respec-
tively) within each rat, and final data were obtained by averaging
across all rats (n = 8). Peak latency, amplitude, and peak ratio data
are shown as normalized to pre-injury values, and this was achieved
on a per electrode, per rat basis prior to averaging within each rat
over all electrode pairs, and then finally across all rats. Group uni-
variate statistics were analyzed as peak latency and peak ratio raw
data values compared with pre-injury using linear mixed effects
analysis of variance (r version 3.3.2, LME function from the NMLE
package) with Dunnett’s post hoc multiple comparison correction
for multiple time-points. A one-tailed test was used based on the a
priori hypothesis arising from the BOLD data that increased ex-
citability was anticipated at post-injury time-points.

Results

We operationally define the hemisphere opposite the left, primary

injured hemisphere as ‘‘contralesional,’’ and the injured hemisphere

as ‘‘ipsilesional.’’ This is done in preference to using contralateral

and ipsilateral, which do not accurately reflect the intended regional

focus of the text when describing hemisphere-specific brain acti-

vation in response to stimulation of left or right forelimbs. In regard

to limb nomenclature, we refer to the right limb, which is pre-

dominantly affected by injury and which lies opposite the ipsile-

sional hemisphere, as the ‘‘injury-affected limb.’’ We refer to the

right limb that is opposite the contralesional hemisphere, and which

is less affected by injury, as the ‘‘unaffected limb.’’

Transient ipsilesional-to-contralesional shift
of the injury-affected forelimb cortical representation
followed by reduced ipsileisonal map chronically

To determine how the cortical map that governs affected fore-

limb control changes throughout recovery after TBI, affected

forelimb-evoked fMRI data were acquired from 11 adult rats before

and at weekly intervals following either mild or moderate CCI

injury of the left primary sensorimotor forelimb (S1-FL) cortex.

These data show that CCI brain injury initiated a trans-hemispheric

shift in the group-averaged, affected forelimb-evoked BOLD ac-

tivation from the injured to the opposite contralesional cortex over

the first week of recovery (Fig. 1A-C; overall mean group effect

p < 0.001). This was readily apparent in seven of 11 rats at 1 week,

while there was a total absence of activation anywhere in the re-

maining four rats that survived statistical thresholding (individual

data points not shown). We confirmed that the absence of this

activation did not occur due to insensitivity to the BOLD response

arising from experimental conditions, because we observed brain

activation elicited by the unaffected limb in all case. At 2 weeks

post-injury, the activation pattern was wide-spread and bilateral (11

of 11 rats) covering a large region of the contralesional cortical

hemisphere, even while ipsilesional areas surrounding the injury

site also were activated. However, over the subsequent weeks of

recovery, the mean activation map shifted back to the opposite,

contralesional S1-FL cortex (seven of 11 rats at 21 days), then

remained largely subcortical in 10 of 11 rats at 28 days (overall

mean group effect p < 0.001).

Given the within-group variation post-injury, it was not surpris-

ing that direct statistical comparison of these activation patterns to

the pre-injury data using voxel-wise analyses did not show any

differences that survived the multiple-voxel cluster correction

( p > 0.001). Similarly, voxel counts of activated voxels at the sub-

ject level revealed that the volume of activated cortex within the

contralesional cortex also did not reach significance compared with

pre-injury (Fig. 1B), although removing four of 11 rats at 1 week

post-injury that did not activate at all did result in a significant

difference (not shown, p < 0.05). Despite this however, the number

of activated voxels within the injured hemisphere decreased to ap-

proximately half of pre-injury values over the first 2 weeks fol-

lowing injury, then again at both 3 and 4 weeks, to approximately

10% of the pre-injury volume ( p < 0.05; Fig. 1C). This occurred

despite the steady resumption of more normal limb-reaching pre-

viously reported in this TBI model in an independent study.33 These

data indicate that regions of the brain other than the injured cortex

may be responsible for spontaneous resumption of limb function

over the first month of recovery, and that the contralesional hemi-

sphere may support this, but only early and not later after injury.

Transhemispheric shift is injury severity-dependent
at 1 week post-injury

We next investigated whether differences in injury severity ac-

counted for the within-group variations in activation volume. Initial

assessment of injury by manual contusion volume measurements

using the T2- anatomical images acquired at 4 weeks post-injury
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revealed a range of cortical damage (Fig. 2A). Injury severity was

then more formally determined by TBM in the same images to

obtain an estimate of gray matter atrophy (Fig. 2B). This unbiased

technique is based on minimizing the within subgroup variance and

maximizing the between subgroup variance in the data (see Meth-

ods). Using unsupervised k-means clustering, two separate groups

emerged characterized by mild and moderate injury (-1.0 and

+23.8% change in volume, n = 6 and 5, respectively). Subsequent

voxel-wise analysis of BOLD activation volume based on these

differences in injury severity revealed a severity-dependent increase

in activation in both peri-contusional and contralesional white and

gray matter regions at 1 week post-injury (Fig. 2C). Further, the

volume of contralesional BOLD activation assessed by counts of

activated voxels in each subject at 1 week post-injury was signifi-

cantly correlated with the degree of ipsilesional cortical gray matter

damage reported by TBM at 4 weeks post-injury (R2 = 0.65,

p < 0.05, two-tailed; Fig. 2D) as well as with more ipsilateral acti-

vation (R2 = 0.77, p < 0.01), but not at later time-points (not shown).

In other words, greater damage to the ipsilesional cortex resulted in

an initial broad, bilateral activation acutely, but this correlation did

FIG. 1. Deficits in injury-ipsilateral forelimb circuitry are revealed by affected forelimb-evoked brain activation by blood oxygenation
level–dependent (BOLD) functional magnetic resonance imaging (fMRI). (A) Group mean, affected (right) forelimb–evoked activation
data (one-tailed t-test, corrected for multiple comparisons, p < 0.001, z > 1.7) before and at 1, 2, 3, and 4 weeks after injury, superimposed
on a rat brain template as coronal image plots and surface-warped data. Plots of (B) number of significantly activated voxels in the right
M1 and S1-forelimb cortex contralateral to the stimulated limb (ipsilateral to the injury site) and (C) number of activated voxels in the
cortex ipsilateral to the stimulated limb (contralateral to the injury site). Data show widespread injury-ipsilateral inactivation after injury
(A) that was significant for time in the injury-ipsilateral (left) M1/S1-florelimb cortex (C, p < 0.001) and specifically at 3–4 weeks post-
injury (C, *p < 0.05). Data also show that there were early diffuse activated regions contralateral to the injury, ipsilateral to the stimulated
limb (A) that was variable between rats because the mean effect was not significant for the number of activated voxels in contralateral
(right) M1/S1-forelimb cortex (B). Key: Hatched circle represents approximate position of primary injured region.
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not persist at later post-injury time-points as the contralesional

cortex became dominant in activation (see next section).

Unaffected forelimb-evoked contralesional BOLD
signal increases at 4 weeks post-injury

Based on a working hypothesis that remote excitability changes

would occur after brain injury, perhaps in a similar manner to

stroke,34 and from evidence from functional and structural con-

nectivity changes in the CCI model,17,20 we investigated changes in

the less affected, contralesional hemisphere for activation changes

under control of the unaffected forelimb in the same cohort of rats.

As expected, the focus of the pre-injury group mean activation

evoked by stimulation of the unaffected limb was contralesional,

unilateral, and centered on the sensory S1FL, with some overlap to

cortical motor regions (Fig. 3A). While some degree of broadening

of the activation occurred at 1 week post-injury with subsequent

refocusing at later times, no voxel survived the multiple compari-

son correction, although it was just outside of significance at 4

weeks ( p > 0.001). We pursued this preliminary trend and quanti-

fied the BOLD signal change at subject level, but constrained to

brain regions within the mean group activation masks. For each

FIG. 2. Greater injury is associated with a greater shift in cortical activation to the contralesional (right) hemisphere in response to
affected (right) forelimb-evoked activation at 1 week post-injury. (A) Stacked, surface projection plot of contusion volume masked from
the T2-weighted structural image of each rat at 4 weeks post-injury and warped into template space. Data shows that there are a range of
injury severities within the group indicate by the presence of contusion in 11 rats (yellow region) but extending further out in only 1-5
rats (red regions). (B) Representative Jacobian maps of the same data confirming different degrees of brain injury at 4 weeks consistent
with mild-to-moderate levels of brain injury (outlined region indicates the region drawn in mean deformation target image space used to
obtain average Jacobian values in subject space). (C) Group-level, statistical contrast maps of affected forelimb-evoked brain activation
differences between mild and moderate injured rats at 1 week post-injury (mean cortical Jacobian percentage values 0.7 – 1.9 versus
23.8 – 3.5%, respectively from (B) showing regions where moderate > mild group brain activation. Data show a greater left-to-right shift
in the degree of cortical activation in response to affected forelimb stimulation after moderate compared with mild injury, two-tailed t-
test, n = 6 vs. 5, respectively; z = 1.7, p < 0.001). (D) A linear regression analysis plot of number of activated voxels/rat in contralesional
(open circles, solid line) and ipsilesional cortex (closed diamonds, dashed line) at 1 week post-injury versus injury severity (average
gray matter Jacobian raw value) at 4 weeks. Data show a significantly greater contralesional (right) activation response in moderately
injured rats (solid line, R2 = 0.65, p < 0.05), as well as more ipsilateral activation (Dashed line, R2 = 0.77, p < 0.01). Activation data after
1 week post-injury were not significantly correlated with severity (not shown). Key: Hatched circle represents approximate position of
primary injured region.
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time-point, the statistical mask (Fig. 3A) was back-projected on to

the corresponding data-sets in native space in order to obtain av-

erage BOLD signal change during forelimb stimulation. BOLD

signal changes remained similar to pre-injury until 4 weeks post-

injury (Fig. 3B, 3C) when there was a significant increase compared

with pre-injury ( p < 0.001, Fig. 3D).

Increase in unaffected forelimb-evoked contralesional
BOLD signal is severity dependent

Given the variability in injury severity found in these rats

(Fig. 2B), we investigated whether the contralesional increase in

BOLD signal at 4 weeks elicited by stimulation of the unaffected

limb also was dependent on the degree of structural damage. We

used the TBM data as a covariate of interest in a general linear

model analysis of the BOLD data to determine whether injury se-

verity was associated with changes in BOLD activation. We found

that brain activation evoked by unaffected limb stimulation was

positively correlated to the severity of injury, not only in the ex-

pected gray matter regions of contralesional M1/S1FL cortex, but

also in ipsilesional M1 and posterior S1 cortex, and subcortically in

caudate internal capsule and thalamic and brain stem nuclei

(Fig. 3E). There also were notable bilateral regions of white matter

activation that were positively correlated to injury severity (Fig. 3E).

We attempted to confirm these findings by analyzing brain sections

immunostained for the immediate early gene product c-FOS from a

subset of the same rats, as well as additional rats, but after 1 h

constant stimulation of the unaffected limb at 5 weeks post-injury.

We analyzed gray matter tissue loss and grouped data using unbi-

ased k-means clustering into mild and moderately injured rats based

FIG. 3. The degree of contralesional blood oxygenation level–dependent (BOLD) activity increases at 4 weeks in response to
unaffected limb stimulation. (A) Group mean, unaffected (left) forelimb–evoked activation data (one-tailed t-test, corrected for multiple
comparisons, p < 0.001, z > 1.7) before and at 1, 2, 3, and 4 weeks after injury, superimposed on a rat brain template, and also shown as
3D surface projections. (B, C) Plots of contralesional cortex BOLD signal percent change during unaffected limb stimulation compared
with at rest for all rats imaged (B) pre-injury and (C) at 4 weeks post-injury. (D) Quantified BOLD signal was significantly increased at 4
weeks post-injury compared with pre-injury, but not at earlier time-points ( p < 0.001, linear mixed models analysis of variance). (E)
Contrast plots of activated gray and white matter brain regions that were positively correlated to injury severity (tensor-based mor-
phometry data) during unaffected forelimb stimulation at 4 weeks post-injury. *p < 0.05. Key: Hatched circle represents approximate
position of primary injured region.
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on low or high tissue loss (Fig. 4C). Representative raw c-FOS+ cell

density projections from a subset of eight mildly or moderately

injured rats (Fig. 4A, 4B) showed bilateral gray matter activation,

similar to that obtained previously with this technique and in this

injury model, albeit from affected forelimb stimulation,18 rather

than the current unaffected limb stimulation. Unlike the fMRI, there

were only trends towards increases in gray matter c-FOS density in

moderately injured unaffected forelimb–stimulated rats compared

with mild. However, more consistent with the fMRI findings

(Fig. 3E), there were large and significant bilateral increases in white

matter c-FOS cell density (Fig. 4B) in moderate versus mildly in-

jured rats ( p < 0.01; Fig. 4D).

Electrophysiologic evidence of increased
contralesional excitability

Given the likely contribution of glial cells to the BOLD signal35

and that gliosis occurs bilaterally after contusion injury,36 we then

sought to determine the direct neuronal responses of the contrale-

sional cortex to forelimb stimulation in a parallel group of eight

moderately injured rats by recording SEPs from the unaffected limb

to a grid of screw electrodes on the contralesional skull surface

(Fig. 5A). Quantification of the amplitude and latency time to arrive

of the first major SEP peak in the cortex (Fig. 5B) revealed no

difference in amplitude (Fig. 5D) but a significantly reduced la-

tency time-to-peak, compared with pre-injury, at all post-injury

times when averaged over all electrode positions and for all rats

tested, suggesting increased cortical excitability (Fig. 5C). To in-

vestigate this phenomenon more explicitly, we conducted a PP-SEP

experiment (Fig. 6A) with the idea that if a second sensory stim-

ulation was given sufficiently close to the first, then the second SEP

would be greater in size after injury, compared with pre-injury, if

the cortex was more excitable (Fig. 6B). As expected, PP sup-

pression of the second pulse (shown as a ratio of the paired peaks –

PP ratio) among all data regardless of pre- or post-injury time was

most pronounced at the shortest, 35 msec inter-stimulus interval

(ISI) pre-injury, and diminished as the ISI was extended to

200 msec (Fig. 6C). After injury, we found that among PP ratio data

FIG. 4. Bilateral white matter activation is greater after moderate compared with mild injury. (A) Co-registered group-wise plots of
individual, raw c-FOS+ cell positions after left-side brain injury (bold, hashed curve) after stimulation of the unaffected forelimb. Raw
cell data counts are taken from three rats/group representative of mild and moderately injured rats and are overlaid onto an atlas at +1.3,
-0.26, and -1.30 mm bregma, for semi-quantitative visual comparison. (B) Representative image of c-FOS+ staining from the cortical
gray and white matter together with high-powered insets showing examples of c-FOS+ cells counted (white arrowheads). (C) Plot of
percent hemispheric gray matter loss showing the group delineation achieved by k-means clustering of values that were assigned as mild
and moderate injury and used for c-FOS group analysis in plots (A) and (D). (D) Plot of c-FOS+ cell density for gray and white matter
(corpus callosum) regions for left and right hemispheres averaged from the three brain antero-posterior levels shown in (A), from mildly
(n = 5) and moderately injured rats (n = 9) at 5 weeks post–traumatic brain injury showing significant difference within white matter
regions (linear mixed models, Tukey’s post hoc corrected, ***p < 0.001, **p < 0.01). Key: L-left, R-right. Scale bar 200 lm.
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collected at 100 msec ISI and averaged over all pairs of electrodes

pairs (apart from two posterior-positioned pairs that did not respond

in the same way, Fig. 7B), the ratio of the peaks was significantly

increased compared with pre-injury, but only at 3 days and 4 weeks

post-injury, and not between these time-points ( p < 0.05; Fig. 6C).

We found similar albeit nonsignificant trends toward increased PP

ratios at short (35 msec) as well as longer (200 msec) ISI times at all

post-injury times when averaged over all electrodes (Fig. 6D),

further evidence of increased cortical excitability.

To determine if there were any spatial differences in the SEP to

identify any particular regions that were more excitable, we plotted

mean time-point data for individual electrode pairs at 100 msec ISI,

the PP interval resulting in the most robust group differences. The

data from the two electrode grid schemes used (white and black

numerals, Fig. 7A; dotted and bold lines, Fig. 7B) show some

disparity between electrode pairs based on location at 3 days post-

injury, as shown diagrammatically (Fig. 7C, 7D). The greatest post-

injury PP ratio increase generally occurred between anterior and

posterior-positioned electrodes at 3 days post-injury: laterally be-

tween the barrel/S1DZ and forelimb cortices, and medially within

the M1/M2 cortex. These regions returned to pre-injury levels at

1–3 weeks post-injury but were similarly increased at 4 weeks

(Fig. 7C, 7D). Also at 4 weeks, there were increased PP ratio values

compared with pre-injury in electrodes located between forelimb

and M1 cortex, regions that were initially decreased from pre-

injury levels at 3 days post-injury, suggesting some temporal de-

pendence for reorganization in the contralesional cortex.

Discussion

Although over the last 20 years a plethora of mainly clinical

neuroimaging studies have shown that the brain undergoes some

degree of functional as well as structural reorganization after TBI,

our understanding of it remains incomplete. The major novel

findings in this study contribute to our knowledge in this field by

showing that early after injury the affected limb cortical map

transiently moves to contralesional cortex, while ipsilesional cortex

activation becomes reduced or absent chronically. These latter

changes coincide with significant, remote increases in contrale-

sional BOLD and SEP paired-pulse excitability, leading to the

possibility that cross-hemisphere changes in excitation prevent

more normal ipsilesional evoked activity.

Ipsilesional hypoactivity—the stunned brain

The prolonged absence of evoked BOLD activity within the ip-

silesional, sensory motor cortex is consistent with an absence of

ipsilesional hind-limb evoked blood flow changes,37 an early post-

injury abolishment of the SEP,38 hypoactivity to whisker stimula-

tion in a fluid percussion injury (FPI) model of TBI,39,40 as well as

persistent hypometabolism that persists for up to 2 weeks after CCI

injury.41 On the other hand, the inability of ipsilesional cortical

circuits to evoke activity is not entirely consistent with a slice

electrophysiology and glutamate biosensor study in adult CCI-

injured mice at 2–4 weeks post-injury, where significantly increased

ipsilesional glutamate signaling, reduced inhibitory postsynaptic

current, and loss of GABAergic interneurons was reported.42

However, given the wide range of the post-injury time-period

studied, the reported heightened network activity does coincide with

the unexpected unconstrained activity evoked by affected-forelimb

stimulation in the current study at 2 weeks post-injury (Fig. 1A), and

with a sudden absence of functional connectivity deficits at the same

time in this model.17 The subsequent prolonged absence of evoked

ipsilesional BOLD activity at least until 4 weeks post-injury in the

FIG. 5. Unaffected forelimb-evoked sensory-evoked potentials in contralesional cortex are reduced in peak latency. (A) Stylized
figure showing the position of the two electrode designs used in the experiments (labels 1 and 2) in the contralesional right (R) cortex
relative to the position of the left (L) hemisphere primary injury site (circular, dashed line). (B) Group-averaged sensory evoked
potential signal from rats pre-injury (solid line), at 1 week (light gray line) and at 4 weeks post-injury (bolded, dotted line). (C) Plot of
peak latencies for a single stimulus and response quantified at different times post-injury and showing a significant reduction. *p < 0.05,
***p < 0.001). (D) Plot of peak amplitudes for a single stimulus showing no significant response at any time-point post-injury.
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current study, suggests that data obtained from brain slices may not

always closely represent coordinated evoked network activity re-

corded in vivo. In support of the lack of coordinated network activity

in the ipsilesional hemisphere after trauma in the current study, prior

work after FPI showed that it was still possible to elicit a vibrissae

response from the ipsilesional barrel cortex at 1 and 7 days by direct

cortical stimulation,43 indicating that functional deficits occur via

altered cortical white matter communication rather than the inability

of cells to respond to a stimulus. The continued hypoactivity in the

ipsilesional cortex that occurred herein, despite the resumption of

more normal reaching patterns by the affected forelimb in sensori-

motor tasks by this time,33 is a clear indication of functional reor-

ganization to other brain regions.

Trans-hemispheric transfer of function
and remote changes

In this study, the degree of cortical hemispheric transfer of

function was related to the amount of ipsilateral injury at 1 week,

suggesting that the contralesional cortex adopts control of the af-

fected limb, at least acutely. Similar transfer of the cortical map has

been shown early after experimental brain injury in the mouse16

and rat,15,44 as well as stroke,45 cortical lesioning,46 and clinically

after stroke.47 However, the disease mechanisms responsible for

altered function after TBI and stroke are likely to be very different

given their very different initial causes. Indeed, unlike after stroke,

the current data shows that this trans-hemispheric relationship is

absent at more chronic times, suggesting that other brain regions

controlling forelimb function may become more widely distributed.

Indeed, the lack of return of more normal ipsilateral activity con-

trolling this limb chronically that occurs, despite the known

spontaneous resumption of behavioral function at this time,33

suggests that the process of reorganization in this trauma model is

both temporally and regionally dependent, and that brain regions in

addition to the contralesional cortex reorganize to support affected

limb function at longer post-injury times. This also may be related

to the severity of the injury because brain lesioning studies have

found that the contralesional response of increased synaptogen-

esis48 and associated structural changes is muted in rats with larger

lesions.49 Evidence from resting state functional connectivity17 as

FIG. 6. The sensory evoked potential (SEP) paired-pulse (PP) ratio in contralesional cortex is significantly increased at 3 days and 4
weeks after traumatic brain injury. (A) An example plot of the paired-pulse design used, showing the stimulus artifacts (stim1, stim,2),
the inter-stimulus interval (ISI) used to delay the onset of the second stimulus, and the resulting SEP pulses (P1, P2, N1) recorded
following each stimulus. The pulses immediately following the first and second stimuli (P1A, P1B, respectively) were quantified. (B)
Group-averaged, SEP signal of the PP stimulus response at 50-200 msec ISI averaged from all electrode pairs, and temporally realigned
to the first stimulus artifact to illustrate the lowered second peak amplitude at 100 msec ISI, especially at 4 weeks compared with pre-
injury, giving rise to reduced P1B/P1A PP ratios. (C) Plot of PP ratio data values from all electrode pairs (apart from two posterior pairs
that responded differently; Fig. 7B) and for all post-injury time-points as a functions of ISI time, showing a significant difference at
28 days post-injury at a 100 msec ISI and a trend at 3 days. (D) Plots of PP ratio values for each ISI value versus post-injury time and
normalized by individual rat pre-injury value. Data shows non-significant trends toward increased PP ratios at 35, 50, and 200 msec ISI
at most post-injury times, and a significant increase at 3 and 28 days at 100 msec ISI. *p < 0.05 (Linear mixed models analysis of
variance, Dunnett-corrected multiple-comparisons on raw data). Horizontal dotted line = mean pre-injury values.
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well as diffusion tensor imaging data20 in the same TBI model used

herein, does indicate that in addition to early and significant

functional and structural disconnection of interhemispheric cir-

cuits, there are substantial increases in connectivity that are cen-

tered on the contralateral cortex, but that also occur more widely in

the brain. The current finding of injury severity–dependent in-

creases in activity within the thalamus and caudate in response to

unaffected limb stimulation at 4 weeks (Fig. 3E), and the limitation

of brain activity to subcortical regions during affected forelimb

stimulation (Fig. 1A) is in agreement with blood-flow autoradio-

graphic data in similar regions in the same model.44

The idea that reorganization can occur in subcortical brain re-

gions may make it an important target for neurorehabilitative care

using neuromodulatory interventions. On the other hand, regions of

reorganization after brain trauma also may be viewed as areas with

a connection phenotype at risk for developing seizure type activity.

Increased connection probability and efficacy between cortical

neurons occurs weeks after trauma using the cortical undercut

model,50 and data suggest that homeostatic synaptic plasticity

compensates for regions of decreased activity leading to uncon-

trollable cortical hyperexcitability.51 Therefore, potential neuro-

modulatory therapies after TBI will likely have a dual role in the

brain: to promote activity in hypoactive regions, but also to prevent

the longer-term development of hyperconnectivity in spatially

distinct but connected brain regions.

Electrophysiology and BOLD evidence
of altered excitation-inhibition

The latency of the arriving SEP signal in the contralesional

cortex was significantly reduced early and persistently after injury,

either indicating an increased efficiency of nerve conduction along

the neural pathway, or reduced threshold for activity within the

cortex, or both. However, changes in SEP latency were not matched

by a significant increase in evoked BOLD signal within the con-

tralesional cortex activation focus until 4 weeks post-injury. Since

FIG. 7. Regional plots of paired-pulse (PP) ratio values at 100 msec indicate acute and chronic time-point pericontusional hyper-
excitability. (A) Stylized figures showing the position of the two electrode montages used in the experiments in the contralesional (right)
cortex, homotopic to the contusion site (blue circle). (B) Plot of pre-injury normalized PP ratio values at 100 msec ISI for all electrode
pairs averages across rat, and for the two electrode schemes (S1, S2; corresponding to white, black numbers in A, respectively)
demonstrating regional differences in the degree of hyperexcitability that contribute to the mean data (black bar) as originally plotted in
Figure 5. Two electrode pairs did not respond to the stimulus (green lines, S2- e3-5, S2-e4-2). (C) Data in (B) plotted spatially and as a
percentage of pre-injury values to demonstrate the robust lateral and posterior increases in PP ratio at 3 days and 4 weeks, but largely
normal/pre-injury values intermediate times. (D) Summary brain surface atlas superimposed with electrode positions for direct com-
parisons to data in (C).
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altered neurovascular coupling is less likely in this injury-remote

region, as supported by the similar c-FOS results, at least in white

matter, it may indicate that the SEP is a more sensitive indicator of

contralesional reorganization than fMRI-evoked BOLD activation.

This is likely because data in the same model demonstrated in-

creases in correlated BOLD signal or functional connectivity in the

contralesional cortex as early as 1 week post-inury.17

In support of increased efficiency of the SEP neural pathway,

there is structural evidence of contralateral changes in the corti-

cospinal tract portion of this circuit at least by 4 weeks post-injury,

as indicated by altered diffusion tensor imaging indices and in-

creases in fiber tract densities.20 In fact, reorganization at the level

of the corticospinal tract would have far-reaching effects on reor-

ganization of higher brain centers, especially the contralesional

cortex. Whether or not remote contralesional reorganization is

beneficial for behavioral outcome after TBI in the long term is

unknown, since a greater activity-dependent effect from this circuit

due to training is maladaptive to the affected limb after a unilateral

sensorimotor lesion.52 That this latter effect was shown to be de-

pendent on an intact connecting corpus callosum is of particular

relevance to the present study, where we found significant, bilateral

white matter activation when stimulating the unaffected forelimb

detected by both fMRI (Fig. 3E) and c-FOS (Fig. 4A), indicating

that input from the unaffected limb provokes activity within the

ipsilesional circuitry. Whether or not this is a direct neuroimaging

readout of a maladaptive response remains to be proven.

The measured increased in PP ratio of the SEP signal at 3 days

and 4 weeks post-injury, but not between these times, is somewhat

incongruent with the persistent decrease in SEP latency times and

suggests that different mechanisms are driving these phenomena. A

study measuring PP ratio data after TBI recorded from the hippo-

campus in slices reported decreases in PP ratio, indicative of in-

creased inhibition,53 commensurate with the development of

aberrant sprouting and seizure activity.54 Other studies have shown

increased hippocampal PP ratio data,55,56 indicative of a reduction in

synaptic inhibition or an increase in excitability. There is no simple

relationship between tissue injury, as indicated by biomechanical

strain and PP ratio data,57 and spatial differences in excitability may

further complicate the interpretation, at least within hippocampus.58

Cortical PP ratio data recorded from brain slices reported tran-

sient increases in contralesional cortex excitability at 1–2 days

post-injury after CCI injury in the adult rat, which then normalized

by 3 days.16 These ex vivo findings are somewhat comparable to the

current in vivo data whereby early increases in excitability at Day 3

were lost by 1 week. The early post-injury increases in excitability

are likely to result from an entirely different mechanism to the later

onset of cortical excitability. For example, they may well be linked

to the massive net extracellular ionic fluxes and neurotransmitter

changes that occur early after injury,59 which promotes hyper-

metabolism,60,61 with later increased frequency of miniature ex-

citatory postsynaptic currents in both axotomized neurons at 1 day

and intact neurons at 2 days after injury.62 A cortical lesion model

showed that these early effects are likely to be driven by GA-

BAergic rather than AMPA receptor–mediated events.46

There are several potential mechanisms for the increased PP

ratio, or PP facilitation (PPF), a form of short-term synaptic plas-

ticity. PPF can occur both at the level of the thalamocortical af-

ferents63 and directly in the neocortex.64 PPF is related to

accumulation of residual Ca2+ in the pre-synaptic terminals after

the first stimulus, and is generally thought to relate to a lower

vesicle release probability from the first pulse65 so that the second

pulse results in a greater response.63 Pre-synaptic K+ channel

currents are known to be involved in PPF in the mammalian brain64

and their long-lasting deficits after FPI have been associated with

increased excitability,65 making them possible candidates respon-

sible for the enhanced PP ratio found in the current data. While the

impact of pre-synaptic Ca2+ concentration on excitability is well

known acutely after TBI, there are no data to suggest an involve-

ment at extended times post-injury. However, given the major role

of astrocytes in TBI pathology66 and their controversial role as

modulators of synaptic potential and neuronal excitability,67,68 they

also must be considered as possible candidates that alter cortical

excitability after TBI. For example, injury-induced pathology of

astrocytic inwardly rectifying K+ channels have been shown to

persist to at least 4 weeks in the neocortex after FPI and is asso-

ciated with hyperexcitability and post-traumatic epilepsy.66

A cortical rebalancing hypothesis

The chronic shift in the balance of excitation-inhibition toward

excitation within the contralesional cortex after injury and reduced

ipsilesional activity occurs concurrently with deafferentation

across the brain in this model.20,67,68 One possible mechanism to

explain the temporally extended inactivity and hypometabolism

that occurs post-injury within the ipsilesional cortex is an increased

inhibitory drive from the contralesional hemisphere, in a similar

manner to stroke.69 This would certainly fit with the fact that the

degree of ipsilesional-to-contralesional cortex transfer of activation

is correlated with injury severity only acutely, because by this

hypothesis, the contralesional cortex asserts control via increased

excitability at later times to prevent ipsilesional activity. How-

ever, further causality-based experimentation is required to

provide information to fully support this hypothesis. This may

then lay the foundation for future work to determine if neuro-

modulatory approaches to improving function post-injury occurs

through ameliorating cross-brain influences of inhibitory drive

onto damaged regions closer to the primary insult, in a manner

similar to that used after stroke to alter hemispheric differences in

excitability.70

There are limitations to this study. First, behavioral analysis of

sensorimotor function was not conducted on these animals so that

interpretation of the imaging data was made with reliance upon

prior functional outcome data acquired by this lab in this model.

Second, unlike the fMRI or c-FOS data, rats used for SEP analysis

were not investigated for injury severity measures by either MRI or

postmortem analyses. This reduced our ability to more closely in-

tegrate the data across modalities.

In conclusion, we have shown that TBI-induced changes in

evoked sensorimotor network activity occur dynamically post-

injury, with a high degree of dependence on the severity of the

injury. Loss of evoked ipsilesional activity was met with a corre-

sponding increase in contralesional activity, as shown by both

fMRI and c-FOS immunohistology. Parallel electophysiologic

paired-pulse evidence showed that the remote, contralesional

BOLD changes occurred concomitantly with increases in cortical

excitability, although much earlier reductions in SEP latency in-

dicate that evoked BOLD activity may not capture earlier changes

in reorganization.
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