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Loss of plasma membrane integrity is a feature of acute cellular injury/death in vitro and in vivo.
Plasmalemma-resealing agents are protective in acute central nervous system injury models, but
their ability to reseal cell membranes in vivo has not been reported. Using a mouse controlled
cortical impact (CCI) model, we found that propidium iodide-positive (PI + ) cells pulse labeled at 6,
24, or 48 hours maintained a degenerative phenotype and disappeared from the injured brain by
7 days, suggesting that plasmalemma permeability is a biomarker of fatal cellular injury after
CCI. Intravenous or intracerebroventricular administration of Kollidon VA64, poloxamer P188,
or polyethylene glycol 8000 resealed injured cell membranes in vivo (P < 0.05 versus vehicle
or poloxamer P407). Kollidon VA64 (1 mmol/L, 500 lL) administered intravenously to mice 1 hour
after CCI significantly reduced acute cellular degeneration, chronic brain tissue damage,
brain edema, blood–brain barrier damage, and postinjury motor deficits (all P < 0.05 versus
vehicle). However, VA64 did not rescue pulse-labeled PI + cells from eventual demise. We conclude
that PI permeability within 48 hours of CCI is a biomarker of eventual cell death/loss. Kollidon
VA64 reduces secondary damage after CCI by mechanisms other than or in addition to resealing
permeable cells.
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Introduction

Traumatic brain injury (TBI) triggers delayed and
progressive loss of plasmalemma integrity in cells
within vulnerable brain regions (Singleton and
Povlishock, 2004; Whalen et al, 2008). Plasma
membrane permeability may induce loss of cellular
homeostasis and is implicated as an initiating event
in the pathogenesis of cell death in vitro (Geddes
et al, 2003a,b; Gennarelli et al, 1989; Prado et al,

2005; Serbest et al, 2006) and in central nervous
system insults (Curry et al, 2004; Kilinc et al,
2007; Marks et al, 2001; Singleton and Povlishock,
2004; Whalen et al, 2008). Plasmalemma damage
may also occur secondarily as a result of oxida-
tive stress and activation of intrinsic cell death
programs.

Using an in vivo propidium iodide (PI) pulse-
labeling protocol, we previously reported that plas-
malemma permeability occurs early after controlled
cortical impact (CCI) in mice, and that permeabilized
cells remain in the injured brain much longer than
previously anticipated (Whalen et al, 2008). In that
study, cells that became permeable to PI within
2 hours after injury disappeared from the brain by 7
days, suggesting fatal cell damage. However, whether
the same is true for cells which become permeable at
later times was not addressed. This is an important
issue because cells that exhibit delayed permeability
might be more amenable to rescue.
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Synthetic polymers such as poloxamer P188 are
putative membrane-resealing agents that have cyto-
protective activity in vitro (Grindel et al, 2002; Kilinc
et al, 2008; LaPlaca and Thibault, 1998; Lee et al,
1992; Marks et al, 2001; Pettus et al, 1994; Serbest
et al, 2005, 2006) and in acute central nervous system
injury paradigms (Borgens et al, 2004; Cadichon
et al, 2007; Curry et al, 2004; Frim et al, 2004).
However, resealing of permeable cells in vivo has
never been shown by any pharmacological agent.
Here, we tested the hypotheses that plasmalemma
permeability within 48 hours of CCI is a marker of
eventual cellular demise, and that polymers with
membrane-resealing activity in vitro restore plasma-
lemma integrity, reduce histopathology, and improve
functional outcome after CCI in mice. We found that
Kollidon VA64 significantly reseals permeable cell
membranes and reduces secondary damage after CCI,
but does not rescue injured (permeable) cells from
eventual demise. The data are discussed in the
context of possible membrane resealing-dependent
and resealing-independent mechanisms of VA64.

Materials and methods

Animals

Studies were performed using 12-week-old adult male CD-1
mice (Charles River, Wilmington, MA, USA) weighing 25 to
35 g. Mice were housed in a pathogen-free environment with
12-hour day–night cycles. All procedures followed protocols
approved by the MGH Institution for Animal Care and Use
Committee in accordance with the NIH Guide for Care and
Use of Laboratory Animals. In all experiments, data were
obtained by investigators blinded to the study group.

Mouse Controlled Cortical Impact Model

A CCI model was used as described previously (Bermpohl
et al, 2007) with minor modifications (velocity 6 m/sec,
depth 0.5 mm, and duration 100 milliseconds). Mice were
anesthetized with 4% isoflurane (Anaquest, Memphis, TN,
USA) in 70% N2O and 30% O2 using a Fluotec 3 vaporizer
(Colonial Medical, Amherst, NH, USA). Blow by anesthe-
sia was maintained with 3.5% isoflurane for the duration
of surgery. The head was positioned in a stereotaxic
apparatus and a midline scalp incision was made. A 5.0-
mm craniotomy was made lateral to the sagittal suture
between the bregma and the lambda using a portable drill
and trephine. Craniotomy was carefully removed without
damaging the underlying dura, and the cortex was injured
using a pneumatically controlled impactor device with a
3.0-mm diameter flat-tip impounder. After injury, the scalp
was sutured closed and mice were returned to their cages
to recover from anesthesia. Sham-injured mice received
isoflurane anesthesia and craniotomy, but not CCI.

Preparation of Brain Tissue for Histochemistry

Mice were deeply anesthetized with isoflurane and the
brains removed and frozen in liquid nitrogen vapor and

stored at �801C. The brains were sectioned (12 mm) in the
coronal plane on a cryostat. Sections 150 to 200mm apart
from the anterior to the posterior hippocampus (bregma
�1.90 to �2.70) were collected on poly-L-lysine-coated
glass slides and stored at �801C.

Assessment of Degeneration in Pulse-Labeled
Propidium Iodide-Positive Cells

Mice were subjected to CCI, administered PI (1mg/g,
intravenous) at 6, 24, or 48 hours, and killed 24 hours later
at 30, 48, or 72 hours, respectively. Propidium iodide-
positive (PI +) cells were photographed using a Nikon
Eclipse T300 fluorescence microscope (Nikon, Tokyo,
Japan) using excitation/emission wavelengths 568 and
585 nm, respectively. Sections were then counterstained
with hematoxylin and eosin (H&E). Care was taken to
photograph the same brain regions used for analysis of PI +
cells. Propidium iodide-positive and argyrophilic cells
(dark, shrunken nuclei) were counted and randomly
chosen from � 400 cortical or hippocampal fields from 2
mice at each time point for a total of 10 fields counted as
described previously (Whalen et al, 2008).

Assessment of Disappearance of Pulse-Labeled
Propidium Iodide-Positive Cells from the Injured Brain

Mice were administered PI (1mg/g mouse intravenous) at 6,
24, or 48 hours after CCI and killed 24 hours, 48 hours, or 7
days later. Propidium iodide-positive cells were detected
by fluorescence microscopy and quantitated in 6 cortical
and in 3 hippocampal � 200 fields randomly chosen from
5 brain sections separated by at least 250mm, located
within the confines of the cavitary lesion (Whalen et al,
2008). Cell count data were averaged per � 200 field for
each mouse.

Administration of Polymers and Evaluation of
Plasmalemma Resealing

Protocol 1: At 60 minutes after CCI, mice were adminis-
tered the green fluorescent membrane-impermeant dye
YOYO-1 (Molecular Probes; 1mg/g mouse in 100mL
phosphate-buffered saline (PBS)) intravenously followed
5 to 10 minutes later by VA64 (1 mmol/L, 500 mL, BASF,
Florham Park, NJ, USA, except as noted), poloxamer P188
(5 mmol/L, 500mL, BASF), poloxamer P407 (5 mmol/L,
500mL, BASF), polyethylene glycol 8000 (PEG 8000,
5 mmol/L, 500mL, Sigma, St Louis, MO, USA), or PBS pH
7.4 (500mL). Polymer doses were chosen based on results of
pilot studies in which the maximum concentration tolerated
by mice was assessed for resealing ability. At 5 to 10 minutes
after polymers/PBS, PI (1mg/g in 100mL PBS) was adminis-
tered intravenously. Mice were killed 5 to 10 minutes after
PI administration. In alternate experiments, mice were
administered all fluorescent compounds and polymers/
PBS in both cerebral ventricles (intracerebroventricularly)
as follows: YOYO-1 (750 ng in 6mL), VA64 (1 mmol/L, 10mL)
or PBS (10mL), PI (15 ng in 6mL). Cryostat brain sections
were photographed using excitation and emission wave-
lengths for YOYO-1 (490 and 520 nm, respectively) and PI.
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Injured cells were defined as YOYO-1 + . Resealed cells
were defined as YOYO-1 + /PI�, and permeable cells as
YOYO-1 + /PI + . Cell counts were performed in 6 cortical
and in 4 dentate gyrus � 200 fields randomly chosen from
5 brain sections separated by at least 150mm, located within
the center of the contusion. Cell count data were averaged
per � 200 field for each mouse.

In protocol 2, polymers or PBS were administered
intravenously 1 hour after CCI. Experimental outcomes
were blood–brain barrier (BBB) permeability (1 to
24 hours), brain edema (24 or 48 hours), brain tissue loss
(2 weeks), acute cellular degeneration (H&E staining for
argyrophilic cells at 6 hours), hippocampal caspase 3/7
activity (48 hours), and motor function (days 1 to 7).

Measurement of Blood–Brain Barrier Permeability

At 1 hour after CCI, mice were coinjected with a mixture of
Evans blue (1%, 100mL) plus polymers (all 5 mmol/L,
500mL, except VA64 in which 1 mmol/L was used) or PBS
(500 mL) for a total injection volume of 600mL. At 24 hours
after CCI, mice were anesthetized and transcardially
perfused with at least 25 mL saline. The brain was
separated into right (uninjured) and left (injured) hemi-
spheres. The two hemispheres were weighed and placed
separately in 3 mL of N,N-dimethylformamide for 5 days.
The solvent was then analyzed spectrophotometrically at
620 nm. Blood–brain barrier permeability was quantitated
as mg Evans blue/g brain from a standard curve.

Assessment of Brain Edema

Brain edema was assessed by magnetic resonance (MR)
imaging and by the (wet�dry)/wet brain weight method.
For MR imaging analyses, mice were anesthetized with
isoflurane and secured in an MR-compatible headset.
Magnetic resonance imaging acquisitions were performed
using a horizontal bore 9.4-T magnet (Bruker Biospin,
Billerica, MA, USA) with a 21-cm bore fitted with a
custom-built mouse head surface radio frequency trans-
mitter and receiver coil. T2 images were acquired using a
spin echo sequence with repetition time/echo time = 2,500/
60 milliseconds. All images were acquired with 150 mm
in-plane resolution and 1-mm slice thickness.

Analysis of MR images was performed using OsiriX for
manual selection and measurement of regions of interest.
Regions of interest (injured cortex and subcortical tissue)
were measured three separate times to determine error in
lesion volume measurement, with images assessed in a
random sequence to diminish systematic selection bias.
Statistical analysis of lesion volume was performed using
JMP 8 (JMP, Cary, NC, USA).

For the wet–dry weight method, mice were killed at 24 or
48 hours and their brains removed and bisected at the
midline to separate the right and left hemispheres. The
cerebellum and brain stem were removed. The uninjured
brain tissue both anterior and posterior to the contusion
was removed by sectioning in the coronal plane. The wet
weight of the remaining injured and uninjured hemi-
spheres was obtained. The brain tissue was dried at 991C
for 48 hours and dry hemispheric weights were obtained.

Brain water content was expressed as (wet�dry/wet)
weight� 100%. Brain edema was expressed as the differ-
ence in % brain water content (left–right hemisphere).

Assessment of Brain Tissue Loss

Morphometric image analysis (NIS Elements, Nikon) was
used to determine brain tissue loss as described previously
(Bermpohl et al, 2007). Coronal brain sections (12 mm) were
cut on a cryostat at 0.5-mm intervals from anterior to the
posterior and mounted on poly-L-lysine-coated slides.
Sections were stained with hematoxylin, and the area
of the lesion was quantitated using image analysis.
Hemispheric volume was calculated by obtaining the total
volume of brain tissue in the right (uninjured) and left
(injured) hemispheres. Lesion volume was the difference
between the right and left hemispheres (mm3).

Effect of VA64 on Degenerative Cells Using
Hematoxylin and Eosin

Mice were subjected to CCI and administered VA64 or PBS
at 1 hour and were killed at 6 hours after injury. Cryostat
brain sections were prepared for histochemistry as
described above and stained with H&E. Degenerative cells
(dark, shrunken nuclei with hypereosinophilic cytoplasm)
were quantitated in 6 randomly chosen � 400 fields in the
cortex and in 4 randomly chosen hippocampal fields.

Caspase 3/7 Activity Assay

Anesthetized mice were decapitated and the ipsilateral
cortex and hippocampus were rapidly dissected on ice and
transferred into the Triton lysis buffer (1% Triton,
20 mmol/L Tris-HCL, 150 mmol/L NaCl, 5 mmol/L EGTA,
10 mmol/L EDTA, 10% glycerol) with protease inhibitors
(Complete Mini Protease Inhibitor Cocktail tablet, Roche,
Indianapolis, IN, USA). Samples were then briefly
sonicated and centrifuged at 14,000 r.p.m. for 30 minutes
at 41C. Protein concentration was determined in super-
natants (Bio-Rad DC Protein Assay; Bio-Rad, Hercules, CA,
USA), and samples were diluted to 1 mg/mL. The Caspase-
Glo 3/7 luminescent assay (Promega Corporation, Madison,
WI, USA) was used to determine caspase 3/7 activities in
50 mg brain samples using a luciferase-based assay and the
DEVD tetrapeptide sequence according to the instructions
of the manufacturer.

Evaluation of Motor Performance

Vestibulomotor function was assessed using composite
neuroscore and wire grip tests, as described previously
(Mbye et al, 2008; You et al, 2008). For the wire grip test,
mice were placed on a metal wire (45 cm long) suspended
45 cm above a foam pad and allowed to traverse the wire
for 60 seconds. The latency that a mouse remained on the
wire within a 60-second interval was measured, and wire
grip scores were quantitated using a 5-point scale. For
the composite neuroscore, mice were given an integer score
from 0 (severely impaired) to 4 (normal) for each of
the following indices: limb flexion during suspension by
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the tail; foot falls on a grid walk; and the ability to resist
lateral pulsion towards the left and right (Murai et al, 1998;
Nakamura et al, 1999; Raghupathi, 2004; Riess et al, 2007;
Saatman et al, 1997).

Effect of VA64 on Rescue of Injured (Propidium Iodide-
Positive) Cells

One cohort of mice (n = 6 per group) was administered PI at
the time of CCI and VA64 or PBS intravenously at
60 minutes after injury. A second cohort of mice (n = 6
per group) was administered PI at 6, 24, and 48 hours and

VA64 or PBS at 6.5, 24.5, or 48.5 hours after CCI. Mice were
killed at 7 days and brain sections analyzed for the
presence of PI + cells in 6� 200 cortical and 3� 200
hippocampal fields from at least 6 brain sections within
the cavitary lesion separated by at least 250mm. Propidium
iodide-positive cell counts for each mouse were the
average of � 200 cortical or hippocampal fields.

Statistical Analyses

Data are mean±s.e.m. Cell count data, caspase activity
assay data, edema, BBB, lesion volume, MR imaging T2
volumetric data, and composite neuroscore data were
evaluated by ANOVA (analysis of variance), followed by
the Student–Newman–Keul or t-test. Correlation between
degenerative cells (H&E) and PI + cells was assessed using
Pearson’s product moment correlation. Wire grip test data
were analyzed by two-factor repeated-measures ANOVA
(group� time). For all comparisons, P < 0.05 was consid-
ered significant.

Results

Having previously reported fatal outcome in cells
labeled with PI between 0 to 2 hours after CCI
(Whalen et al, 2008), we first sought to determine
whether PI + cells labeled at later times after injury
might escape degeneration. Figure 1 shows typical
results of PI pulse labeling and H&E staining. Nearly
all PI + cells labeled at 6, 24, or 48 hours and allowed
to survive for 24 hours were identified as degenera-
tive (argyrophilic) by H&E staining (representative
H&E staining of degenerative PI + cells shown in
Figure 1A). Of 247 PI + cells counted, 240 (97%)
were degenerative by H&E criteria (r = 0.82, P < 0.005,
Figure 1B). To determine whether PI + cells might
survive injury and remain in the brain, mice were
subjected to CCI and PI + cells pulse labeled at 6, 24,
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Figure 1 Propidium iodide (PI) labeling identifies degenerating
cells after controlled cortical impact (CCI). Mice were subjected
to CCI and administered PI at the times indicated (6, 24, or
48 hours) and allowed to survive another 24 hours for assess-
ment of cellular degeneration by H&E staining. (A) Representa-
tive photomicrographs showing correspondence between PI (top
panel) and H&E staining (bottom panel) from the dentate gyrus.
Only degenerative cells with shrunken, darkly stained nuclei are
defined as positively stained by H&E. (B) Correlation between PI
labeling and H&E staining in degenerating cells. The number of
PI + cells strongly correlated with that of argyrophilic/degen-
erative cells (r = 0.82, P < 0.005, n = 3 to 4 mice per time
point). Scale bars = 20 mm. (C) Disappearance of PI-positive
cells pulse labeled at 6, 24, or 48 hours, after CCI. Mice (n = 3
to 6 per time point) were administered PI at 6, 24, or 48 hours
after CCI and killed at 24 or 48 hours, or 7 days later. PI-positive
cells were quantified in injured cortical and hippocampal (CA-1,
CA-3, and DG) regions. Almost no PI + cells were detected at 7
days after labeling at 6, 24, or 48 hours. CTX: cortex; DG:
dentate gyrus. *P < 0.05 versus 7 days. H&E, hematoxylin and
eosin.
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or 48 hours, and the brains analyzed at various times
after pulse labeling for the presence of PI + cells.
Figure 1C shows a time-dependent decrease in PI +
cells labeled at 6, 24, or 48 hours. By 7 days, nearly
all PI + cells labeled at each of the three time points
had disappeared from the injured brain, strongly
suggesting that plasmalemma damage portends fatal
cellular injury.

We next performed a set of experiments to
determine whether putative membrane-resealing
agents might reseal injured (permeable) cells in vivo.
Figure 2A shows representative photomicrographs of
resealed (YOYO-1 + /PI�) cells and non-resealed
(YOYO-1 + /PI + ) cells by VA64 and PBS administra-
tion, respectively. Compared with PBS and P407,
VA64, P188, and PEG 8000 induced significantly
more YOYO-1 + /PI� cells in the injured hippocam-
pus, and in the cortex, VA64 resealed significantly
more cells compared with all of the other polymers
tested (Figures 2B and 2C). In a subset of experiments
in which fluorophores and polymers were adminis-
tered intracerebroventricularly, VA64 again induced
robust membrane resealing in all four mice (repre-
sentative photomicrographs are shown in Figure 2C).

We next assessed the ability of polymers to prevent
BBB leakage of Evans blue from 1 to 24 hours after
CCI. Blood–brain barrier damage was increased in
injured versus uninjured hemispheres of PBS-treated
mice (P = 0.01), but not in VA64-treated mice
(P = 0.15, Figure 3A). Compared with PBS treatment,
VA64 significantly reduced Evans blue extravasation
in injured hemispheres (P < 0.01, Figure 3A). None
of the other agents tested reduced BBB damage
(Figure 3B).

As BBB damage may contribute to brain edema, we
next assessed the ability of polymers to reduce
posttraumatic brain water content. VA64 signifi-
cantly reduced T2-weighted lesion volume in injured
mice (P < 0.01 versus PBS, Figures 4A and 4B). Brain
edema assessed by wet to dry weight was reduced by
40% in VA64-treated mice at 24 hours (P < 0.01
versus PBS, Figure 4C) but not at 48 hours (VA64, 2.2
+ 0.3%; PBS, 3.0 + 0.3% difference; P = 0.067, n = 12
per group). Using 250 mL of a 2 mmol/L VA64
solution, brain edema was again reduced by B40%
(VA64, 1.6 + 0.2%; PBS, 2.3 + 0.2%, P < 0.05, n = 6 per
group); however, a lower dose of VA64 (1 mmol/L,
200 mL) that reseals injured cortical and hippocampal
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Figure 2 Evidence of plasma membrane resealing by Kollidon VA64 after controlled cortical impact (CCI). (A) Representative
micrographs depicting cells labeled with YOYO-1 (green) and PI (red) in the cortex and DG in PBS-treated or VA64-treated mice
(bottom panel). Scale bars = 20mm. (B) Quantitation of YOYO-1 + /PI� (resealed) cells in the cortex and hippocampus of PBS- or
polymer-treated mice (n = 3 to 7 per group). Upper panel: ***P < 0.05 versus all other groups; **P < 0.05 versus P188, P407,
and PBS; *P < 0.05 versus P407 and PBS. Lower panel: *P < 0.05 versus PBS and P407. (C) Representative photomicrographs
showing plasmalemma resealing using intracerebroventricular administration of fluorophores and polymers (n = 4 per group). It must
be noted that robust membrane resealing is observed using VA64, suggesting a direct effect of VA64 on the plasmalemma of
parenchymal cells. Scale bars, 100 mm. DG, dentate gyrus; PBS, phosphate-buffered saline; PI, propidium iodide. The colour
reproduction of this figure is available at the Journal of Cerebral Blood Flow & Metabolism journal online.
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cells (not shown) had no effect on 24 hours brain
edema (VA64, 2.0 + 0.2%; PBS, 1.9 + 0.2%, n = 6 per
group), suggesting that membrane resealing alone
may not fully explain the reduction in edema by
VA64. None of the other polymers tested reduced
brain edema after CCI (Figures 4C and 4D).

VA64 (but not the other polymers) reduced overall
brain tissue damage by 29% (P < 0.05 versus PBS;
Figure 5A) and modestly reduced argyrophilic cells
at 6 hours in the cortex and hippocampus (P < 0.05
versus PBS for both regions, Figure 5B). Compared
with sham-injured animals, injured PBS-treated
mice had significantly increased caspase 3/7 activity
in the injured hippocampus (Figure 5C) that was
significantly reduced compared with PBS-treated,
injured mice (P < 0.05 versus PBS) and no different
from sham-injured mice (Figure 5C).

We next assessed the effect of polymers on
postinjury motor function. Significant deficits in
the wire grip and composite neuroscore tests were
observed in injured mice (P < 0.05 versus sham
injured). VA64 improved wire grip scores to a level
similar to that of sham-injured mice (P < 0.05 versus
PBS, group effect, Figure 6A) and improved compo-
site neuroscores by 20% compared with PBS
(P < 0.05 for days 2 and 7) (Figure 6B). Wire grip test
scores were not improved by any of the other
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polymers (P > 0.05 for group, PEG 8000, P407, and
P188; n = 7, 7, and 6 per group respectively, data not
shown).

Having shown that VA64 reseals injured cell
membranes, we sought to determine whether VA64
may rescue injured cells from death at later times
(1 week) after CCI. Cells were pulse labeled with PI at
various times after CCI, followed by administration
of VA64 (‘Materials and methods’ section). Rescued
cells were PI + cells remaining in the brain at 7 days.
In a single VA64 dose paradigm in which cells were
labeled with PI at the time of CCI and VA64
administered at 1 hour, no differences in PI + cells

remaining in the brain at 7 days after CCI was
observed between VA64-treated (cortex 0.03 + 0.03,
dentate gyrus 0 + 0 PI + cells/� 200 field) or PBS-
treated mice (cortex 0.06 + 0.06, dentate gyrus 0 + 0
PI + cells/� 200 field). To assess whether VA64 could
rescue cells which became permeable to PI at later
times after CCI, PI was administered to mice (n = 6 per
group) at 6, 24, and 48 hours after CCI, followed by
PBS or VA64 administration at 6.5, 24.5, and
48.5 hours. Propidium iodide-positive cells remaining
in the brain at 7 days also did not differ between
VA64-treated (cortex, 0±0, dentate gyrus 0 + 0 PI +
cells/� 200 field) and PBS (cortex, 0±0, dentate gyrus
0±0 PI + cells/� 200 field, n = 6 per group).

Discussion

We present evidence that plasmalemma permeability
to PI between 6 and 48 hours after CCI portends
eventual cell demise, and that intravenous adminis-
tration of VA64 reseals injured (permeabilized) cells.
VA64 also reduces brain edema, BBB damage, acute
cellular degeneration, brain tissue loss, and motor
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dysfunction by mechanism(s) other than rescue of
injured cells, because membrane resealing by VA64
did not rescue PI + cells from eventual demise by
7 days. These findings confirm and extend our
previous report that plasmalemma permeability
portends eventual demise of brain cells injured early
after CCI (Whalen et al, 2008), and suggest a novel
application of VA64 to reduce secondary injury and
improve functional outcome after contusion TBI
through mechanisms that remain to be elucidated.

We hypothesized that cells that lose plasmalemma
integrity at delayed times after CCI (6 to 48 hours)
might be more amenable to recovery and membrane
repair leading to cell salvage. However, nearly all
PI + cells labeled at 6, 24, or 48 hours after CCI and
allowed to survive for 24 hours were degenerative by
H&E staining, and almost all PI + cells pulse labeled
between 6 and 48 hours disappeared from the injured
brain by 7 days (Figure 1 and Whalen et al (2008)).
One explanation for these data is that some neurons
might repair their membrane damage, extrude PI, and
change their course to become healthy again as
suggested in models of neonatal brain damage
(Bassanini et al, 2007; Hallene et al, 2006). However,
we previously reported that PI labeling is irreversible
in our CCI model and portends fatal cellular injury in
cells damaged at 0 to 2 hours (Whalen et al, 2008).
From this study, we conclude that plasmalemma
permeability to PI within the first 48 hours after CCI
is a marker of cell death or removal using the
methodology described herein.

Previous studies in mild fluid percussion TBI
showed that plasmalemma permeability might be
reversible because some permeable cells had a normal
ultrastructure and spontaneous restoration of plas-
malemma integrity (Farkas et al, 2006; Singleton and
Povlishock, 2004). However, whether damaged cells
eventually died or survived mild FPI was not
reported beyond 8 hours (Farkas et al, 2006). It is
possible that plasmalemma damage may not necessa-
rily portend cell death in less severe TBI models
characterized by infrequent neuronal death (Farkas et
al, 2006). The methodology described herein can be
used to directly test this hypothesis. This is signifi-
cant because it is currently unknown whether injured
(permeable) cells may undergo spontaneous repair
and long-term survival after central nervous system
injury of any type (Borgens et al, 2004; Cadichon
et al, 2007; Curry et al, 2004; Farkas et al, 2006; Frim
et al, 2004; Singleton and Povlishock, 2004; Unal-
Cevik and Dalkara, 2003; Whalen et al, 2008).

This study is the first that we know of to document
plasmalemma resealing in vivo by synthetic poly-
mers. One caveat to our experimental design is the
potential for artifactual cell resealing caused by
microvascular plugging by activated platelets, micro-
thrombosis, and/or vasospasm (Schwarzmaier et al,
2010), which might limit the transit of the second
fluorophore used to interrogate neuronal and glial
plasmalemma integrity. To avoid these possible
confounds, we used an experimental paradigm that

incorporates rapid sequential administration of
fluorescent dyes and resealing agents within a short
time epoch, and observed > 95% nonresealing after
CCI in PBS-treated mice. In contrast, we observed
robust membrane resealing with P188, PEG 8000,
and VA64 (defined as significantly increased num-
bers of YOYO-1 + /PI� cells). These data could be
explained by the resealed endothelium preventing
contact of PI with injured neurons and glia. The
observation that VA64 resealed brain cells in an
intracerebroventricular administration paradigm
(Figure 3C) suggests the possibility that intravenous
VA64 may also directly restore plasmalemma integ-
rity in injured parenchymal cells.

Within the dose ranges used herein, single-dose
VA64 was superior to poloxamer P188, PEG 8000,
and P407 in reducing postinjury brain edema, BBB
damage, brain tissue loss, and motor deficits.
Inadequate dosing of other polymers and/or the
presence of impurities might have precluded bene-
ficial effects of industrial-grade P188 and P407. VA64
also had the greatest membrane-resealing activity in
the injured cortex assessed by YOYO-1 + /PI� cell
counts. Membrane resealing might reduce the release
of damage-associated molecular pathogens from
injured cells, such as high-mobility group box-1
and others, which when released from necrotic cells
bind to immune cells and elicit an inflammatory
response that may promote secondary damage after
TBI (Pisetsky et al, 2011). Alternatively, a mechan-
ism(s) of VA64 unrelated to membrane resealing may
be critical for its protective effects in brain edema
and other outcome measures. Such mechanisms may
include increased blood oncotic pressure, aquaporin
channel and/or matrix metalloproteinase inhibition,
and rheologic effects to augment cerebral blood flow,
among others. Studies aimed at identifying relevant
cellular and molecular mechanisms of VA64, as well
as its pharmacokinetic and pharmacodynamic pro-
files are required to better understand how it
provides neuroprotection in TBI.

VA64 reduced brain tissue damage by 25%, but
only modestly reduced acute cellular degeneration
(H&E) and caspase 3/7 activity (Figure 6), and did not
rescue injured (PI + ) cells from eventual demise after
CCI. These data suggest that VA64 may prevent acute
cell death rather than rescue injured cells per se,
perhaps in part by inhibiting caspases (Figure 6).
Alternatively, reduced caspase activation by VA64
may simply be related to less overall tissue damage.
The inability of VA64 to rescue PI + cells from
ultimate demise may be attributed to a number of
possibilities, including a short in vivo half-life and/
or the possibility that plasmalemma permeability to
PI is not a mediator but a marker of a ‘point of no
return’ from injury. It is conceivable that prolonged
administration of VA64 (including continuous infu-
sion) might maintain cells resealed and thereby
rescue injured cells from death. Alternatively,
plasmalemma resealing may not be sufficient for
survival of injured cells. From our data, we conclude
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that mechanisms other than cell rescue mediate the
protective effects of VA64 in CCI.

Strikingly, a single dose of VA64 administered at
1 hour after CCI markedly reduced leakage of Evans
blue albumin across the damaged BBB for up to
24 hours after CCI. These data suggest a long-lasting
effect of VA64 in our mouse CCI model. The effect of
VA64 on BBB damage seems to be immediate
because we coadministered VA64 with Evans blue
in the experimental paradigm, and suggests a
possible physical interaction with the endothelium
and perhaps other cell types that comprise the BBB.
Recent studies have implicated BBB damage as an
etiological agent in the pathogenesis of epilepsy from
various causes, including TBI (Marchi et al, 2011;
Cacheaux et al, 2009; Janigro, 2010). Further studies
are required to examine VA64 as a potential therapy
to prevent posttraumatic epilepsy in TBI patients
(Temkin, 2009).

We found a dose-dependent effect of VA64 on
development of brain edema after CCI assessed by
two independent methods. The 1 hour time point is
clinically relevant for treatment in the field by
emergency personnel. The finding that 250 mL of
2 mmol/L VA64 was also effective is important
inasmuch as limiting volume administration would
reduce the risk of fluid overload in TBI patients
given VA64. Our finding that a dose of VA64 that
resealed damaged cells was ineffective at reducing
edema (data not shown) reinforces the notion that
mechanisms other than or in addition to membrane
resealing mediate protective effects of VA64. Re-
duced BBB damage may be one mechanism for
reduced edema by VA64. Reduction of posttraumatic
brain edema by VA64 is potentially clinically
significant because many TBI patients die or have
secondary ischemic complications from brain edema
and resulting intracranial hypertension.

We conclude that plasmalemma damage is a point
of no return from cellular injury that portends a fatal
outcome after CCI. Kollidon VA64 restores plasma-
lemma integrity and improves clinically relevant
outcome measures after CCI; however, our data do
not conclusively show that plasmalemma resealing is
the only, or even the major, mechanism explaining
the observed protection. Further studies are required
to evaluate additional potential mechanisms of
VA64. These uncertainties notwithstanding, Kolli-
don VA64 has exciting potential as a therapeutic
agent to reduce acute and long-term sequelae of TBI,
such as brain edema and development of posttrau-
matic epilepsy. Further studies are required to
determine blood pharmacokinetics, brain pharmaco-
dynamics, and optimal dosing of VA64 for possible
use in patients with focal TBI associated with BBB
damage and intracranial hypertension.
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