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Abstract

Compensatory neural plasticity occurs in both hemispheres following unilateral cortical damage incurred by
seizures, stroke, and focal lesions. Plasticity is thought to play a role in recovery of function, and is important for
the utility of rehabilitation strategies. Such effects have not been well described in models of traumatic brain injury
(TBI). We examined changes in immunoreactivity for neural structural and plasticity-relevant proteins in the area
surrounding a controlled cortical impact (CCI) to the forelimb sensorimotor cortex (FL-SMC), and in the contra-
lateral homotopic cortex over time (3–28 days). CCI resulted in considerable motor deficits in the forelimb con-
tralateral to injury, and increased reliance on the ipsilateral forelimb. The density of dendritic processes, visualized
with immunostaining for microtubule-associated protein-2 (MAP-2), were bilaterally decreased at all time points.
Synaptophysin (SYN) immunoreactivity increased transiently in the injured hemisphere, but this reflected an
atypical labeling pattern, and it was unchanged in the contralateral hemisphere compared to uninjured controls.
The lack of compensatory neuronal structural plasticity in the contralateral homotopic cortex, despite behavioral
asymmetries, is in contrast to previous findings in stroke models. In the cortex surrounding the injury (but not the
contralateral cortex), decreases in dendrites were accompanied by neurodegeneration, as indicated by Fluoro-Jade
B (FJB) staining, and increased expression of the growth-inhibitory protein Nogo-A. These studies indicate that,
following unilateral CCI, the cortex undergoes neuronal structural degradation in both hemispheres out to 28 days
post-injury, which may be indicative of compromised compensatory plasticity. This is likely to be an important
consideration in designing therapeutic strategies aimed at enhancing plasticity following TBI.
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Introduction

Neural plasticity has been demonstrated after insults
to both the peripheral and central nervous systems. This

plasticity can occur from the molecular to the systems level in
humans and other animals. In early work on neocortex, this
was demonstrated to occur following peripheral nerve injury.
Somatosensory cortex was shown to reorganize itself in
monkeys following sensory deprivation produced by pe-
ripheral nerve injury (Kaas et al., 1983). The sensorimotor
cortex has also been shown to exhibit plasticity following focal
electrolytic lesions to the forelimb sensorimotor cortex (FL-
SMC; Schallert et al., 1997), and following ischemic infarcts
(Allred and Jones, 2008; Nudo, 2007).

We have previously found time-dependent increases in
dendritic arborization of layer V pyramidal neurons in the
cortex contralateral and homotopic to unilateral electrolytic or
ischemic lesions of the FL-SMC. Arborization was found to be
maximal at 18 days after electrolytic lesions, followed by
pruning of the dendritic arbors to just above sham levels by
day 30 ( Jones and Schallert, 1992). Also seen at 30 days, but
not at 10 or 18 days, were increases in synapse number per
neuron in cortical layer V ( Jones et al., 1996). Similarly, after
an ischemic injury to the FL-SMC, significant increases in
microtubule-associated protein (MAP-2) immunoreactive
dendrites were seen in layer V of the contralateral homotopic
cortex. These increases in MAP-2 were observed as early as
day 2 post-injury and were maximal 14 days after injury
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(Adkins et al., 2004). There were also increases in synapse
numbers evident as early as 30 days after the lesions ( Jones
et al., 1996; Luke et al., 2004). Increases in Fos and NMDAR1
immunoreactivity were also seen in layers II/III and V.
NMDAR1 immunoreactivity was significantly greater com-
pared to sham animals at 14 days, while Fos was elevated only
in layers II/III at 2 days (Adkins et al., 2004).

The above-mentioned dendritic growth and synaptogen-
esis were shown to be dependent on behavioral compensation
following injury. After a unilateral electrolytic or stroke-like
injury to the FL-SMC, the animal heavily relies on the unim-
paired forelimb ipsilateral to the injury. When this forelimb is
restrained beginning early following electrolytic lesions, the
dendritic growth does not occur ( Jones and Schallert, 1994;
Kozlowski et al., 1996). However, cortical neuroplasticity is
enhanced by motor rehabilitative training, such as reach
training and acrobatic training (Hsu and Jones, 2005,2006;
Luke et al., 2004). These findings add support for the idea that
cortical neural plasticity is a mechanism underlying both be-
havioral compensation and rehabilitation efficacy ( Jones
et al., 2009).

Neocortical plasticity has been assumed to play a role in
recovery of function following traumatic brain injury (TBI) as
well (Lehr, 2010; Stein, 2007), but there is little evidence of
such plasticity in the neocortex after this type of injury. In
studies of the hippocampus, measures of gene expression,
dendritic structure, and long-term potentiation (LTP) indicate
that reactive neural plasticity can be remarkably limited after
TBI (Ansari et al., 2008a; Li et al., 2004; Phillips and Reeves,
2001; Scheff et al., 2005). In neocortex, growth-associated
protein-43 (GAP-43, a marker of axonal growth) does not in-
crease, at least within 21 days post-CCI (Thompson et al.,
2006), and synaptic proteins, such as post-synaptic density
protein 95 (PSD-95), synapse-associated protein-07 (SAP-07),
and synapsin I, decrease in a time-dependent manner out to
96 h post-CCI (Ansari et al., 2008b). These instances of de-
creased plasticity following TBI may be related to the upre-
gulation of inhibitory molecules such as Nogo-A. Following
fluid percussion injury (FPI), Marklund and associates (2006)
found that Nogo-A is significantly increased in cortical neu-
rons and glia of the injured hemisphere from days 1–7 after
FPI (the contralateral cortex was not examined). Although
some markers of plasticity and its inhibitors have been ex-
amined in animal models of TBI, neocortical dendritic arbor-
ization and the contralateral changes seen following CCI have
not been examined in detail. Thus, it remains unclear whether
the behaviorally relevant compensatory plasticity evident in
other injury models could contribute to functional outcome
after TBI. The current study was designed to examine whether
structural neuroplasticity occurs in both the cortex sur-
rounding injury and in the contralateral homotopic cortex
following a unilateral CCI to the FL-SMC, and to investigate
its temporal relationship with behavioral changes.

Methods

Subjects

Fifty-six adult male hooded Long-Evans rats (275–375 g)
from Charles River Laboratories were used. The animals were
assigned randomly to CCI and sham conditions and to his-
tological end-points. All rats were treated according to insti-
tutional and National Institutes of Health guidelines, fed ad

libitum, and group housed on a 12-h:12-h light/dark cycle at
DePaul University.

Controlled cortical impact

A unilateral CCI was administered using modified pro-
cedures (Sutton et al., 1993). Once anesthetized with Equi-
thesin (149 mg/100 g chloral hydrate and 31 mg/100 g
sodium pentobarbital IP), the animals received a 4-mm-
diameter craniotomy 0.5 mm anterior and 4 mm lateral to the
bregma, directly over the FL-SMC, and centered over the
primary motor and sensory overlap zone of the caudal
forelimb area (Donoghue, 1982). The cortical impact was
delivered by a small-bore, double-acting, pneumatic piston
cylinder with a 40-mm stroke mounted on a stereotaxic mi-
cro-manipulator (David Kopf Instruments, Tujunga, CA).
The pneumatic piston cylinder was angled 18o away from
vertical, placing the flat impactor tip (3 mm in diameter)
perpendicular to the surface of the brain. Once in place, the
impactor tip penetrated the exposed brain at 0.3 m/sec at a
depth of 2.3 mm below the cortical surface for 250 msec.
After the impact, the wound was sutured and topical anal-
gesics and antibiotics were applied. The animal was placed
in its home cage and kept warm to recover from anesthesia
prior to being returned to the DePaul University Animal
Facility. Sham animals received all procedures up to but not
including the craniotomy.

Behavior

The rats were tested on the foot-fault and limb-use tests on
day 0 (pre-injury) and days 2, 4, 7, 10, 14, 21, and 28 post-
injury, or until their assigned histological end-point.

Foot-fault test. Foot-fault is a measure of forelimb coor-
dination during locomotion (Hernandez and Schallert, 1988).
The rats were placed on a grid (33.02 · 25.40 · 7.62 cm with
2.54-cm openings). The number of left and right forelimb
faults was counted over 50 steps. A fault consisted of the
animal’s forelimb completely falling through the space on the
test tube rack. A step was counted when both the left and right
forelimb moved consecutively in one direction. Foot-fault
data are presented as: [(contralateral (to the injury) fault –
ipsilateral fault)/total steps] · 100.

Limb-use test. The use of forelimbs for natural explor-
atory behavior was examined by placing the rats in a clear
acrylic glass cylinder, and videotaping them for at least 2 min
or until 10 rear-before-wall movements were completed
(Kozlowski et al., 1996). The videotapes were analyzed and
data measuring the use of forelimbs for weight-bearing ex-
ploratory behaviors such as rearing, landing, and exploring
the walls of the cylinder were collected. If the animals failed to
meet the criterion of making 10 rear-before-wall movements,
they were excluded from the analysis on that testing day. No
sham animals failed to meet the criterion on any testing day,
but some CCI animals did at each post-injury time point (n = 4
on day 4, n = 1–2 on the remaining testing days). The total
number of ipsilateral and contralateral (to the CCI) forelimb
behaviors was obtained, and a percent use of the ipsilateral
(non-injured) forelimb was calculated. Limb-use data are
presented as %(ipsilateral limb use + 1/2 bilateral use)/total
forelimb use).

1456 JONES ET AL.



Histology

Rats were euthanized on days 3, 7, 14, or 28 post-injury
(n = 8–12 per group) by cardiac perfusion with 4% buffered
paraformaldehyde in phosphate-buffered saline (PBS) while
under Equithesin anesthesia (149 mg/100 g chloral hydrate
and 31 mg/100 g sodium pentobarbital IP) for histological
preparations. Sham animals were sacrificed on day 3 or 28
after sham surgery. The brains were removed, cryoprotected,
and stored at 4�C until sectioning. The brains were sectioned
rostrally to caudally in 50-lm coronal serial sections using a
vibratome. Seven rostral-caudal sets of equidistant sections
were produced. Six sets were placed in cryoprotectant and
one set was used for each histochemical labeling procedure.
Each seventh section was placed in PBS for immediate slide
mounting, and this set was stained with toluidine blue (0.25%;
Sigma-Aldrich, St. Louis, MO), a Nissl stain, and used for the
analysis of remaining cortical volume (an indirect measure of
contusion size). All tissue quantification was performed in a
manner blinded to the post-surgical time point.

Measurement of remaining cortical volume

Measurements of cortical volume were obtained to esti-
mate contusion size by visualizing Nissl-stained sections of
the FL-SMC region using a Leica Microscope and cooled CCD
camera at 2.5 · . The images were analyzed using the com-
puter program Neurolucida (MicroBrightfield, Colchester,
VT). Sections between approximately 2.7 mm anterior to the
bregma and 2.7 mm posterior to the bregma were chosen.
After calibrating the software, a contour was drawn around
the remaining cortex of the injured hemisphere of the brain
using a low-power objective and an area was obtained. For
sham animals a random hemisphere was chosen. The area of
remaining cortex for all sections was summed per animal. A
total cortical volume was obtained by multiplying the total
cortical area by the distance between successive sections in the
set (350 lm).

Immunohistochemistry

Immunohistochemical processing for MAP-2, SYN, and
Nogo-A was performed in adjacent sets of sections, as in pre-
vious studies (Adkins et al., 2004; Hsu and Jones, 2006). Fol-
lowing rinses in 0.01 M PBS and inactivation of endogenous
peroxidase activity with 0.3% hydrogen peroxide in PBS, the
slices were incubated for 2 h in a block solution of 0.2–0.4%
Triton X-100, 0.1% bovine serum albumin, and 2% horse
(MAP-2 and SYN) or goat (Nogo-A) serum in PBS to prevent
non-specific protein binding. The sections were rinsed in PBS
again and placed in 1:500 mouse monoclonal anti-MAP-2 (2a +
2b, clone AP-20; Sigma-Aldrich), 1:200 mouse monoclonal anti-
SYN (clone SVP-38; Sigma-Aldrich), or 1:200 rabbit polyclonal
anti-Nogo-A (H-300; Santa Cruz Biotechnology, Santa Cruz,
CA) in block solution for 48 h at 4�C. The sections were rinsed
in PBS and placed in a 1:200 dilution of secondary antibody
(horse anti-mouse for MAP-2 and SYN, goat anti-rabbit for
Nogo-A) in PBS with 2% serum for 1 h. After more PBS rinses,
the sections were placed in biotinylated horseradish peroxi-
dase-avidin complex (Vectastain ABC kit; Vector Laboratories,
Burlingame, CA) for 2 h. Finally, immunoreactivity was visu-
alized using 3-3¢-diaminobenzidine and nickel ammonium
sulfate. Per each antibody, sections from all brains of the study

were processed in one batch, to avoid batch-to-batch variabil-
ity. To test for nonspecific binding, each batch contained a few
control slices that were not exposed to the primary antibody.

Sampling strategy for MAP-2, SYN, and Nogo-A
quantification

In the injured hemisphere, the focus of the quantification
was layer V of the remaining cortex medial and lateral to the
contusion (containing the remaining motor and somatosen-
sory cortex). In the contralateral hemisphere, the focus was
the cortical region homotopic to the injury. Neuronal struc-
tural plasticity in these regions has been linked with func-
tional outcome (Adkins et al., 2006; Brown and Murphy, 2008;
Carmichael and Chesselet, 2002), and behavioral asymmetries
(Adkins et al., 2004; Hsu and Jones, 2006), after similarly
placed ischemic lesions. The forelimb region of the sensori-
motor cortex (SMC) includes agranular cortex (containing the
primary motor cortex), granular cortex (containing the pri-
mary somatosensory cortex), and the overlap zone between
them. These subregions have distinct cytoarchitectural char-
acteristics (Wise and Donoghue, 1986), and consistent loca-
tions relative to macrostructural landmarks, and both were
used to guide sample location, as described previously (Chu
and Jones, 2000; Jones, 1999). Systematic random sampling
(i.e., sampling at fixed increments but with a random start
point; Gundersen and Jensen, 1987; Madow and Madow,
1944) was used to select sample locations, as in previous
studies (Adkins et al., 2004; Hsu and Jones, 2006; Jones, 1999).
The coronal sections sampled were between 1.2 mm anterior
and - 0.3 mm posterior to the bregma. The most anterior
section sampled within this region was randomly selected (as
a result of random selection of one of the seven equidistant
section sets per immunohistochemical stain), with sections
subsequently sampled at fixed 350-lm distances in the pos-
terior direction. Per each section, the first sample location was
positioned randomly in the depth of layer V within an in-
crement distance relative to the medial edge of the FL-SMC of
intact hemispheres, or to the edges of the contusion in injured
hemispheres. Subsequent samples were taken at fixed in-
crements moving parallel to cortical laminae. A computer-
interfaced Nikon Optiphot 2, a high-resolution digital camera
with live imaging capability (DVC Inc., Austin, TX), a rotating
stage permitting alignment relative to the laminae, and a
digital micrometer measuring stage movement were used.

MAP-2-labeled dendritic surface density analysis

The cycloid-grid intersection method (Baddeley et al., 1986)
was used to estimate the surface density of dendritic processes
immunostained with MAP-2, as described previously (Ad-
kins et al., 2004). Four samples in each of three sections in both
hemispheres (24 samples per brain) were observed, moving in
200-lm increments between samples within sections. A cy-
cloid-grid reticle was placed in one of the eyepieces. Each
sample site was viewed using a 100 · oil-immersion objective
(n.a. 1.30, 1250 · final magnification), and intersections be-
tween the cycloid grid lines and MAP-2-immunoreactive
processes were counted. Out-of-focus processes were not
counted to minimize projection bias, as appropriate for the
cycloid method. The vertical axis of the cycloid arcs was
perpendicular to the cortical surface and parallel to apical
dendritic shafts (i.e., aligned using local vertical windows;
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Baddeley et al., 1986). Immunoreactive somata were not in-
cluded in the measures. Surface density (Sv) was calculated
using the formula: Sv = 2(I/L), where I is the total number of
intersections summed across all samples per hemisphere, and
L is the total cycloid test line length, summed over samples
(2.75 mm).

SYP optical density quantification

SYP-immunostained sections were viewed using a
100 · oil-immersion objective for a final magnification of
2800 · . Digital images were captured and the luminosity of
the sample was obtained using DVC View 3.3 software. Mi-
croscope and illumination settings were held constant. Eight
samples taken at 200-lm increments were imaged per hemi-
sphere in each of three sections (48 samples/brain). Lumin-
osity was recorded from the midline of the corpus callosum to
serve as a background measurement. A blank area of the slide
near the midline of the coronal section was also sampled to
verify constancy of background illumination. The luminosity
measures reflect both in- and out-of-focus labeling. The opti-
cal density (the inverse of luminosity) for each hemisphere
was calculated as the average optical density of sample areas/
optical density of the corpus callosum.

Nogo-A quantification

The numerical density of Nogo-A-immunolabeled cells
was estimated using the optical disector method. Samples
were viewed with a 50 · oil-immersion objective (1400 · final
magnification), and viewed in real time on a computer mon-
itor using DVC View 3.3 software. Four samples per each of 4
sections and in each hemisphere (32 total/brain) were taken at
250-lm increments. An unbiased sample frame (30,000 lm2)
was superimposed over the image. Labeled cells appearing
while focusing down through the thickness of the section
were counted, whereas cells at the top focal plane were ex-
cluded. The numerical density (Nv) was calculated as +Q-/
+V(frame) where +Q- is the total number of Nogo-A-positive
cells per hemisphere, and +v(frame) is the summed sample
volume (24 · 106 lm3). Cells that had an obvious neuronal
morphology, characterized by large pyramidal-shaped soma,
and often a portion of the apical dendrite, were counted
separately from other cells. This method of morphological
phenotyping benefits from the large size and distinctive
morphology of the principal neurons of layer V. Counter-
staining with pyronin-Y (a Nissl stain) after data collection
verified that the nuclei of cells appearing to have neuronal
morphology with Nogo-A labeling also had the distinct
spherical nucleoli characteristic of neurons, and an absence of
the chromatin clumping or dark staining characteristic of glia
(Peters et al., 1991). This approach is likely to omit smaller and
necrotic neurons. Thus, the ‘‘other cell’’ category is expected to
include some small neurons as well as non-neuronal cells.

Fluoro-Jade B stain

Another set of tissues was stained for FJB (Chemicon, Te-
mecula, CA), a polyanionic fluorescein derivative that binds
to deteriorating neurons (Schmued and Hopkins, 2000). The
manufacturer’s protocol for FJB staining was used. As de-
scribed previously (Adkins et al., 2006), gelatin-coated slides
with mounted tissue were immersed in a solution of 1% so-

dium hydroxide in 80% alcohol for 5 min, and 70% alcohol for
2 min, distilled water for 2 min, and 0.06% potassium per-
manganate for 30 min on a shaker table. The rest of the steps
were conducted away from direct light. The slides were
placed in a solution of 0.0004% FJB in distilled water for
30 min. After several rinses with distilled water, the slides
were dried overnight, placed in xylene for 5 min, and cover-
slipped with Krystalon mounting media (EMD Chemicals,
Inc., Gibbstown, NJ).

FJB analysis

FJB-positive neurons in the peri-lesion FL-SMC were
counted and averaged from three sections as described by
Adkins and colleagues (2006). The sections were viewed in
real time on a computer monitor using an Olympus BX61
fluorescence microscope, Optronics Microfire digital camera
(Meyer Instruments, Inc., Houston, TX), and Neurolucida
software. At a lower magnification of 140 · , the cortex of ei-
ther hemisphere was outlined, and the area of the delineated
region was determined using the Neurolucida program’s area
estimation function. Using a 20 · dry objective (final magni-
fication of 700 · ), the FJB-positive neurons observed within
the previously outlined area of either hemisphere were
counted. The use of an exhaustive sampling scheme within
the stained cortex enabled detection of infrequent or scattered
FJB-labeled neurons. The number of FJB-positive neurons per
unit area was calculated as the total number counted divided
by the area of the delineated cortical region.

Statistical analysis

The behavioral and histological data were collected from
the same animals. For analysis of behavioral data, the removal
of animals for histological end-points complicates the use of
repeated-measures analysis of variance (ANOVA), because
animal subsets and group sizes varied across the behavioral
time course. Therefore, as a primary analysis inclusive of all
animals, behavioral data were analyzed using individual
ANOVAs for injury condition (CCI versus sham) at each
testing day using SuperAnova software. To confirm the pat-
tern of results, an additional analysis was performed using
two-way ANOVA for injury condition (CCI versus sham) and
time (testing day), using only data from animals surviving
until the last end-point (day 28), and treating time as a re-
peated measure. In the first analysis, all surviving animals
were included in the analysis of each testing day because
within CCI and sham conditions, there were no significant
differences at any behavioral time point between surviving
end-point groups ( p = 0.09–0.97). Anatomical variables were
analyzed with R (R Development Core Team, 2010) using
planned contrasts for time point, treating sham-operated an-
imals as ‘‘day 0’’ for comparison with each post-CCI time
point (i.e., four planned contrasts per variable). For the latter
analysis, the R gmodel package and fit.contrast proce-
dure were used to generate one-way ANOVAs for time
point, followed by the constructed contrasts. Select secondary
post-hoc analyses comparing time points among CCI groups
were performed using Tukey’s HSD testing. Data from the
two time points (days 3 and 28) and hemispheres of sham-
operated animals were combined for most analyses, be-
cause preliminary analyses revealed no significant differ-
ences between these for any of the anatomical variables
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[F(1,14) = 0–0.31, p = 1.0–0.59], with the exception of one sub-
analysis of the Nogo-A results, as considered below. The
results were considered significant at p £ 0.05. Graphed data
are shown as means – standard error of the mean (SEM).

Results

Remaining cortical volume

There was a significant reduction in the volume of the injured
SMC compared with sham-operated animals [F(1,52) = 43.43,
p < 0.0001; Table 1). The mean remaining cortical volume ten-
ded to decline across time points. However, in post-hoc Tukey’s
HSD comparisons there were no significant differences in re-
maining cortical volume between CCI groups at the different
time points ( p = 0.17–0.99). It is possible that the tendency for a
progressive decline in cortical volume reflects progressive tis-
sue loss and atrophy rather than differences in initial contusion
size. Consistent with this, initial behavioral impairment levels
were similar between rats sacrificed at different time points
after CCI. For example, considering rats sacrificed at 3 versus 28
days after CCI, there were no significant differences in any of
the early behavioral measures between these CCI subgroups
(e.g., foot-fault: [F(1,19) = 0.146, p = 0.79]).

Behavior

Foot-fault test. Intact animals had very few foot-faults
across all of the testing days. All CCI animals showed an
increase in the number of contralateral (to the contusion) foot-
faults starting at day 2 post-injury compared to sham animals
[F(1,53) = 90.13, p < 0.001; Fig. 1), indicating a deficit in motor
coordination of the forelimb contralateral to the CCI. The
deficits began to recover over time in CCI animals. Never-
theless, at the end of the study, the injured animals were still
showing significantly more contralateral foot-faults compared
to sham animals [F(1,16) = 13.75, p < 0.001]. Similar effects were
found in a separate analysis including only animals that sur-
vived until the last end-point (day 28). In these subgroups, two-
way repeated-measures ANOVA revealed a significant main
effect of injury condition [CCI versus sham, F(1,18) = 74.84,
p < 0.001], and condition · day interaction [F(6,108) = 2.30,
p = 0.040]. In post-hoc comparisons, CCI was significantly dif-
ferent from sham animals at each post-injury time point, but
tended to be more impaired at earlier time points. These results
demonstrate that the CCI produces deficits in the motor coor-
dination of the forelimb contralateral to the injury, as is seen in
electrolytic lesions and ischemic injury to the FL-SMC (Adkins
et al., 2004; Kozlowski et al., 1996).

Limb use: Schallert cylinder test. Intact animals had a
forelimb asymmetry score of approximately 50%, which in-
dicates symmetrical use of both forelimbs (Schallert et al.,
1997). All CCI animals showed an increase in cylinder fore-
limb asymmetry scores starting at day 2 post-injury, indicat-
ing enhanced reliance on the non-impaired forelimb
compared to sham animals [F(1,51) = 32.6, p < 0.0001; Fig. 2].
CCI animals were significantly different from sham animals at
each time point, with the exception of day 28 [F(1,16) = 2.85,
p = 0.10]. In two-way ANOVA inclusive of animals of the final
end-point, there was a significant main effect of injury con-
dition [CCI versus sham, F(1,17) = 17.87, p = 0.001], but no in-
jury condition · day interaction [F(6,102) = 1.29, p = 0.27]. These
results demonstrate that the CCI does produce a significant
asymmetry in the use of the forelimbs during weight-bearing
exploration, as is seen in electrolytic lesions and ischemic in-
jury to the FL-SMC (Adkins et al., 2004; Kozlowski et al.,
1996).

Anatomy results

Changes in MAP-2-labeled dendrites following CCI.
After CCI, there was a major reduction in the surface density
of MAP-2-labeled dendrites in cortical layer V. The decreases
in dendritic density were found bilaterally at most time points
examined (Fig. 3). One-way ANOVA for time points, treating
sham animals as day 0, revealed significant time-dependent
differences in both the injured [F(4,51) = 11.49, p < 0.00001] and
intact [F(4,51) = 4.76, p = 0.002] hemispheres. MAP-2-labeled
dendrites were sparsest in the injured hemisphere at 3 and 14

Table 1. Volume of the Remaining Cortex

Group Volume of remaining cortex (mm3 – SEM)

Sham 59.2 – 1.2
CCI, day 3 50.4 – 2.2*
CCI, day 7 45.6 – 2.3*
CCI, day 14 45.2 – 2.3*
CCI, day 28 43.9 – 2.2*

*p < 0.05 compared to sham animals.
CCI, controlled cortical impact; SEM, standard error of the mean.

FIG. 1. Foot-fault test. All injured animals showed a deficit
in forelimb coordination that recovered over time compared
to sham animals (*p < 0.05 at all time points). Arrows indicate
times when animals were removed for histological end-
points. Numbers of controlled cortical impact (CCI) animals:
days 0–2 = 41, days 4–7 = 31, days 10–14 = 21, days 21 and
28 = 9 and 10. Numbers of sham animals: days 0–2 = 14, all
other days = 8.
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days after CCI. At these times, there were approximately 27%
and 32% reductions in dendritic densities, respectively, com-
pared with sham animals (t = 4.98 and 6.03, respectively;
p < 0.00001). A similar pattern of results was found in the
contralateral cortex, though the reductions in this hemisphere
were not as extreme. Neither hemisphere showed unequivo-
cal evidence of successful recovery of dendritic density over
the time course examined. Though there was a partial return
to more normal dendritic density at days 7 and 28, at day 14
the mean dendritic density was at its lowest in both hemi-
spheres. Furthermore, dendritic densities remained signifi-
cantly reduced 28 days after CCI in both the injured (t = 2.98,
p = 0.004) and contralateral (t = 2.94, p = 0.005) hemispheres in
comparison to sham animals.

Changes in synaptophysin immunoreactivity following
CCI. The optical density of SYN showed a time-dependent
elevation in the injured cortex, but did not change signifi-
cantly in the contralateral cortex (Fig. 4). In the injured
hemisphere, there was an overall effect of post-CCI time point
[F(4,49) = 2.64, p = 0.045, including sham as day 0]. At 3 and 7
days after CCI, mean SYN optical densities were similar to
those of sham animals. However, on day 14, SYN optical
density was * 28% greater than that of sham animals (t =
- 3.01, p = 0.004). Qualitatively, the labeling pattern in the
injured cortex on day 14 was characterized by regions of
dense and atypically clustered puncta (Fig. 4A), in contrast to
the diffusely distributed puncta typical of intact and contra-

lateral cortex (Fig. 4B). On day 28 after CCI, mean values
remained slightly elevated, but were not significantly differ-
ent from shams (t = - 1.41, p = 0.17). Though the contralateral
cortex tended to mirror the injured hemisphere’s temporal
pattern of change, the changes were subtle and there was no
overall effect of time in the one-way ANOVAs for this hemi-
sphere [F(4,49) = 1.45, p = 0.23]. There were also no significant
differences between sham animals and any of the post-CCI
time points in the contralateral cortex. Note that increases in
SYN labeling do not necessarily reflect increased synaptic
densities, as they can also reflect disrupted transport and
pathological accumulation of the protein (Ferrer, 2002; Jortner
et al., 1997; Tesseur et al., 2000).

Neuronal degeneration following CCI. FJB analysis was
conducted to examine neuronal degeneration in both hemi-
spheres over time. As shown in Figure 5, there were major
increases in FJB-labeled neurons in the cortex near the CCI.
The clearly labeled FJB-positive neurons evident in the injured
cortex (Fig. 5A and B) were not found in sham animals or in
the hemisphere contralateral to the injury (Fig. 5C). As shown
in Figure 5D, degenerating neurons were most abundant early
after injury, and declined with time [ANOVA for time, in-
cluding shams as day 0: F(4,47) = 5.34, p = 0.0013]. The density
of degenerating neurons was greatest 3 days after CCI, and
this was significantly increased compared with shams (t =
- 4.15, p = 0.0001). The mean FJB-positive cell densities at
post-CCI days 7 and 14 remained elevated, but failed to reach
significance compared with shams ( p = 0.093 and 0.0502, re-
spectively). Finally, neurodegeneration labeling was minimal
at post-CCI day 28, and did not significantly differ from the
sham group (t = - 0.04, p = 0.97).

Expression of Nogo-A following CCI

Nogo-A labeling was conducted to examine whether the
failure to recover dendritic density may have been related to
the upregulation of inhibitory molecules such as Nogo-A.
Changes in Nogo-A-labeled cell densities after CCI showed
bidirectional effects dependent upon cell morphological cat-
egory. As shown in Figure 6, the densities of other Nogo-A-
positive cells (those without a clear neuronal morphology)
were increased at all time points examined. In contrast, Nogo-
A-positive cells with a neuronal morphology were signifi-
cantly reduced in the injured hemisphere. This reduction was
significant compared with shams at all time points examined,
though there was a partial return to sham levels at day 28 after
CCI. In post-hoc comparisons between CCI groups, densities
of Nogo-A-positive cells with neuronal morphology were
significantly greater at day 28 than on days 3 ( p = 0.014) and 7
( p = 0.011 by Tukey’s HSD) post-CCI. Levels on day 14 were
not significantly different from either earlier or later time
points.

In the contralateral cortex, there was little change in Nogo-
A labeling of cells categorized as neurons or other cells. There
were no significant differences between the CCI and sham
groups at any time point, with the exception of a significant
decline in Nogo-A-positive cells with a neuronal morphology
at 3 days after CCI (t = 2.28, p = 0.027).

Neuronal death is unlikely to account for the reduced
densities of Nogo-A-positive cells with a neuronal morphol-
ogy. There was no evidence of neuronal death in the

FIG. 2. Cylinder test. All injured animals showed a pref-
erential reliance on the non-impaired forelimb for postural
support as measured by the asymmetry score: [{(ipsilateral
use + ½ bilateral use)/total use} * 100]. Numbers of con-
trolled cortical impact (CCI) animals: days 0 and 2 = 41 and
39, days 4 and 7 = 26 and 30, days 10 and 14 = 21 and 20, days
21 and 28 = 9 and 10. Numbers of sham animals: days 0 and
2 = 14, 8 for all remaining time points (*p < 0.05 compared to
sham animals).
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contralateral cortex to accompany the reduced densities of
these cells at 3 days. In addition, a persisting reduction
in neuronal Nogo-A densities (possibly with a more
delayed onset) would be expected in the injured hemi-
sphere, rather than the early peak reduction followed by
partial recovery that was observed. Our approach for cate-
gorizing cells would count small and necrotic neurons as
‘‘other cells.’’ However, if dying neurons contributed to the
elevations in the ‘‘other cell’’ category in the injured cortex,
these densities would be expected to decline after neuronal
degeneration peaks (see FJB results), and degenerating debris
is removed. In contrast, there was no reduction with time in
the density of other Nogo-A-positive cells in the injured
hemisphere.

For all other anatomical measures, there were no differ-
ences between the two time points of sham animals. However,
in the measure of Nogo-A-positive cells with neuronal
morphologies, sham animals at day 3 had significantly greater
densities than those at day 28 [3.40 – 0.50 and 2.19 – 0.31, re-
spectively, F(1,14) = 4.86, p = 0.045]. However, if animals with
the most extreme values from each group were omitted, such
that groups were no longer significantly different, there was
no change in the pattern of inferential results in the compar-
ison with CCI groups. Furthermore, if CCI groups are com-
pared only with the day-28 sham group (which had lower
neuronal cell densities), there continued to be significant CCI
versus sham effects at all but the last time point (days 3–14:
p = 0.002–0.009, day 28: p = 0.26).

FIG. 3. The density of dendritic arbors (microtubule-associated protein-2, MAP-2) in layer V (A–C) were decreased sur-
rounding the injury (B), and in the contralateral homotopic cortex (C), compared to sham animals (A; scale bar = 50 lm).
Layer V sampling regions are outlined in the coronal sections in (D; scale bar = 1 mm). (E) These decreases were seen at all
time points following controlled cortical impact (CCI; *p < 0.05, **p < 0.005 versus sham animals in planned comparisons; at day 7
in the contralateral [Contra] cortex, p = 0.08 versus sham animals). Color image is available online at www.liebertonline.com/neu
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Discussion

Neuroplasticity has been established as one of the mecha-
nisms enabling functional improvements following CNS in-
jury (Kleim and Jones, 2008). It can be behaviorally driven by
both rehabilitative training and by an animal’s ‘‘self-taught’’

compensatory behavioral strategies. An example of the latter
category is found in the cortex contralateral to a unilateral
ischemic FL-SMC, where increased reliance on the unim-
paired forelimb can drive dendritic growth and synapse ad-
dition. In the current study, we probed for similar
behaviorally-driven cortical structural plasticity over time

FIG. 4. Synaptophysin (SYN) immunolabeling in cortex near a controlled cortical impact (CCI; A), and in the contralateral
cortex (B; scale bar = 50 lm). The white boxes in C and D delineate the regions shown in the higher-magnification images seen
in A and B, respectively (scale bar = 1 mm). (E) In the injured cortex, there was a transient increase in the optical density of
SYN on day 14. No significant changes were found in the contralateral (Contra) cortex (**p = 0.004 versus sham animals).
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following focal contusion injury of the FL-SMC produced by a
CCI. Our findings indicate that, although unilateral CCI
produced significant deficits in forelimb function and in-
creased reliance on the unimpaired limb (similar to what is
seen following a similarly sized and placed ischemic or elec-
trolytic lesion to the FL-SMC), structural plasticity is com-
promised. There was a major loss of dendrites in both
hemispheres that endured across the entire time course ex-
amined in this study. If there was any re-growth of den-
drites, it was far from sufficient to restore their quantities in
the cortex of either hemisphere to normal levels by 28 days
after CCI.

Unilateral CCI to the FL-SMC produced significant deficits
in motor coordination of the forelimb contralateral to the in-
jury, as well as a reliance on the unimpaired limb during
weight-bearing exploratory movements. These deficits and
forelimb asymmetries did not fully recover over time. The
deficits were similar to those previously reported after CCI of
the caudal forelimb area of the SMC (Becerra, 2007; Hoane
et al., 2007; Nishibe et al., 2010). The severity and extent of the
deficits and asymmetrical forelimb use were also similar to
those found using the same measures following electrolytic
(Kozlowski et al., 1996) or focal ischemic lesions of the FL-
SMC (Hsu and Jones, 2006), both of which result in significant
post-lesion neuronal growth responses. Therefore, differences
in growth responses between the present CCI TBI model and
electrolytic and ischemic lesions cannot easily be explained by
differences in forelimb deficits and asymmetries.

Dendritic density (as measured by the surface density of
MAP-2-positive processes) was significantly decreased in
both the injured cortex and in the contralateral homotopic
cortex following CCI at most time points examined. There
was no unequivocal evidence for successful recovery of den-
dritic densities. There were transient fluctuations in mean
dendritic densities, but whether this reflects the failure to
stabilize newly formed dendrites, or it reflects inter-animal
variability in dendritic loss, requires further investigation. In
either event, dendritic densities remained drastically reduced
at all time points out to 28 days. These data are generally
consistent with previous studies finding decreased MAP-2
immunoreactivity in both the hippocampus and in the cortex

in different models of TBI (e.g., impact acceleration, weight
drop, and fluid percussion; Folkerts et al., 1998; Huh et al.,
2003; Posmantur et al., 1996; Taft et al., 1992). The majority of
these studies found drastic decreases in MAP-2 surrounding
the injury and in the hippocampus ipsilateral to the injury;
however, these measurements were primarily taken within
the first 3 days post-injury surrounding the injury and not in
the contralateral homotopic cortex. Studies examining long-
term effects of TBI on dendritic morphology have not been
conducted. Therefore, our findings that dendritic density is
decreased not only at the early post-injury time points, but
chronically out to 28 days post-injury in both hemispheres, are
novel and suggest that CCI results in widespread lasting
structural degradation of surviving neurons in the cortex that
is not compensated for by neuronal growth responses.

Our findings of chronic reductions in neocortical dendrites
in the contralateral homotopic cortex are contrary to the pat-
tern of dendritic changes seen after similarly sized and placed
electrolytic and ischemic lesions, in which dendritic arbori-
zation in the contralateral cortex increases beyond control
levels (Adkins et al., 2004; Jones and Schallert, 1992). How-
ever, as in TBI, these neuronal growth responses are very
sensitive to the size and extent of damage (Hsu and Jones,
2006). In TBI models, markers of plasticity measured early
post-injury are typically increased in more mild injury models
like FPI, versus more severe models such as CCI (Hall and
Lifshitz, 2010; Thompson et al., 2006). For example, expres-
sion of GAP-43 in the ipsilateral cortex following severe CCI is
depressed (Thompson et al., 2006), whereas mild FPI results in
increased GAP-43 expression out to 28 days post-injury (Hall
and Lifshitz, 2010). In the current study, the injury produced
by CCI would be categorized as moderate to severe, and
therefore early decreases in plasticity markers would be
consistent with the literature. Nevertheless, in focal stroke
models, even though larger FL-SMC lesions diminish the
magnitude of neuronal growth responses in the contralateral
cortex compared with smaller lesions, there are still significant
increases in the density of MAP-2-immunolabeled dendrites
in this region (Hsu and Jones, 2006), in contrast to the per-
sistent decreases found in the present study. The larger is-
chemic lesions induced by Hsu and Jones were of similar size

FIG. 5. Fluoro-Jade B (FJB) labeling for degenerating neurons. (A–C) Representative images from 3 days post-CCI. (A)
Photomontage of the dorsal portion of a coronal section overexposed to reveal cortical outlines. White boxes outline areas
shown in the higher-magnification images seen in B (injured hemisphere) and C (contralateral cortex). (D) Quantification of
the density of FJB-labeled neurons. Significant increases were found in the injured cortex at 3 days post-CCI (**p < 0.005
versus shams; CCI, controlled cortical impact). Color image is available online at www.liebertonline.com/neu
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FIG. 6. Nogo-A labeled cortical samples from 7 days after controlled cortical impact (CCI, A), sham surgery (B), 28 days
post-CCI (C), and contralateral cortex 28 days after CCI (D). The inset in C shows examples of cells categorized as having
clear neuronal morphology (black arrows) or not (white arrowheads). (E) Lower-magnification view of the sample regions
(black boxes) shown in C and D. Counterstaining with pyronin-Y (a Nissl stain) confirmed that cells with neuronal mor-
phology had nuclei characteristic of neurons (F-H). Examples are from the contralateral cortex 28 days after CCI (F), the
cortex lateral to the contusion at the same time point (G), and the cortex medial to the contusion on day 7 (H). In the injured
hemisphere (I), there was a reduction in the density of Nogo-A-positive cells with obvious neuronal morphology, and an
increase in other Nogo-A-positive cells, at all time points. In the contralateral (Contra) cortex (J), significant changes were
only found at day 3 post-CCI, and only in Nogo-A-positive cells with neuronal morphology (*p < 0.05, *p < 0.005 versus sham
animals). Color image is available online at www.liebertonline.com/neu
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and extent as the CCIs in the current study (25% and 24% loss
in cortical volume, respectively). Therefore, injury size alone
cannot explain the difference in neuronal growth responses
resulting from ischemic versus impact injury of the same
cortical region.

In addition to differences in injury severity, the injury type
also affects reactive plasticity. Dendritic and axonal growth
responses to sensorimotor cortical damage have been found
to vary between ischemic and electrolytic versus aspiration
lesions (Carmichael and Chesselet, 2002; Mir et al., 2004;
Voorhies and Jones, 2002). Dendritic processes grow in the
contralateral cortex following an electrolytic or ischemic
lesion, but not when the lesion is created by aspiration or a
combined electro-aspiration technique (Voorhies and Jones,
2002). Although the mechanisms underlying these lesion-
specific reactions have never been fully elucidated, one
possibility is that aspiration procedures produce greater dis-
ruption of underlying brain structures, including white mat-
ter and striatum, which could promote greater inhibition of
compensatory plastic changes. CCI is perhaps more like as-
piration lesions than ischemic lesions in the severity and
characteristics of its disruption of areas surrounding the area
of impact along with white matter and connected subcortical
structures (Dixon et al., 1991; Hall et al., 2008). Another po-
tential mechanism is that ischemic lesions also produce pat-
terns of synchronous cortical neural activity early post-lesion
(1–3 days), which are not found following aspiration lesions.
Blocking this activity after ischemic lesions prevents axonal
sprouting (Carmichael and Chesselet, 2002). In vitro and
in vivo studies have shown that electrophysiological re-
sponses and cellular excitability post-TBI are impaired (De-
Salles et al., 1987; Reeves et al., 2000; Wiley et al., 1996). This
impairment in cellular excitability post-TBI may prevent
plastic structural changes. Further examination of these po-
tential mechanisms is warranted.

The persistent reductions in dendritic densities seen in the
contralateral cortex are unlikely to be due to a major loss of
neurons in this region. While extensive neural degeneration
(as measured by FJB labeling) was seen in the cortex sur-
rounding the contusion in the current study, no FJB neuronal
labeling was found in the contralateral cortex over the studied
time period (3–28 days). Neurons may not be dying in sig-
nificant numbers in this region, but major axonal degenera-
tion in both the immediate and chronic stages post-CCI could
be expected. Axonal damage is extensive following CCI, en-
compassing not just the injured hemisphere, but also the
hemisphere contralateral to the injury (Hall et al., 2008). In an
in vitro model of traumatic axonal injury (TAI), axonal de-
generation caused by stretching results in an immediate effect
on dendrites in the form of dendritic beading (Monnerie et al.,
2010). This subsides in vitro once the stretch is discontinued.
Therefore, the axonal stretching present following CCI can
result in detrimental effects on dendrites, and may produce
the subsequent decreases in dendritic density seen in this
study and others. It is possible that even when tissue loss is
similar, these characteristics of CCI result in more dire and
extensive disruption and dysfunction of surviving neurons
and circuitry than do ischemic lesions, compromising subse-
quent reactive plasticity in connected brain regions, including
the contralateral cortex.

Compensatory plasticity also varies with metabolic re-
sponses to injury. Lesions that produce a longer hypometa-

bolic state post-injury result in diminished compensatory
plasticity (Mir et al., 2004). It is well known that following TBI,
there is an intense early hypermetabolic response surround-
ing the injury, which quickly turns into a prolonged hypo-
metabolic state (Hovda, 1996). The hypometabolic state can
last at least 10 days post-injury, and has been correlated with
deficits in performance in the Morris water maze (Moore
et al., 2000). During this ‘‘metabolic crisis,’’ the cortical re-
sponse to both peripheral sensory (whisker) stimulation and
direct cortical stimulation is significantly muted for up to 2
months post-injury (Ip et al., 2003; Passineau et al., 2000). The
altered response to somatosensory activation occurs in the
cortex of both hemispheres, and it is even more prolonged in
the contralateral cortex (Ip et al., 2003). Thus, the cortical re-
sponse to asymmetrical use of the forelimbs might also be
diminished. These metabolic responses to injury have also
been demonstrated following CCI (Kelly et al., 2000). To-
gether, these findings raise the possibility that the compro-
mised neuroplasticity seen following a CCI may be directly
related to the compromised metabolic state and its associated
reduction in cortical responsiveness to peripheral activation.

Another mechanism by which TBI may limit plasticity is by
upregulating growth inhibitory molecules. A few inhibitors of
plasticity in the cortex have been examined in animal models
of TBI. Harris and colleagues found that the expression of the
axonal growth inhibitor chondroitin sulfate proteoglycan
(CSPG) in the cortex following CCI (Harris et al., 2009) is
increased in areas surrounding the CCI that were forming a
glial scar. In the pericontusional areas, however, there are
decreases in CSPG proteins within the first 14 days post-
injury. This suggests that the inhibition of plasticity may be
more extensive surrounding the contusion in the glial scar,
but that further away, decreases in inhibitory proteins could
create an environment permissive for plasticity.

To our knowledge, our study is the first to examine the
post-CCI response of the myelin-associated growth inhibitor
Nogo-A (Chen et al., 2000; Grandpre et al., 2000; Zorner and
Schwab, 2010), though a previous study has examined its
expression patterns after FPI (Marklund et al., 2006). In the
uninjured rat, Nogo-A is expressed in neurons and oligo-
dendrocytes throughout the entire CNS (Funahashi et al.,
2008), but not in astrocytes or activated microglia (Liu et al.,
2002). In the sensorimotor cortex, Nogo-A expression is con-
centrated in the pyramidal neurons of layer V (Shin et al.,
2006), the area of focus in the current study. Our findings
demonstrate that the number of Nogo-A-positive neurons is
decreased, but the number of Nogo-A-positive non-neural
cells is increased in layer V of the cortex ipsilateral to the
injury, though it was not significantly changed in the cortex
contralateral to the injury. In contrast, Marklund and associ-
ates (2006) found that Nogo-A is significantly increased in both
cortical neurons and glia of the injured hemisphere from days
1–7 after FPI, though they did not examine its expression at
later time points and or in the contralateral cortex. The differ-
ences in our findings compared to those of Marklund and
colleagues may be due to the different models of TBI studied,
given that Nogo-A expression patterns vary with injury se-
verity in stroke and spinal cord injury models (Cheatwood
et al., 2008; Josephson et al., 2001). The increased expression of
Nogo-A surrounding the cortical contusion in the current study
suggests that an increase in inhibitory molecules may have
played a role in the inhibition of markers of plasticity
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surrounding the injury. However, it cannot easily explain the
limited dendritic regrowth seen in the contralateral cortex,
since NogoA expression was not significantly changed there. It
remains possible that other inhibitory molecules not examined
in the current study such as CSPG play a role.

Synaptophysin immunoreactivity was not significantly
changed in the cortex contralateral to CCI, but there was a
transient increase in the injured hemisphere seen at day 14
post-CCI. This increase reflected a labeling pattern of dense
clusters of immunoreactive puncta, in contrast to the more
diffuse distribution typical of intact and contralateral cortex.
Because this was a time point of greatly reduced dendritic
density in this region, it is possible that this transient increase
reflects a stage of compensatory synaptogenesis. However, it
may also indicate an abnormal accumulation of this pre-
synaptic vesicle protein, because disrupted transport and
abnormal accumulation of synaptophysin occurs during ax-
onal degeneration (Ferrer, 2002; Tesseur et al., 2000). Clar-
ifying this would require an electron microscopic analysis of
this area. Previous studies have found decreases in neocortical
synapse-related proteins and synaptic structures after TBI, at
least early after the injury. Campbell and colleagues found
that spine density visualized using Golgi-Cox staining was
significantly decreased by 24 h post-injury, but returned to
baseline by 1 week following moderate FPI (Campbell et al.,
2011). Ansari and colleagues (Ansari et al., 2008b) found that
proteins such as PSD-95, synapsin-I, and SAP-97 were de-
creased in the cortex surrounding the injury between 24 and
96 h post-CCI. Similarly, Ding and colleagues (2009) found
reduced synaptophysin in the ipsilateral cortex up to 48 h
post-injury in an impact-acceleration model of TBI. None of
these studies, however, examined cortex out to 14 days. In
contrast to these studies, we did not find a decrease in sy-
naptophysin levels at any time point, but it is quite possible
for a transient decrease to be missed, given that the earliest
time point examined was 3 days post-injury. However, in the
hippocampus, moderate CCI elevates synaptophysin levels at
both early (24–72 h) and later (21 days) post-injury time points
(Thompson et al., 2006). After FPI, spine density was de-
creased in the dentate gyrus by 24 h post-FPI, but increased
above control levels by 1 week post-injury (Campbell et al.,
2011). These findings suggest that TBI-induced changes in
synaptic proteins vary considerably with time and region
examined, in addition to injury severity.

Conclusion

Our data indicate that unlike what is seen in models of focal
stroke, structural cortical plasticity is compromised following
focal traumatic brain injury. Some possible reasons for this
discrepancy include differences in injury severity, extent of
pathological secondary events, and expression of growth in-
hibitory molecules. These findings have implications for re-
habilitation and the promotion of plasticity as potential
therapeutic strategies following TBI. Further studies are nee-
ded to elucidate the mechanisms of compromised plasticity,
as well as to reveal ways to over come it.
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