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Increased intracranial pressure (ICP) associated with traumatic brain injury (TBI) is linked to
increased morbidity. Although our understanding of the pathobiology of TBI has expanded,
questions remain regarding the specific neuronal somatic and axonal damaging consequences of
elevated ICP, independent of its impact on cerebral perfusion pressure (CPP). To investigate this,
Fischer rats were subjected to moderate TBI. Measurements of ICP revealed two distinct responses
to injury. One population exhibited transient increases in ICP that returned to baseline levels
acutely, while the other displayed persistent ICP elevation ( > 20 mm Hg). Utilizing these populations,
the effect of elevated ICP on neuronal pathology associated with diffuse TBI was analyzed at 6 hours
after TBI. No difference in axonal injury was observed, however, rats exhibiting persistently elevated
ICP postinjury revealed a doubling of neurons with chronic membrane poration compared with rats
exhibiting only transient increases in ICP. Elevated postinjury ICP was not associated with a
concurrent increase in DNA damage; however, traditional histological assessments did reveal
increased neuronal damage, potentially associated with redistribution of cathepsin-B from the
lysosomal compartment into the cytosol. These findings indicate that persistently increased ICP,
without deleterious alteration of CPP, exacerbates neuronal plasmalemmal perturbation that could
precipitate persistent neuronal impairment and ultimate neuronal death.
Journal of Cerebral Blood Flow & Metabolism (2012) 32, 1919–1932; doi:10.1038/jcbfm.2012.95; published online
11 July 2012

Keywords: animal models; basic science; brain trauma; cathepsin-B; intracranial pressure; membrane poration

Introduction

Diffuse traumatic brain injury (TBI) is a major health
concern with devastating personal and societal
consequences (Langlois et al, 2006). Although our
understanding of TBI has improved with an enhanced
appreciation of injury-induced neuronal pathology
and axonal perturbation, currently little insight
exists into the complex pathobiology of neurons
sustaining mechanical/TBI-induced membrane pora-
tion. Previously, our laboratory has shown that neurons
in the lateral neocortex show mechanoporation after

diffuse TBI and that a subset of these mechanopo-
rated neurons progress to necrotic change (Singleton
and Povlishock, 2004; Farkas et al, 2006). These
findings have been corroborated in vitro by the
demonstration of membrane poration and ultimate
neuronal death after mechanical injury (Geddes et al,
2003b; LaPlaca et al, 2009; Cullen et al, 2011),
thereby reaffirming the importance of this membrane
poration. Paralleling membrane perturbation is the
occurrence of traumatically induced diffuse axonal
injury; a pathology that contributes to posttraumatic
morbidity and may be related to focal axolemmal
mechanoporation (Singleton and Povlishock, 2004).

Adding to the complexity of mechanically/TBI-
induced neuronal somatic mechanoporation and
axonal injury is their potential modification by post-
traumatic elevations of intracranial pressure (ICP).
While this issue has been relatively unexplored in
the context of somatic membrane poration or axonal
injury, increased ICP after TBI is highly correlated to
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increased long-term morbidity and mortality (Miller
et al, 1977; Treggiari et al, 2007). In fact, the Brain
Trauma Foundation recommends that all patients at
risk for intracranial hypertension receive ICP mon-
itoring with therapeutic maintenance < 20 mm Hg
(Bratton et al, 2007b; http://www.braintrauma.
org/coma-guidelines/). However, less than half of
the hospitals in the United States are in compliance
with these recommendations (Hesdorffer et al, 2002).

To date, the majority of research on increased ICP
after TBI has focused on the potential for elevated
ICP to alter cerebral perfusion pressure (CPP) to the
point of eliciting ischemia (Li et al, 2010); however,
other important questions remain regarding the
specific damaging consequences of elevated ICP
independent of its impact on CPP. Therefore, the
current study examined the effects of increased ICP
on the magnitude of TBI-induced somatic membrane
perturbation/poration as well as the overall burden
of axonal damage.

To this end, we used a central fluid percussion
injury (CFPI) model of TBI (Dixon et al, 1987) on
adult Fischer rats, which show acute ICP sensitivity
to TBI (Reid et al, 2010). Interestingly, we observed
two patterns of ICP after injury, one in which ICP
increased > 20 mm Hg returning to baseline levels
acutely and a second pattern which maintained
persistently elevated ICP > 20 mm Hg. The burden
of axonal injury was comparable between these two
ICP groups; however, the number of both histologi-
cally damaged and chronically mechanoporated
neurons increased in the lateral neocortex of animals
with persistently elevated ICP compared with ani-
mals with transient ICP elevation after injury. These
chronically porated neurons underwent necrotic
change and showed a redistribution of cathepsin-B
from the lysosomal compartment to the cytosol,
pointing toward a neuronal pathology that appears
to transition to cell death.

Materials and methods

General Preparation

Experiments were conducted using protocols in accor-
dance with the Virginia Commonwealth University institu-
tional guidelines concerning the care and use of laboratory
animals (Institutional Animal Care and Use Committee,
Virginia Commonwealth University). Animals were housed
in individual cages on a 12 hours light–dark cycle, with
free access to food and water.

Animal Numbers

In all, 45 adult male Fischer rats weighing 295 to 345 g
were used. Five animals were used as sham-injured
controls. Fifty-six percent of the injured animals were
excluded from analysis because of failure to meet the
rigorous physiological inclusion criteria as detailed below.
Due to the large percentage of animals excluded, the fewest

possible animals required to reach statistical significance
were used. A two-tailed, two-sample power analysis, using
averages and standard deviations of the sham-injured, low
ICP and high ICP group’s membrane poration data, com-
paring each group with each other group, was performed to
verify appropriate animal numbers. The power was > 85%
with a confidence interval of 95%.

Surgical Preparation and Injury Induction

Animals were intubated and ventilated with 1% to 1.5%
isoflurane, 30% O2, and 70% N2O throughout the duration
of the experiment until euthanasia and transcardial
perfusion at 6 hours after injury. Animals were placed on
a feedback-controlled heating pad (Harvard Apparatus,
Holliston, MA, USA) to maintain body temperature at
371C. A PE50 polyethylene tube connected to a closed
pressure system (Becton Dickinson, Sparks, MD, USA) was
placed into the right femoral artery to monitor the mean
arterial blood pressure (MABP). After cannulation, animals
were placed in a stereotaxic frame (David Kopf Instru-
ments, Tujunga, CA, USA). A midline incision was made
between bregma and lambda and a 4.8-mm circular
craniotomy was made along the sagittal suture midway
between bregma and lambda for injury induction. A 2-mm
burr hole was also drilled into the left parietal bone
overlying the left lateral ventricle (0.8 mm posterior,
1.3 mm lateral, and 2.5 to 3 mm ventral relative to bregma)
through which a 25-gauge needle, connected to a pressure
transducer and a microinfusion Pump 11 Elite syringe
pump (Harvard Apparatus) via PE50 tubing, was placed
into the ventricle. Appropriate placement was verified via
a 3-mL/min infusion of sterile saline within the closed
fluid-pressure system during needle placement (Sullivan
et al, 1976). Ten minutes after needle placement, 15 mL of
Alexa Fluor 568-conjugated or Alexa Fluor 488-conjugated
10 kDa dextran (40 mg/mL in sterile 0.9% saline; 2 mg/kg;
Invitrogen, San Diego, CA, USA) was infused into the left
lateral ventricle at 1 to 2mL/min, with continuous ICP
monitoring. The needle remained in the ventricle for
20 minutes after completion of the tracer infusion and
then was slowly removed. Bone wax was used to seal the
burr hole used for dextran infusion before preparation for
CFPI. The procedures by which rats were subjected to CFPI
were consistent with those described previously (Dixon
et al, 1987; Singleton and Povlishock, 2004). Briefly, a
Leur-Loc syringe hub was affixed to the craniotomy site
and dental acrylic (methyl-methacrylate; Hygenic Corp.,
Akron, OH, USA) was applied around the hub, including
the area overlying the sealed burr hole and allowed to
harden. Forty-five minutes after the completion of the
preinjury dextran infusion, the animal was injured at a
magnitude of 1.86±0.4 atmospheres. The pressure pulse
measured by the transducer was displayed on an oscillo-
scope (Tektronix, Beaverton, OR, USA). Immediately after
the injury, the animal was reconnected to the ventilator
and all physiological monitoring devices. The hub, dental
acrylic, and bone wax were removed en bloc and Gel foam
was placed over the craniotomy/injury site. The animal
was replaced in the stereotaxic device and ICP monitoring
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was resumed as described above. Identical surgical proce-
dures were followed for sham-injured control animals,
without the release of the pendulum to induce the injury.

Delayed Tracer Infusion

A second tracer infusion was performed from 4.5 to 5 hours
after injury. The ICP needle was reinserted into the lateral
ventricle and Alexa Fluor 568-conjugated or Alexa Fluor
488-conjugated 10 kDa dextran was infused in the same
manner as the preinjury dextran at a rate of 0.5 to 1 mL/min,
with continuous ICP monitoring. The tracer was allowed
to diffuse for an additional hour before transcardial
perfusion.

Physiological Assessment

Physiological monitoring was performed throughout the
duration of the experiment, except during the induction
of injury. The femoral artery was cannulated for MABP
monitoring and blood gas analysis (Stat Profile pHOx,
Nova Biomedical, Waltham, MA, USA). Blood gas analysis
was performed at the completion of the experiment to
confirm the ongoing physiological measurements. The
ICP was measured intraventricularly as described above.
Heart rate, respiratory rate, and blood oxygenation were
monitored via a foot pulse oximetry sensor (STARR
Life Sciences, Oakmont, PA, USA). A PowerLab system
(AD Instruments, Colorado Springs, CO, USA) was used to
record all physiological parameters (MABP, ICP, heart rate,
and blood oxygenation) throughout the duration of the
experiment. The CPP was determined by subtracting the
ICP from the MABP. Any animal failing to meet the phy-
siological inclusion criteria set forth for the study (i.e.,
MABP > 60 mm Hg, CPP > 50 mm Hg, oxygenation > 90%,
heart rate > 200 BPM) was excluded from analysis.

Tissue Processing

At 6 hours after TBI, the animals were injected with
150 mg/kg euthasol and then underwent transcardial
perfusion with 0.9% saline followed by 4% paraformalde-
hyde in Millonig’s buffer (136 mmol/L sodium phosphate
monobasic/109 mmol/L sodium hydroxide) for immuno-
histochemical analysis or 4% paraformaldehyde/0.2%
glutaraldehyde in Millonig’s buffer for electron micro-
scopic processing. After transcardial perfusion, the brains
were removed, postfixed for 24 hours, and then sectioned
coronally in 0.1 mol/L phosphate buffer with a vibratome
(Leica, Banockburn, IL, USA) at a thickness of 40 mm from
bregma to B4.0 mm posterior to bregma. Sections were
collected serially in 12-well plates and stored in Millonig’s
buffer at 41C.

Fluorescent Immunohistochemistry

Because the infused dextran tracers were conjugated to
fluorophores (Alexa Fluor 488 and Alexa Fluor 568), no
additional steps were required for confocal microscopic

visualization of any dextran-containing cells. In addition to
the identification of the dextran tracer, a mouse antibody
against NeuN (Cat. #MAB377, 1:500; Millipore, Billerica,
MA, USA) was used to identify neurons, a rabbit antibody
against cleaved caspase-3 (Cat. #9661, 1:1,000; Cell Signal-
ing, Danvers, MA, USA) was used to identify apoptotic
cells, and a rabbit antibody against cathepsin-B (Cat. #06-
480, 1:200; Millipore) was used to analyze cathepsin-B
localization. In this procedure, sections were blocked with
10% normal goat serum, permeabilized with 1.5% Triton
in normal goat serum, and immunolabeled with the above
primary antibodies. Secondary antibodies Alexa Fluor 633-
conjugated goat anti-mouse IgG and Alexa Fluor 633-
conjugated goat anti-rabbit IgG (Cat. # A21052 and A21071,
1:250; Invitrogen) were then incubated and the tissue was
mounted with Vectashield hardset mounting medium with
Dapi (Cat. #H-1500; Vector Laboratories, Burlingame, CA,
USA). To visualize DNA fragmentation within degenerat-
ing cells an ApopTag apoptosis detection kit (Millipore)
was used in accordance with manufacturer’s recommenda-
tions through incubation with the stop/wash buffer after
the TdT enzyme reaction. After cessation of the enzymatic
reaction, tissue was incubated in mouse anti-Digoxigenin
primary antibody (Cat. #11 333 062 910, 1:250; Roche,
Basel, Switzerland). Then, Alexa Fluor 633-conjugated
goat anti-mouse IgG secondary antibody was used and the
tissue was mounted. Sections were analyzed by confocal
microscopy using a Leica TCS SP2 AOBS System (Leica).

Electron Microscopy

Because the used fluorescent dye tracers are not detectable
at the electron microscopic level, for parallel assessments
of the ultrastructural change, the tissue was immunola-
beled with antibodies targeting Alexa Fluor 488, which
was conjugated to the dextran infused at 4 hours after
injury, as described previously (Farkas et al, 2006). This
method allowed for the ultrastructural assessment of any
alteration associated with enduring or delayed membrane
change. Briefly, the tissue was immunolabeled with the
following antibodies: rabbit anti-Alexa Fluor 488 (Cat.
#A-11094, 1:5,000; Invitrogen), rabbit anti-cathepsin-B
and secondary antibody biotinylated anti-rabbit IgG
(1:1,000; Vector Laboratories). The reaction product was
visualized with 0.05% diaminobenzidine/0.01% hydrogen
peroxide/0.3% imidazole in 0.1 mol/L phosphate buffer.
After the conversion of the Alexa Fluor 488-conjugated
dextran, tissue was prepared for electron microscopic
analysis. In this approach, regions of interest were dis-
sected from the tissue sections and osmicated, dehydrated,
and embedded in epoxy resin on plastic slides. After resin
curing, the slides were studied with routine light micro-
scopy to identify the precise neurons of interest. Once
identified, these sites were removed, mounted on plastic
studs, and 70 nm sections were cut serially and mounted
on Formvar-coated slotted grids. The grids were stained in
5% uranyl acetate in 50% methanol and 0.5% lead citrate.
Ultrastructural analysis was performed using a JEOL
JEM 1230 transmission electron microscope (JEOL-USA,
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Peabody, MA, USA) equipped with an Ultrascan 4000 CCD
camera (Gatan, Pleasanton, CA, USA).

Detection and Quantification of Axonal Injury

Quantitative analysis was performed in a blinded manner
on coronal sections corresponding to 1.8±0.2 mm to
3.8±0.2 mm posterior to bregma (at least 1 mm posterior
to the needle track used for ICP monitoring). A random
starting well was selected (wells 1 to 12) and four serial
sections, each 480mm apart, were selected for amyloid
precursor protein (APP) immunolabeling using a protocol
adapted in our laboratory (Stone et al, 2000). Briefly,
sections were immunolabeled with a primary rabbit anti-
body against the C terminus of b-APP (Cat. #51-2700,
1:1,000; Invitrogen) followed by secondary antibody
biotinylated goat anti-rabbit IgG (Cat. #BA-1000, 1:1,000;
Vector Laboratories). The sections were then incubated in
avidin biotinylated enzyme complex using the Vectastain
ABC kit (Vector Laboratories) followed by visualization
with 0.05% diaminobenzidene/0.01% H2O2/0.3% imida-
zole/phosphate-buffered saline. The tissue was mounted,
serially dehydrated, and coverslipped with Permount
(Cat. #SP15-100; Thermo Fischer Scientific, Waltham,
MA, USA). Visualization of APP-labeled axonal swellings
was performed using a Nikon Eclipse 800 microscope
(Nikon, Tokyo, Japan) equipped with an Olympus DP71
camera (Olympus, Center Valley, PA, USA). Consistent
regions of both the left and right neocortex lateral to the
hippocampus were imaged at � 5 magnification (n = 8
images per animal). Image acquisition settings were held
constant for all groups analyzed. Analysis of the number of
APP + axonal swellings was restricted to a 3.75 mm�
1.55 mm rectangular region encompassing layers V and VI
of the lateral neocortex and was performed using the
particle analysis function in the ImageJ software (NIH,
Bethesda, MD, USA; particle size > 80 mm2). The number
of APP + swellings per unit area was quantified for each
image and averaged for each animal.

Quantification of Neuronal Membrane Perturbation

Quantitative analysis was performed as described above.
To reduce variability due to differences in dextran
diffusion between the right and left hemispheres, quanti-
fication was restricted to dextran-containing neurons
within layers V and VI of the left lateral neocortex
extending from the area lateral to CA1 to the area lateral
to CA3. Confocal images were taken at � 40 magnification
within the restricted region of analysis being careful not to
duplicate X and Y coordinates (n = 37 images per animal;
X, Y, and Z coordinates determined by a blinded
investigator using Dapi labeling to verify focus). Image
acquisition settings were held constant for comparable
regions (layer V or VI) for all groups analyzed. Analysis of
neurons exhibiting preinjury dextran uptake, postinjury
dextran uptake or both preinjury and postinjury dextran
uptake was performed using ImageJ software and tradi-
tional cell counting. To identify the population of neurons
containing both preinjury and postinjury dextran tracers as

well as the number of NeuN + neurons that contained
either preinjury or postinjury administered dextrans, the
Colocalization Finder plug-in was used and only neu-
rons that contained pixels having an Overlap coefficient
of at least 0.9 were included. Dextran-containing
neurons were quantified for each image and averaged
for each animal.

Hematoxylin and Eosin Analysis and Quantification

To visualize damaged neurons, 40 mm vibratome sections
(as described above) were stained with hematoxylin and
eosin (H&E). Tissue was mounted onto gelatin-coated
slides before dehydration and rehydration. Rehydrated
tissue was incubated in hematoxylin followed by washes
in ammonia water and a quick dip in eosin before clearing
of the sections through increasing concentrations of
ethanol. Sections were visualized using a Nikon Eclipse
800 microscope (Nikon) equipped with an Olympus
DP71 camera (Olympus). Consistent regions of both the
left and right neocortex lateral to the hippocampus were
imaged and analyzed by a blinded investigator. Any
cell that showed eosinophilic cytoplasm or a condensed
nucleus with H&E staining was determined to be
damaged.

Quantification of Cathepsin-B Localization

Image acquisition and identification of neurons showing
dextran uptake were accomplished as described above. The
soma of neurons showing uptake of the preinjury dextran
alone, postinjury dextran alone, both dextrans, or no
dextran uptake were encircled (n = 1,419 total neurons;
n = 212 resealing neurons; n = 359 enduring membrane
porated neurons; n = 147 delayed opening neurons; n = 701
nonmechanoporated neurons) and the localization (either
punctate or diffuse) of cathepsin-B was noted for each
neuron using ImageJ software. The localization of Cathe-
psin-B was expressed as a percentage of the total neurons
for each category having that localization.

For parallel assessment of cathepsin-B localization at the
ultrastructural level, immunoelectron microscopy for ca-
thepsin-B was performed on sections in which mechan-
oporated neurons had already been identified. Briefly, after
visualization of the fluorescently labeled mechanoporated
neurons, as described above, the sections were soaked off
the slides and the tissue was then processed for electron
microscopic analysis, as described above. This approach
allowed for the analysis of the same neuron at both the
fluorescent and ultrastructural levels.

Statistical Analysis

Quantitative data are presented as mean±s.e.m. For all
analysis, an independent group analysis of variance and
Fisher LSD post hoc analysis were performed; a P value of
< 0.05 was considered statistically significant.
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Results

Gross Pathological Observations

Moderate CFPI (1.86±0.4 atmospheres), as identified
by mortality rates and histological analysis (Dixon
et al, 1987), generated little gross parenchymal brain
alteration. Although the meninges demonstrated
hemorrhage, the underlying cortex revealed no sign
of contusion, hematoma formation, or tissue loss. No
overt cortical compression was observed, although
ventricular dilation was common in injured animals
regardless of postinjury ICP. The brain parenchyma
showed isolated petechial hemorrhages in the sub-
cortical white matter underlying the craniotomy site
that did not interfere with neocortical analysis.

Physiological Assessment Revealed Two Injury-
Induced Patterns of Intracranial Pressure Elevation

Heart rate, blood oxygenation, and rectal temperature
were monitored for the duration of the experiment,
both before the induction of injury and for 6 hours
after sham or CFPI. Systemic parameters were
comparable across experimental groups (data not
shown).

The ICP and MABP were also measured through-
out the experiment to examine ICP and CPP changes
related to moderate diffuse TBI in Fischer rats. No
significant elevation in ICP was found in sham-
injured animals on either preinjury or postinjury
dextran infusion, indicating that the intraventricular
infusion itself did not increase ICP (n = 5; black bars;
Figure 1A). Injured animals, however, did display a
modest increase in ICP during the postinjury dextran
infusion (Figure 1A).

After CFPI, two patterns of ICP elevation emerged
(Figure 1A). Half of the injured animals revealed a
transient increase in ICP > 20 mm Hg after injury that
returned to baseline levels acutely (n = 4; white bars;
Figure 1A). The ICP in these animals remained
< 20 mm Hg for the majority of the experiment
( > 65% of the 6 hours after injury analysis); accord-
ingly, these injured animals were categorized as the
‘low ICP’ group. The other half of the injured animals
maintained an ICP persistently elevated > 20 mm Hg
for the majority of the 6-hour period postinjury and
were thus defined as the ‘high ICP’ group (n = 5; gray
bars; Figure 1A). If at any point during the experi-
ment the CPP or MABP decreased below normal
autoregulatory limits (CPP < 50 mm Hg and MABP
< 60 mm Hg; (Bratton et al, 2007a (http://www.
braintrauma.org/coma-guidelines/); Dennis et al,
2009; Navarro et al, 2012); dashed lines Figures 1B
and 1C), then the animal was excluded from
analysis. Note that throughout the majority of the
experiment the MABP of animals sustaining injury,
irrespective of the pattern of postinjury ICP, was
comparable to the sham-injured group (Figure 1B).
Therefore, the differences in CPP in the high ICP
group as compared with either the low ICP or sham

groups were primarily due to alterations in postinjury
ICP (Figure 1C). There were also no differences in
animal weight, age, injury intensity, heart rate, or
blood oxygenation between the high and low ICP
groups (data not shown) showing that the main
difference between these groups was the pattern of
ICP after injury, making these naturally emerging
groups ideal for analyzing the effect of ICP > 20 mm Hg
after diffuse TBI on neuronal pathology.

The Burden of Axonal Injury Is Not Affected by High
Intracranial Pressure after Traumatic Brain Injury

As axotomy is a common means of evaluating the
magnitude of injury sustained after TBI (Sherriff
et al, 1994) the effect of persistently elevated ICP on
the number of axotomized APP-containing axonal
swellings was analyzed. Consistent with previous
studies examining axonal injury via APP accumula-
tion, no APP + swellings were observed in sham-
injured animals while diffuse axonal injury was
readily apparent in layers V and VI of the lateral
neocortex of animals sustaining CFPI (Figure 2).
There was no significant difference in the number
APP + swellings in layers V and VI of the lateral
neocortex between animals maintaining low ICP
after injury (49.09±9.5 swellings) and animals with
persistently high ICP postinjury (35.67±4.85 swel-
lings; Figure 2A). This datum suggests that elevated
ICP after injury does not affect axonal pathological
events that are initiated at the onset of injury as well
as substantiates consistency of the injury magnitude
for all injured animals.

Persistently High Injury-Induced Intracranial Pressure
Is Associated with a Shift in the Population of
Membrane Porated Neurons Away from a Resealing
Phenotype and Toward Delayed Opening

Based on our previous observation that fluorescently
labeled 10 kDa dextrans, normally excluded from the
soma by intact membranes, are a reliable way to
detect neuronal plasmalemmal alterations (Singleton
and Povlishock, 2004; Farkas et al, 2006), dextrans
conjugated to Alexa Fluor 568 or Alexa Fluor 488
were infused intraventricularly 1.5 to 1 hours before
and 4.5 to 5 hours after injury. As previously shown,
the administration of fluorescently conjugated dex-
trans preinjury and at time points postinjury allowed
for the visualization of membrane resealing (neurons
containing only the preinjury dextran), delayed
membrane perturbation (neurons containing only
the postinjury dextran), and enduring membrane
poration (neurons containing both fluorophores)
within the population of membrane-perturbed neu-
rons (Farkas et al, 2006).

To determine if high ICP after TBI was associated
with a shift in the population of dextran-flooded
neurons, an analysis of membrane resealing, delayed
membrane perturbation, and enduring membrane
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poration was performed. Resealing, enduring, and
delayed membrane porated neurons were observed
in all injured animals regardless of the postinjury

pattern of ICP elevation (Figure 3). The percentage of
membrane-perturbed neurons that showed enduring
mechanoporation was equivalent in animals main-
taining either low ICP (24.13±1.42%) or high ICP
(26.19±0.85%) after injury. The population of
membrane porated neurons that showed membrane
resealing was significantly decreased with high ICP
after injury (low ICP = 45.52±3.45%; high ICP =
34.63±1.03% per total porated neurons; P < 0.05)
while the population of membrane porated neurons
that showed delayed membrane perturbation was
significantly increased with high ICP after injury
(low ICP = 28.32±3.39%; high ICP = 39.18±1.39%
per total porated neurons; P < 0.05). This shift of the
membrane disrupted population away from resealing
and toward delayed membrane perturbation in the
high ICP group could be due to one of two phe-
nomena: (1) a decrease in the number of neurons that
are initially membrane perturbed after injury or (2)
an increase in the number of neurons that are porated
more chronically postinjury. Accordingly, these two
populations were quantified.

Chronic Neuronal Membrane Perturbation Is
Exacerbated by Persistent Injury-Induced Intracranial
Pressure Elevation

To further explore the population shift of membrane
porated neurons away from resealing and toward
delayed opening, an analysis of the percentage of
total neurons that sustained mechanoporation either
acutely after injury or at a more chronic time after
injury was performed. To this end, the number of
NeuN + neurons that contained either the preinjury
or postinjury administered dextran was quantified
and normalized to the total number of NeuN +
neurons.

In accordance with our previous observations
(Singleton and Povlishock, 2004; Farkas et al, 2006),
sham-injured animals showed interstitial and peri-
vascular dextran diffusion with negligible tracer flood-
ing of either the preinjury or postinjury administered

Figure 1 There are two distinct patterns of intracranial pressure
(ICP) elevation after injury without resulting in a shift of cerebral
perfusion pressure (CPP) below deleterious limits. Upon injury,
half of the animals revealed a transient increase in ICP
that returned to baseline levels acutely (low ICP group; ICP
< 20 mm Hg X65% of the 6 hours after injury analysis) while
the other half of the injured animals maintained a consistently
elevated ICP (high ICP group; ICP > 20 mm Hg X65% of the
6 hours after injury analysis). A dashed line indicates the
20 mm Hg distinction. Bar graphs representing the mean (A)
ICP, (B) mean arterial blood pressure (MABP), and (C) CPP over
the time periods indicated of animals in the sham (black), low ICP
(white), and high ICP group (dark gray), before and for 6 hours
after injury. At no time over the length of the experiment did any
group of animals decrease below the accepted autoregulatory
limits (MABP < 60mmHg and CPP < 50mmHg; dashed lines
in B and C). *P < 0.05.
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dextrans (preinjury flooded neurons = 2.16±2.46%;
postinjury flooded neurons = 3.22±1.02% per total
NeuN + neurons; Figure 4). However, injured ani-
mals revealed neuronal dextran uptake, indicative
of membrane perturbation, scattered bilaterally
throughout the rostral-caudal extent of the lateral
neocortex, primarily within layers V and VI. Vir-
tually, all membrane-perturbed cells were NeuN +
confirming that plasmalemmal disruption is primar-
ily a neuronal pathology in vivo.

Elevation of ICP after injury did not affect the
percentage of neurons flooded with the preinjury
administered dextran (low ICP = 23.76±2.76%; high
ICP = 27.19±6.56% per total NeuN + neurons); how-
ever, the percentage of neurons flooded with the
postinjury infused dextran doubled with persistently
high ICP after injury (low ICP = 18.07±5.14%; high
ICP = 38.07±5.49% per total NeuN + neurons;
P < 0.05). These findings indicate that the population
shift away from resealing toward delayed opening in
the high ICP group is due to an increase in neurons
that elude acute membrane disruption only to suffer
plasmalemmal dysfunction at later time points after
injury.

Evidence of Concomitant Neuronal Pathology Without
Overt DNA Damage in Neurons Sustaining Chronic
Membrane Disruption after Injury

To determine whether elevated ICP was associated
with neuronal damage/death at 6 hours after CFPI, an
analysis using H&E staining was undertaken. This
analysis revealed neurons exhibiting heterochro-
matic nuclei or eosinophilic cytoplasm, consistent
with neuronal damage, in layers V and VI of the
lateral neocortex in all three groups, with signifi-
cantly more damaged neurons identified in animals
exhibiting persistently elevated ICP after injury
(sham = 5.61±1.44%, n = 5; low ICP = 5.97±1.71%,
n = 5; high ICP = 12.12±1.29% per total neurons,
n = 6; P < 0.05 high ICP versus sham or low ICP;

Figure 5J). Neurons showing eosinophilic cytoplasm
within the sham-injured population appeared mor-
phologically undamaged and only isolated neurons
showed both eosinophilic cytoplasm and hetero-
chromatic nuclei (Figure 5G), whereas the neurons
identified as damaged in animals sustaining CFPI
appeared pyknotic and showed both eosinophilic
cytoplasm and heterochromatic nuclei (Figures 5H
and 5I).

To determine whether elevated ICP induced DNA
fragmentation associated with more advanced stages
of cell death, terminal deoxynucleotidyl transferase-
mediated 20-deoxyuridine 50-triphosphate-biotin
nick end labeling (TUNEL) labeling was conducted
using a DNAse-treated section of adult rat brain as
a positive control. There were no TUNEL + cells
identified in sham-injured animals and very few
TUNEL + cells in animals sustaining CFPI regardless
of postinjury ICP (low ICP = 0.28±0.28%; high
ICP = 0.58±0.44% per total Dapi-labeled nuclei;
Figure 5E). In agreement with this finding, activated
caspase-3 labeling showed no difference between
sham and injured animals with either high or low
ICP after injury (data not shown).

To further assess the potential for neuronal
perturbation and death in this population, concomi-
tant ultrastructural analysis of chronically membrane
porated neurons, as identified by immunoelectron
microscopy against the postinjury administered
dextran (Farkas et al, 2006), was performed. The
majority of neurons showing cytoplasmic uptake of
the postinjury infused dextran without contempora-
neous nuclear influx showed little pathological
damage (Figure 6A). A subset of chronically mem-
brane porated neurons that showed both cytoplasmic
and nuclear uptake of the postinjury infused dextran
also showed no overt ultrastructural alteration while
others exhibiting the same cytoplasmic and nuclear
uptake appeared damaged with evidence of necrotic
change. Such necrotic change was reflected in
occasional vesicular swelling and increased nuclear
and cytoplasmic electron density (Figures 6C and 6D).

Figure 2 Diffuse axonal transport disruption, indicative of axonal injury, in lateral neocortical layers V and VI was unaltered by the
pattern of postinjury intracranial pressure (ICP). (A) Bar graph depicting the average number of amyloid precursor protein (APP)
immunoreactive axonal swellings in layers V and VI of the lateral neocortex of animals showing high or low ICP after injury.
Representative photomicrographs of APP immunoreactivity from (B) sham-injured animals and animals with (C) low ICP and (D)
high ICP after injury. Note the absence of APP immunoreactive axonal swellings in the sham-injured controls while the number of
swellings is comparable between animals with high versus low ICP after injury. Scale bar: 1 mm.
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The most severely damaged neurons were comprised
predominantly of the population exhibiting enduring
mechanoporation and these neurons showed pykno-
sis, extreme vesicular swelling, mitochondrial altera-
tions, and a redistribution of the lysosomal cysteine
protease cathepsin-B from the lysosomal compart-
ment into the cytosol surrounding ruptured lyso-
somes (Figures 6E and 6F).

Due to the observed redistribution of cathepsin-B
in ultrastructurally damaged, chronically membrane
porated neurons, the localization of cathepsin-B
within the various porated neuronal populations
was analyzed (n = 1,419 total neurons analyzed;
n = 701 nonmechanoporated neurons; n = 212 reseal-
ing neurons; n = 359 enduring membrane porated
neurons; n = 147 delayed opening neurons). A shift
in the localization of cathepsin-B was noted in
neurons sustaining membrane perturbation after
injury, with a striking localization shift in neurons
sustaining poration at more chronic time points
(Figure 7A). Most of the neurons that did not sustain
any membrane poration (89.44±1.16%), as dis-
cerned by exclusion of either dextran, showed
punctate localization of cathepsin-B indicative of
restriction to the lysosomal compartment (Figure
7D). Although fewer neurons that underwent mem-
brane resealing had cathepsin-B localized into puncta
(61.79±3.34%; P < 0.05) compared with nonmecha-
noporated neurons, the majority of resealing neurons
showed this phenotype. Unlike nonmechanoporated
neurons or neurons with resealed membranes, less
than half of the neurons sustaining membrane
poration at a more chronic time point postinjury,
either with enduring or with delayed membrane
perturbation, showed punctate localization of cathe-
psin-B (enduring = 37.04±2.55%; delayed = 30.61±
3.81%; P < 0.05 compared with nonmechanoporated
or resealing). Rather, chronically membrane porated
neurons showed diffusely localized cathepsin-B,
indicative of redistribution from lysosomes into the
cytosol (Figure 7E). The shift in cathepsin-B locali-
zation within the chronically membrane porated
population of neurons was observed regardless of
postinjury ICP, however, as mentioned previously,
animals sustaining high ICP after injury exhibited
more chronically porated neurons.

Figure 3 The population of mechanoporated neurons shifts
away from a resealing phenotype and toward the delayed
opening phenotype with persistently elevated intracranial
pressure (ICP) after injury. (A) Bar graph depicting the shift
from resealing to delayed mechanoporated neurons in animals in
the high ICP group (dark gray) as compared with those in the low
ICP group (light gray). Representative photomicrographs from
dextran-infused animals with (B) low ICP and (C) high ICP after
injury. Note the population shift away from resealing (arrows)
and toward delayed (double arrow heads) mechanoporated
neurons in the high ICP group, while the enduring (arrow heads)
membrane porated neurons remain comparable to the low ICP
condition. *P < 0.05. Scale bar: 100 mm.
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Discussion

The current study shows the detrimental effects of
injury-induced sustained ICP elevation > 20 mm Hg
on the complex pathobiology after TBI. While the

majority of research investigating elevated ICP after
TBI has focused exclusively on attendant ischemic
pathology precipitated by a drastic reduction in CPP
with elevated ICP (Marin-Caballos et al, 2005; Li
et al, 2010), this study is the first report of post-
traumatic ICP-associated pathology generated with-
out concurrent reduction of CPP to levels classically
associated with cerebral ischemia (Dennis et al,
2009; Navarro et al, 2012). The absence of homo-
geneous tissue damage in the neocortex (Bramlett
and Dietrich, 2004) coupled with the observation
that that fluid percussion injury does not reduce
cerebral blood flow to ischemic levels (Yamakami
and McIntosh, 1991) also argues against the possi-
bility of ischemic events. Further, the rigorous
physiological inclusion criteria implemented in the
current study reduce the possibility of introducing
variability due to ensuing ischemia.

Our model achieves two naturally occurring
injury-induced patterns of ICP, one in which ICP
increased > 20 mm Hg returning to baseline levels
acutely and a second pattern that maintained per-
sistently elevated ICP > 20 mm Hg. The group sus-
taining persistently elevated ICP postinjury may
show this phenotype due to blockage of the CSF
drainage pathway through the cribriform plate by
TBI-induced meningeal bleeding, given that ICP
elevation has been linked to blockage of the cribri-
form plate in noninjured animals (Nagra et al, 2006;
Mollanji et al, 2001). Although, further studies are
required to elucidate the exact mechanisms precipi-
tating this ICP phenotype, this model is ideal for
the exploration of ICP-associated damaging conse-
quences after diffuse TBI.

This study is also in agreement with previous data
reporting that mechanical force associated with
traumatic spinal cord or brain injury (Singleton and
Povlishock, 2004; Farkas et al, 2006; Choo et al, 2007;
Whalen et al, 2008) as well as the induction of
mechanical insults in vitro (Geddes et al, 2003b;
Kilinc et al, 2008; LaPlaca et al, 2009; Cullen et al,
2011) precipitate plasmalemmal mechanoporation
visualized using cell impermeable dyes. This mem-
brane poration can be initiated at the onset of injury
and precipitated at more chronic time points after

Figure 4 Injury-induced persistently elevated intracranial pres-
sure (ICP) exacerbates chronic neuronal somatic mechanopora-
tion. (A) Bar graph depicting the percentage of dextran-flooded
NeuN + neocortical neurons per total neurons analyzed. The
high ICP group had double the number of mechanoporated
neurons that took up the postinjury infused dextran as compared
with the low ICP group, while the number of membrane porated
neurons that took up the preinjury infused dextran was
analogous. Representative photomicrographs of dextran-infused
(preinjury infused dextran: green and postinjury infused dextran:
red) animals in the (B) sham, (C) low ICP, or (D) high ICP group
labeled with NeuN (blue in B–D) to identify neurons. Notice the
stark contrast between nonmechanoporated (arrow heads) and
mechanoporated (arrows) neurons. *P <0.05. Scale bar: 100mm.
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injury (Singleton and Povlishock, 2004; Farkas et al,
2006; Cullen et al, 2011). Our data show that elevated
ICP after TBI affects various neuronal pathologies in
different ways. Axonal injury and acute neuronal
somatic mechanoporation, both pathological events
initiated at the onset of injury, appear unaffected by
postinjury ICP. Conversely, membrane poration de-
veloping at more chronic times after injury was
significantly exacerbated with elevated ICP. These
findings highlight the difference between those
pathologies that are initiated at the onset of TBI
and those that develop more chronically after trauma
and their susceptibility to secondary ICP elevation.

Both acute and chronic membrane perturbation
have been shown to induce the influx of calcium
ions both at the cell soma and at points of
cytoskeletal disruption along the neurites (LaPlaca
and Thibault, 1998; Geddes et al, 2003b). The
intensity and duration of the mechanical force
exerted on the cell is positively correlated to the
degree of mechanoporation and the influx of calcium
(Lusardi et al, 2004b). Despite this influx of calcium,
mechanoporated neurons have been shown, both
within this report and by others, to maintain the
potential for repair and membrane resealing (Geddes
et al, 2003a; Farkas et al, 2006; Whalen et al, 2008;
Cullen et al, 2011). In the current study, a subset of
neurons showing mechanoporation at the initiation
of injury underwent membrane resealing, while the
neurons that had sustained more chronic membrane
poration appear to undergo pathological change that
is in agreement with both in-vitro and in-vivo studies
that show a subset of the membrane porated neurons

proceeding to cell death (Geddes et al, 2003b; Lusardi
et al, 2004b). Thus, early ICP management aimed
at circumventing the formation of these secondary
pathologies could potentially alleviate the ICP-asso-
ciated negative outcomes described after TBI.

In the current study, the chronically membrane
porated cortical neurons do not sustain extensive
DNA fragmentation, however, a subset reveal altera-
tions consistent with neuronal perturbation leading
to necrotic change. The exacerbation in the percent
of damaged neurons associated with elevated post-
injury ICP corroborates this finding. The fact that
these evaluations were performed at the acute
time point of 6 hours, when cell death is not fully
unmasked, highlights the importance of early ICP
intervention.

Concurrent with the data linking elevated ICP to
neuronal damage, other observed neuronal responses
also argued for neuronal perturbation; specifically
the demonstration that the chronically membrane
porated neurons were also found to show a signifi-
cant redistribution of cathepsin-B compared with
those sustaining no mechanoporation or membrane
resealing. In a model of spinal cord injury, cathepsin-
B was shown upregulated with higher levels of
activity at the epicenter of injury 5 days after injury
(Ellis et al, 2005). The redistribution of cathepsin-B
from the lysosomal compartment to the cytosol has
previously been observed in vitro and after ischemic
injury in vivo and is associated with an increase in
neuronal death and dysfunction (Hill et al, 1997;
Zhang et al, 2009; Kilinc et al, 2010; Oberle et al,
2010; Wang et al, 2011). In vitro cathepsin-B has been

Figure 5 Injury-induced intracranial pressure (ICP) elevation does not precipitate DNA fragmentation but is associated with cell
perturbation. Representative photomicrographs from animals sustaining (B, G) sham injury and animals with either (C, H) low ICP or
(D, I) high ICP after injury immunolabeled with (A–D) TUNEL to visualize the number of cells with fragmented DNA, and (F–I)
hematoxylin and eosin (H&E) to visualize damaged neurons (arrows). Corresponding bar graphs depicting the (E) percent of total
Dapi + cells that were also TUNEL labeled and (J) the percent of total neurons that were damaged visualized with H&E within layers
V and VI of the lateral neocortex. While there are very few TUNEL-positive cells observed after injury (irrespective of ICP pattern),
H&E analysis indicated increased neuronal damage in animals exhibiting persistent ICP elevation after TBI. *P < 0.05. Scale bar:
100 mm. TUNEL, terminal deoxynucleotidyl transferase-mediated 20-deoxyuridine 50-triphosphate-biotin nick end labeling.
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shown capable of precipitating cell death under
various molecular stimuli within 24 hours when
released from lysosomes with compromised mem-
brane integrity in a pathway initiated by cleavage of
Bid to form truncated-Bid. Unlike other lysosomal

cysteine proteases, such as cathepsin-D, cathepsin-B
is fully catalytically active within the cytosol (Pratt
et al, 2009); therefore, release from the lysosomal
compartment can precipitate cytosolic cleavage of
Bid. The cleavage of Bid leads to release of AIF and

Figure 6 Ultrastructural analysis of chronically mechanoporated neurons revealed morphological heterogeneity. Representative
electron micrographs of postinjury infused dextran labeled neurons. (A) Many neurons with cytoplasmic dextran incorporation (arrow
heads in B) without nuclear flooding exhibit intact nuclear membranes (arrows in B) and show no overt mitochondrial damage (*),
best shown in the enlarged panel (B). (C) Note that some neurons with both cytoplasmic and nuclear dextran flooding show
ultrastructural perturbation including perinuclear organelle vacuolization (arrows in C). (D) Some neurons containing the postinjury
infused dextran also show moderately increased electron density. (E) An additional subset of late flooded neurons show overt necrotic
change. These neurons undergoing necrotic change, comprised predominantly of the neuronal population exhibiting enduring
mechanoporation, as assessed by fluorescent microscopy (arrow in F denotes the neuron in E) displayed a redistribution of
cathepsin-B from the lysosomal compartment into the cytoplasm surrounding what appear to be ruptured lysosomes (double arrow
heads). Scale bars: 1 mm A–E, 10mm F.
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cytochrome c from mitochondria, which then acti-
vate cell death pathways in a caspase-3-independent
manner (Yacoub et al, 2006; Zhang et al, 2009). The
use of cathepsin-B inhibitors has also proved
therapeutically relevant in models of ischemia and
trauma, reducing lesion size, and improving out-
comes after injury (Yoshida et al, 2002). Other
studies, however, determined that cathepsin-B has
a pro-survival function that counteracts cathepsin-D
signaling (Nagai et al, 2005). These conflicting roles
show the complexity of cathepsin-B signaling and
will require further investigation to determine the
exact role of the redistribution seen in membrane
porated neurons.

In summary, this study provides new insight into
the secondary pathology associated with diffuse TBI
and forces a reevaluation of current dogma surround-
ing TBI-induced ICP elevation. Elevation of ICP,
independent of a correlated reduction in CPP to
detrimental levels, is harmful and significantly
exacerbates neuronal perturbation even at acute time
points after injury. Furthermore, the neurons sustain-
ing chronic membrane poration appear to be associated
with the activation of a potentially pathological
pathway involving cathepsin-B redistribution and
ultimate neuronal perturbation. Conceivably, these
damaging sequelae could be circumvented with more
aggressive ICP monitoring and management. The
above findings speak to the complexity of TBI as well
as the potential need for increased vigilance in
monitoring and controlling ICP in both animals and
humans.
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