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Abstract
Experimental and clinical findings demonstrate that traumatic brain injury (TBI) results in injury
to both gray and white matter structures. The purpose of this study was to document patterns of
oligodendrocyte vulnerability to TBI. Sprague Dawley rats underwent sham operated procedures
or moderate fluid percussion brain injury. Animals were perfusion-fixed for quantitative
immunohistochemical analysis at 3 (n=9) or 7 (n=9) days post-surgery. Within the ipsilateral
external capsule and corpus callosum, numbers of APC-CC1 immunoreactive oligodendrocytes
were significantly decreased at 3 or 7 days post-TBI compared to sham rats (p<0.03). At both
posttraumatic survival periods, double-labeling studies indicated that oligodendrocytes showed
increased Caspase 3 activation compared to sham. These data demonstrate regional patterns of
oligodendrocyte vulnerability after TBI and that oligodendrocyte cell loss may be due to Caspase
3-mediated cell death mechanisms. Further studies are needed to test therapeutic interventions that
prevent trauma-induced oligodendrocyte cell death, subsequent demyelination and circuit
dysfunction.
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INTRODUCTION
Traumatic brain injury (TBI) is a devastating injury that can lead to long term paralysis,
severe deficits in learning and memory and posttraumatic epilepsy [23, 25]. The
neuropathological consequences of brain trauma consist of a wide range of structural
changes [13, 17]. To investigate the pathophysiological consequences underlying the
vulnerability of the brain to trauma, clinically relevant animal models have been developed
[8, 11]. These models have provided a rich literature on the structural and behavioral
changes observed following TBI (for review see [2, 6]).

Diffuse/traumatic axonal injury (DAI/TAI) is a common consequence of clinical and
experimental TBI [5, 14, 27, 28]. Clinical studies have concluded that axonal damage may
be a major mechanism underlying the functional consequences of TBI [14, 15]. The regional
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and temporal profile of axonal damage have been described in both focal and diffuse models
of TBI [5, 27, 28]. Other studies have documented some evidence of myelin disruption after
TBI and death of oligodendrocytes [4, 7, 29, 32]. However, the regional and temporal profile
of oligodendrocyte vulnerability in a reproducible model of TBI has not been described.
Such data would be important because in addition to primary axonal damage, damage to
oligodendrocytes and subsequent demyelination would be expected to impair the ability of
white matter tracts to effectively communicate in a highly orchestrated manner [12].

Recent studies have emphasized the progressive nature of gray and white matter
vulnerability after TBI [4, 11, 26]. Bramlett and colleagues [5] first reported that rats living
months after TBI showed widespread evidence of atrophy within cortical and subcortical
areas. In clinical studies, atrophy of white matter tracts and subsequent demyelination is a
common occurrence in patients with chronic TBI. The major purpose of this study was to
quantitatively assess oligodendrocyte cell death after moderate fluid percussion brain injury
using APC-CC1, a specific marker for oligodendrocytes, [1, 24] and the activated form of
Caspase 3.

MATERIALS AND METHODS
Fluid Percussion Brain Injury

Male Sprague-Dawley rats (270–380 gms; Charles River Laboratories) received TBI using
the moderate parasagittal fluid percussion (FP) injury model that results in
neuropathological and behavioral consequences [33]. All experimental procedures were in
compliance with the Guide for the Care and Use of Laboratory Animals and approved by the
University of Miami Animal Care and Use Committee. One day prior to TBI, animals were
randomly assigned to either the sham (n=6) or TBI (n=12) group and then anesthetized with
3% isoflurane, 70/30% N2O/O2 and received a 4.8-mm craniotomy (3.8 mm posterior to
bregma, 2.5 mm lateral to the midline) to anchor a modified plastic 18-gage syringe hub (8
mm length; Becton Dickinson) over the exposed dura of the right parietal cortex. Twenty-
four hours after the craniotomy, animals were anesthetized with 3% isoflurane, 70/30%
N2O/O2 then intubated endotracheally and mechanically ventilated (Harvard Apparatus)
with 1.5% isoflurane, 70/30% N2O/O2. To facilitate mechanical ventilation, Pancuronium
Bromide (0.5 mg/kg) was intravenously administered. The femoral artery was cannulated to
monitor blood gases (PO2 and PCO2), pH and mean arterial blood pressure (MABP) which
were maintained within normal physiological range at 15 minutes before TBI and up to four
hours after TBI.

Sham and TBI animals were attached to the FP device and the TBI animals received a
moderate FP pulse (2.0 ± 0.2 atmospheres) delivered to the right parietal cortex. Sham
operated animals underwent all surgical procedures except for the FP pulse. Rectal and
temporalis muscle thermistors measured core and brain temperatures respectively using self-
adjusting feedback warming lamps. There were no complications throughout the
experiments so that no animals were lost due to injury or post-surgical processing of tissue.

Immunohistochemical Analysis
At 3 (n=9) or 7 days (n=9) after TBI or sham procedures, animals were anesthetized using
3% isoflurane, 70/30% N2O/O2 and transcardially perfused with saline then with 4%
paraformaldehyde in phosphate-buffered saline (PBS). The brains were sectioned in PBS
(60 µm thick) with a Leica Vibratome or Leica SM2000R (Leica Microsystems, Inc., Exton,
PA, U.S.A.) from bregma levels −2.3mm to −5.8mm. Free-floating sections were blocked
for one hour at room temperature in blocking buffer (PBS containing 5% normal goat serum,
and 0.3% TX-100). Sections were incubated overnight in 4°C in blocking buffer containing
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primary antibodies, rinsed with PBS and incubated for two hours at room temperature in
blocking buffer containing secondary antibodies. The sections were rinsed with PBS and
mounted using Prolong Gold Anti-Fade Mounting Medium (Invitrogen, Carlsbad, CA,
U.S.A.). Primary antibodies used were mouse anti-APC-CC1, against adenomatous
polyposis coli gene, mIgG (1:500; Calbiochem; [1], activated form of rabbit anti-Caspase 3
(1:500; Millipore; AB3623), rabbit GFAP (1:500; Millipore; AB5804). Controls lacking the
primary antibody were run in parallel to evaluate the potential for non-specific labeling.
Secondary antibodies used were Alexa 488-, 546- labeled anti-rabbit and anti-mouse
antibodies (Invitrogen) for confocal analysis or biotinylated antibodies (1:250; Vector
Laboratories) followed by diaminobenzidine (DAB) for stereological assessment [22].

The external capsule and corpus callosum were quantitatively assessed using a non-biased
stereological approach to cell counting [33] by a blinded observer. Images were obtained by
montaging Y-field epiflourescent 40X magnification images using Neurolucida 7.5.1
software (Micro-Bright Field Inc., Williston, VT, U.S.A.). Higher magnification optical
imaging was performed using a LSM510 laser scanning confocal microscope (Carl Zeiss,
Inc., Thromwood, N.Y., U.S.A.) using 25X 0.8 ma and 63X 1.2 ma water-immersion lenses.
To minimize experimental variability, sections from each experimental group were
processed in parallel and imaged during the same imaging session using identical
microscope settings and the final images were scaled identically. Five specific bregma levels
(−2.8, −3.3, −3.8, −4.3, −4.8mm) were selected for each animal. For region of interest
analysis and oligodendrocyte cell counts, specific anatomical landmarks were used to define
the boundaries of each structure. These boundaries were based on previous histopathological
studies indicating regions of hemorrhagic contusion formation, selective cortical neuronal
vulnerability and white matter damage as assessed by β-amyloid precursor protein
immunoreactivity [33].

Stereology
The number of APC-CC1 positive cells was quantified in the external capsule and corpus
callosum by a blinded observer. Serial sections (60 µm) of the rat brain at the level of injury
were divided into 5 groups; each group contained 5 sections representing areas containing
the contusion as well as regions rostral and caudal. For estimation of the number of APC-
CC1 immunopositive cells, DAB was used as the chromagen. White matter tract regions in
animals at 3 and 7 days after TBI were analyzed using an Axiophot (Zeiss, Inc.) research
microscope, furnished with a fully motorized 3-D LEP stage, Optronix cooled video camera,
and MicroBrightField Inc. Stereo-Investigator software package. Cell numbers were
estimated using the optical fractionator method and optical dissector probe. Dimension of
the optical dissector was designed based upon the cell distribution on the section, and optical
fractionator grid size was determined based upon the results of the preliminary count of the
naïve brain sample to allow 200 counts per brain region. Immunoreactive cells were those
that had degrees of cell body stain greater than controls lacking primary antibody. In
addition, positive oligodendrocytes were identified by their morphology as ameboid in shape
compared to any potential cross-reactivity with CC1 positive astrocytes as previously
described [1].

Five sections between bregma levels −3.3 and −4.3 mm were chosen for stereological
analysis. Bregma levels were identical in all animal groups and primarily focused at the area
surrounding the epicenter of the injury (bregma level −3.8 mm). A counting grid 150 × 150
um was placed over the corpus callosum and external capsule on the ipsilateral side of the
injury. For sections immunostained with anti-CC-1, the section thickness was 30 um and the
optical dissector height was 20 um with 5 um guard zones. Using a 30 × 30 um counting
frame CC-1-positive cells were counted in 27–61 randomly-placed sampling sites with a
63×, 1.42 NA objective. For CC-1 immunoreactive cell counts in the corpus callosum Q
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values range was 300–730, and CE2/CV2 values were 0.29, 0.23, 0.50, 0.45 for the 3 day
sham, 7 day sham, 3 day post TBI, 7 day post TBI groups respectively. For CC-1
immunoreactive cell counts in the external capsule Q values range was 171–528, and CE2/
CV2 values were 0.21, 0.29, 0.59, 0.15 for the 3 day sham, 7 day sham, 3 day post TBI, 7
day post TBI groups respectively. Images were taken with 1×, 10× and 20× objectives on a
BX51TRF microscope (Olympus America).

Statistical Analysis
Data presented are mean ± SEM. Physiological data were analyzed using one-way repeated
measures analysis of variance followed by post hoc analysis (Fisher LSD). Cell count data
were analyzed using t-tests comparing 3 and 7 day outcome to control, p<0.025 due to
multiple comparisons within each structure (Bonferroni correction).

RESULTS
Physiological Variables

All physiological variables (pH, PO2, PCO2, and MABP) were within normal ranges prior to
and following the traumatic insult. No significant differences were seen between any of the
experimental groups (data not shown).

Immunocytochemistry
Sham-operated animals (n=6) showed a high frequency of CC1 immunoreactive cells within
both gray and white matter structures. CC1 immunoreactive cells were localized in white
matter tracts including the corpus callosum and external capsule (Figure 1A–C). For
example, immunoreactive cells were commonly lined up in rows parallel to the projecting
axonal fibers.

At three (n=6) and seven (n=6) days after traumatic brain injury, there was an observable
reduction in the number of CC1-positive cells within the external capsule (Figure 1D–F). At
the site of contusion, along the gray-white interface for example, there was a lack of stained
cells within the evolving contusion site (Figure 1D,E). Also, in the corpus callosum, there
was a visible reduction in the number of immunoreactive cells compared to sham (Figure
1D,F).

Previous reports [1] utilizing CC1 as an immunomarker for oligodendrocytes have
demonstrated that CC1 clearly stains oligodendrocytes with other cell types such as
astrocytes and Schwann cells only weakly stained. In Figure 2, we observed a lack of
double-stained CC1 oligodendrocytes (red) and GFAP positive astrocytes (GFAP) within
the corpus callosum, and external capsule following TBI. Therefore, the combination of
CC1 as a marker for oligodendrocytes and established morphological parameters allowed us
to identify oligodendrocytes for quantitative assessment.

Caspase 3 Immunoreactivity
To determine whether oligodendrocytes express activated Caspase 3 after TBI, double-
labeling studies were conducted. Vibratome sections were double-stained with APC-CC1
and activated Caspase 3. In contrast to sham-operated animals, a high frequency of double-
labeled cells were seen within the cerebral cortex at three (Figure 3) and seven days after
TBI. These double-stained cells were scattered among other cells that were only CC1
immunoreactive. These data indicate that oligodendrocytes in vulnerable brain regions
appear to be undergoing apoptotic cell death by Caspase 3 mediated mechanisms.
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Quantitative Analysis
Non-biased cell counting approaches in sham operated animals demonstrated a consistent
number of immunoreactive oligodendrocytes within the external capsule and corpus
callosum. No significant differences were observed between sham animals at 3 (n=3) and 7
(n=3) days so both groups were combined for comparison to the TBI groups. At both three
days (n=6) and seven (n=6) days after TBI, reductions in the number of immunoreactive
oligodendrocytes were seen in all structures analyzed (Figure 4). T-test was significant
(p<0.001) for both time points compared to sham for the corpus callosum. For example,
robust reductions in immunoreactive cell numbers were seen within the corpus callosum at 3
(p<0.001) and 7 (p<0.001) days post-injury compared to sham (Figure 4B). Within the
external capsule, a significant (p<0.02) reduction in CC1 positive cells was seen at three
days after injury compared to sham (Figure 4C). These data demonstrate the vulnerability of
this cell population within affected brain regions after moderate traumatic brain injury.

DISCUSSION
In this study, we report that moderate FP brain injury leads to regional patterns of
oligodendrocyte cell loss in white matter structures. Results show that at three and seven
days after TBI, there are significant reductions in the frequency of CC1 immunoreactive
oligodendrocytes in white matter tracts ipsilateral to the traumatic insult. These results show
that oligodendrocytes are vulnerable to experimentally induced TBI.

Oligodendrocytes play an important role in the function of the central nervous system by
enhancing conduction velocity down the axon fiber. For example, changes in the integrity of
myelin insulation have been shown to lead to cognitive decline associated with aging and in
patients with multiple sclerosis [16, 19]. The present studies are important in that they
demonstrate patterns of oligodendrocyte vulnerability after TBI that could participate in the
well-described behavioral consequences of this insult. Therapeutic interventions that reduce
oligodendrocyte cell death or dysfunction may provide an important strategy to promote
functional recovery after TBI.

Previous studies have investigated the potential pathomechanisms underlying
oligodendrocyte cell death following a hypoxic/ischemic or traumatic insult [9, 10, 30, 31].
Following TBI, studies have reported that oligodendrocyte cells in the subcortical white
matter undergo apoptotic cell death [7, 29, 32]. In a study by Shaw and colleagues [32],
TUNEL-positive cells were identified in gray and white matter structures in specimens taken
from head-injured patients that survived five hours to ten days after injury. Raghupathi and
colleagues [29] reported a decrease in cellular Bcl-2 staining in some apoptotic-appearing
TUNEL-positive cells within both gray and white matter structures.

Using the present model of FP brain injury, previous studies have characterized the cellular
responses to injury [8]. In terms of potential mechanisms of neuronal cell death, Keane and
colleagues [18] reported evidence for Caspase 3 immunoreactive cells throughout the
traumatized hemisphere as early as 6 hours after TBI. In that study, some oligodendrocytes
appeared to express Caspase 3. In the present study, we demonstrated that oligodendrocytes
in white matter structures at three or seven days after TBI were immunoreactive for
activated Caspase 3. Taken together, these studies are consistent with published data
indicating that oligodendrocytes may die by apoptotic mechanisms following TBI.

Previous studies have reported that significant degrees of atrophy of both gray and white
matter structures occur in this trauma model months and years after the injury (for review
see [3]). Based on the present findings, future studies are required to determine whether
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demyelination in this model occurs as a primary result of oligodendrocyte cell death and/or
secondarily to Wallerian degeneration.

The current findings demonstrate oligodendrocyte vulnerability to moderate FP brain injury
emphasizing this potentially significant consequence of TBI. In clinical conditions where
abnormalities in myelination occur, different degrees of abnormal mental function have been
described [12]. Following TBI, many behavioral abnormalities have been proposed to result
from death of vulnerable neuronal populations, DAI, as well as a variety of posttraumatic
injury mechanisms leading to circuit dysfunction and brain damage. Recent studies using
diffusion tensor imaging have emphasized the complexity of white matter regions and
relationships to cognitive ability [20, 21]. The present studies indicate that oligodendrocyte
vulnerability and subsequent demyelination may be another mechanism underlying
abnormal brain function after TBI. Therapeutic strategies that target oligodendrocyte
vulnerability or promote oligodendrocyte genesis after TBI may represent an exciting
therapeutic target for future interventions.
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Figure 1.
Micrographs of CC1 immunoreactive oligodendrocytes. Sham (A) animal exhibiting robust
staining of CC1 positive cells in the external capsule (B) and corpus callosum (C). In
contrast, at 3 days post-TBI animal (D) shows reduced numbers of CC1 positive cells in the
external capsule (E) and corpus callosum (F). Magnification 1X (A,D), 10X (B, C, E, F),
inset of B, C, E, F (20X).
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Figure 2.
Confocal micrographs of representative double-labeled CC1 and GFAP immunoreactive
cells. CC1 (red) and GFAP (green) positive cells in the external capsule (Row 1) and corpus
callosum (Row 2) were investigated in traumatized rats 7 days post injury. CC1 and GFAP
colocalization was not observed in these regions of the rat brain (Merged). Bar = 10
microns.
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Figure 3.
Confocal micrographs of representative double-labeled CC1 (red)/Caspase 3 (green) positive
cells in the external capsule. Sham animals showed CC1 positive cells with no Caspase 3
positive cells (Row 1). In contrast, a 3 day TBI animal demonstrates robust double-labeling
(merged) of Caspase 3 and CC1 indicating apoptotic cell death of these oligodendrocyte
(Row 2, arrows). Bar = 10 microns.
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Figure 4.
Quantitative assessment of CC1 positive cells within vulnerable white matter regions. A.
Representative micrograph indicating where the stereological cell counts were conducted,
corpus callosum (a) and external capsule (b). B. T-test was significant (p<0.001) for both
time points compared to sham in the corpus callosum. Both 3 and 7 day TBI animals showed
significant (*p<0.001) reductions in CC1 positive cells compared to sham. C. T-test was
significant (*p<0.02) for the 3 day TBI group compared to sham in the external capsule.
These data demonstrate a reduction in the number of CC1 positive cells in the 3 day TBI
group compared to sham.
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