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Mildly Reduced Brain Swelling and Improved Neurological
Outcome in Aquaporin-4 Knockout Mice
following Controlled Cortical Impact Brain Injury

Xiaoming Yao,? Kazuyoshi Uchida, Marios C. Papadopoulos,® Zsolt Zador,
Geoffrey T. Manley, and Alan S. Verkman?

Abstract

Brain edema following traumatic brain injury (TBI) is associated with considerable morbidity and mortality. Prior indirect
evidence has suggested the involvement of astrocyte water channel aquaporin-4 (AQP4) in the pathogenesis of TBI. Here,
focal TBI was produced in wild type (AQP4™*) and knockout (AQP4™' ™) mice by controlled cortical impact injury (CCI)
following craniotomy with dura intact (parameters: velocity 4.5 m/sec, depth 1.7 mm, dwell time 150 msec). AQP4-
deficient mice showed a small but significant reduction in injury volume in the first week after CCI, with a small
improvement in neurological outcome. Mechanistic studies showed reduced intracranial pressure at 6h after CCI in
AQP4_/ ~ mice, compared with AQP4+/+ control mice (11 vs. 19 mm Hg), with reduced local brain water accumulation as
assessed gravimetrically. Transmission electron microscopy showed reduced astrocyte foot-process area in AQP4™'~ mice
at 24 h after CCI, with greater capillary lumen area. Blood-brain barrier disruption assessed by Evans blue dye extrav-
asation was similar in AQP4™" and AQP4~~ mice. We conclude that the mildly improved outcome in AQP4~~ mice
following CCI results from reduced cytotoxic brain water accumulation, though concurrent cytotoxic and vasogenic
mechanisms in TBI make the differences small compared to those seen in disorders where cytotoxic edema predominates.
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Introduction

EREBRAL EDEMA contributes significantly to morbidity and
mortality in stroke, brain tumor, infection, and traumatic brain
injury (TBI). Cerebral edema leads to increased intracranial pressure
(ICP), which impairs cerebral perfusion, potentially leading to ce-
rebral ischemia, herniation, and death. Current therapy of TBI is
generally restricted to decompressive craniectomy and hyperosmolar
agents, approaches that have changed little over nearly 100 years."
The study here concerns the role of aquaporin-4 (AQP4) in TBI.
AQP4 is the major water channel in the central nervous system
expressed at the plasma membrane in astrocytes, particularly in
foot processes at the blood—brain barrier (BBB).2 AQP4 is involved
in the movement of water into and out of the central nervous sys-
tem, as well as in neuroexcitatory phenomena and astrocyte mi-
gration.®> Mice lacking AQP4 have shown remarkably improved
outcomes in models of cytotoxic (cellular) brain edema, such as in
water intoxication and cerebral ischemia,® but worse outcomes in
vasogenic brain edema, such as in brain tumor and experimental
freeze injury.” It is thus thought that AQP4 facilitates water entry

into the brain and into astrocytes when the BBB is intact, as well as
the clearance of excess brain water when the BBB is disrupted.’
TBI is considered to cause both cytotoxic and vasogenic brain
edema, whose relative contributions are probably time- and spatially-
dependent,®® as cellular dysfunction and BBB disruption occur in
TBI and are interrelated.

Altered AQP4 expression following TBI supports a potential
role of AQP4 in the pathogenesis of TBI. In vitro, exposure of
astrocyte cultures to percussion injury increased AQP4 expres-
sion.” An early study in rats showed globally reduced AQP4 ex-
pression following TBL.'® Another early study reported increased
AQP4 at the lesion site and reduced AQP4 distant from the injury.""
More recent work showed a global increase in AQP4 following
TBI'? and the greatest increase in AQP4 expression at one week
after TBI but with AQP4 cellular mislocalization.' In human au-
topsy studies, TBI was associated with increased AQP4 expres-
sion.'*'> It is hard to reconcile these somewhat disparate results
because of the different models and AQP4 measurement methods;
also, it remains unclear if changes in AQP4 expression pattern in
TBI are primary or compensatory.

'Department of Neurological Surgery, “Departments of Medicine and Physiology, University of California, San Francisco, California.
3 Academic Neurosurgery Unit, University of London, Tooting, London, United Kingdom.
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There is also evidence that drugs or maneuvers that alter AQP4
expression reduce brain edema following TBI. Sulforaphone ad-
ministration increased AQP4 expression and reduced brain edema
after TBL.'® In a recent study, intranasal administration of nerve
growth factor reduced brain edema after TBI but reduced AQP4
expression.'” A vasopressin-1 receptor antagonist reduced brain
edema and AQP4 expression following TBI.'®!'? Another correla-
tive study showed reduced brain water with decompressive cra-
niectomy following TBI, with reduced AQP4 expression.”” It is
difficult to draw clear-cut conclusions from these studies because
primary versus secondary actions of the drugs and maneuvers
cannot be established. A recent gene association study in humans
reported a correlation between AQP4 single nucleotide polymor-
phisms and TBI outcomes.>’

On the basis of these various lines of indirect evidence, AQP4
has been proposed as a potential drug target in TBI. Recently, it was
reported that AQP4 small interfering RNA injection into brain after
TBI in neonatal rats, which reduced AQP4 protein expression at the
injection site by 30%, resulted in improved motor function and
spatial memory, as well as decreased brain edema and neuronal cell
death.”? It might thus be extrapolated that 100% global reduction in
AQP4 would produce an even greater beneficial effect. Motivated
by this prediction and the various lines of indirect evidence, here we
compared the consequences of TBI produced by controlled cortical
impact injury (CCI) in wild type (AQP4*'*) and AQP4 knockout
(AQP477) mice.

Methods
Mice

AQP4™~ mice were generated by targeted gene disruption as
described previously.?® Experiments were done on weight-matched
littermates (25-30g) in a CDI1 genetic background. Mice were
housed at University of California, San Francisco animal facility
and provided with normal mouse chow and water. The CCI pro-
tocol was approved by the University of California, San Francisco
Committee on Animal Research. There are no observable differ-
ences between AQP4™ ™ and AQP4™~ mice in baseline phenotype,
cerebrovascular anatomy, blood-brain barrier integrity, and brain
histology.*** Investigators were blinded to mouse genotype in-
formation in all studies.

CCI model

Male mice were anesthetized with 2,2,2-tribromoethanol
(150 mg/kg, intraperitoneal injection; Sigma-Aldrich, St.Louis,
MO). The head was immobilized on a stereotaxic frame and the
skull was exposed by a midline incision. A craniotomy of 5-mm
diameter was made using a microdrill and trephine over the right
fronto-parietal cortex (relative to bregma, 1.5mm posterior,
2.5 mm lateral), and the bone flap was removed without damage to
the dura. Mice were then subjected to CCI using an electric cyl-
inder with a 3-mm round-tip impactor (eCCI model 6.3; Custom
Design and Fabrication, Richmond, VA). Zero position was set
when the tip touched the dural surface under the guidance of a
surgical microscope. The velocity of impact was set at 4.5 m/sec,
with an impact depth of 1.7mm and dwell time of 150 msec.
Immediately after injury, the bone flap was repositioned and fixed
with tissue glue (Abbott Laboratories, North Chicago, IL) and the
skin was sutured.

Injury volume

Mice were anesthetized and transcardiac perfusion was done
with heparinized saline (20 units/mL) and 4% paraformaldehyde
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(PFA) at 1, 3, 7, and 30 d following CCI. The brains were removed
from mice and post-fixed overnight in fresh 4% PFA. After cryo-
protection in 20% sucrose, brains were frozen in embedding me-
dium (Tissue-Tek; Sakura Finetek USA, Inc., Torrance, CA) and
14-um-sections were cut using a Leica Cryostat (Leica Micro-
systems, Inc., Buffalo Grove, IL). Every 20th section was stained
with Cresyl-Violet (Sigma-Aldrich, St. Louis, MO). A total of 15
sections per brain were analyzed by an investigator blinded to the
experimental groups. Staining was analyzed using Image J software
(National Institutes of Health, Bethesda, MD) and lesion area was
calculated as the area of the contralateral hemisphere minus that
of the ipsilateral hemisphere. Cavitation, hemorrhage, or loss of
normal staining was considered as lesion. Edema area (swelling)
was calculated from the difference in contralateral and ipsilateral
(injury) hemispheric contours in each section. Corrected lesion area
of each section was obtained by subtracting edema area from the
primary measured lesion area. Injury volume was determined by
integrating the lesion area of different brain section with the use of
cylinder and cone rules.>>’

Behavioral studies

The beam walk test was used to evaluate fine motor coordination
up to 7 d after CCI as described previously, with modification.?®
Briefly, the beam-walk device contains a narrow wooden beam
with 6 mm width and 100 cm length suspended about 40 cm above
the ground with soft foam to protect falling mice. All mice were
videoed and the tapes were reviewed for right foot faults by an
investigator blinded to experimental group and time-point. Mice
were trained to walk from one end of the beam to the other for 3 d
before injury. The number of foot faults for the right hind-limb
was counted over 50 steps. Mice with a basal level of less than 10
faults per 50 steps were selected for experiments. The test was
repeated three times consecutively for each mouse and the aver-
age was calculated as the percentage of foot faults out of the 50
steps. Mice were sacrificed following completion of the final test
at 7 d after CCIL.

IcP

A Codman ICP microsensor with 0.5-mm diameter (TC-510;
Millar Instruments, Houston, TX) was inserted through a 1-mm
burr hole made just anterior to the right coronal suture. ICP was
recorded before and at 2, 6, and 24 h after CCI (in different groups
of mice) using a MP-150 recording system (Biopac, Santa Barbara,
CA). ICP was reported as averaged values over 5 min.

Brain water content

Brain water content was determined by column densitometry in
order to obtain spatially resolved information. A bromobenzene-
kerosene gradient was created in a cylindrical column and cali-
brated with KCI as described.?® After removal of the brain (at 0.5, 2,
6,24, and 72 h) following anesthesia and decapitation, a pre-cooled
mouse brain matrix mold with 1.0 mm coronal section slice inter-
vals was used to generate serial 2-mm brain slices. A 2-mm di-
ameter micro-dissection punch (WPI, Sarasota, FL) was used to
obtain brain fragments from the injury core, penumbra, and hip-
pocampus for water content measurements. The tissue fragments
were placed onto the column and allowed to settle in the gradient
for 2min. Tissue specific gravity was determined from column
position referenced to KCl standards. Tissue water content was
deduced from the gravimetric data as described previously.*”

BBB permeability

BBB permeability was quantified by extravasation of Evans blue
dye (Sigma-Aldrich) as described.’ 2% Evans blue in saline was
injected by tail vein with 1 h before sacrifice (at 2, 6, and 24 h post-
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CCI). Mice were anesthetized and transcardially perfused with
200 mL of 10 U/mL heparinized saline. Brains were then removed
and the two hemispheres were separately homogenized in 1 mL of
50% trichloroacetic acid. The homogenates were centrifuged at
10,000 rpm for 20 min and the supernatant was diluted 1:2 in 100%
ethanol. Evans blue dye concentration was determined using a
fluorescence microplate reader (excitation wavelength 620 nm,
emission wavelength 680nm). The amount of Evans blue per
hemisphere was computed using calibration standards (20 to
1000 ng/mL). Extravasated Evans blue also was visualized by
fluorescence microscopy in fixed, frozen cryostat sections.

Electron microscopy

Brain ultrastructure was evaluated by transmission electron
microscopy at 6 h after CCI. After anesthesia, mice were perfused
transcardially with 250mL of heparinized 0.1 M phosphate-
buffered saline (PBS; 20 units/mL) followed by 300 mL of fixative
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FIG. 1. Mildly reduced injury volume and improved clinical
outcome in aquaporin-4 knockout (AQP477) mice following
controlled cortical impact injury (CCI). (A) Representative coro-
nal brain sections from injured wild type (AQP4™ ") and AQP4~~
mice at 6h post-CCI. (B) Total injury volume determined from
serial sections in AQP4™" and AQP4~'~ mice at indicated times
after CCI (mean £ standard error [SE]; n=9; *p<0.05). (C) Per-
centage false steps from the beam walk test before and after CCI
(mean* SE; n=9, *p <0.05).
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(1% paraformaldehyde and 1% glutaraldehyde in PBS; pH 7.4).
Samples of parietal cortex from contralateral (control) and ipsi-
lateral (injury) hemisphere in AQP4™* and AQP4™'~ mice were
prepared for electron microscopy. Following extensive rinsing, the
tissue blocks were incubated in an aqueous solution of 1% OsOy4
and 5% K,Cr4O7 (1:1). The samples were dehydrated, incubated in
1% uranyl acetate, and embedded in Durcupan epoxy resin (Fluka,
Buchs, Switzerland). Ultrathin sections (60-90 nm) were cut from the
same blocks and collected on 200 mesh copper grids. The prepara-
tions were incubated with 5% uranyl acetate and Reynolds lead-
citrate solutions, and viewed under a Philips TM10 transmission
electron microscope (Eindhoven, Netherlands) and imaged using a
digital camera (MegaView II; Soft Imaging Systems, Miinster,
Germany). All sections were examined and photographed by one
of the investigators who was blinded to mouse genotype and the
duration of CCIL. Astrocytic foot process cross-sectional area was de-
termined using 10 randomly selected transmission electron micro-
graphs containing foot processes adjacent to brain capillaries from 11
AQP4™* and AQP4™'~ mice at 6 h after CCI. Images were scanned
at a resolution of 600 dpi. Peripheral foot processes were identified
by an investigator blinded to genotype information and the area was
analyzed using National Institutes of Health Image J software.

Statistical analysis

Data are expressed as mean * standard error. Analysis of sig-
nificance in the beam-walk test was done using two-way repeated
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FIG. 2. Brain hemispheric swelling and ICP measurements. (A)
Hemispheric enlargement (meanztstandard error [SE]; n=6;
*p <0.05). (B) ICP measured before (non-injured) and at indicated
times after cortical impact injury (meanxSE; n=6; *p <0.05).
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measurements analysis of variance (ANOVA) with post hoc
Newman-Keuls test. For other experiments, two-way ANOVA with
Newman-Keuls post hoc test was used. Differences were regarded
as statistically significant at p <0.05. Analysis was performed using
Graphpad Prism (GraphPad Prism Software Inc., La Jolla, CA)
statistical software.

Results

Injury volume at different times following CCI was assessed
by Cresyl Violet staining (Fig. 1A). Small but significant dif-
ferences in injury volume between AQP4™™ versus AQP4™~
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FIG. 3. Brain water content measurement. (A) Schematic indi-
cating the sampled areas around the site of injury. (B) Differences
from baseline (non-injured brains) of specific gravity (left ordi-
nate) and deduced brain water percentage (right ordinate) of in-
dicated regions of brain at 0.5, 6, 24, and 72h after cortical
impact injury in the injured and contralateral brain hemisphere
(mean * standard error; n=6, *p <0.05).
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mice were found at Days 1, 3, and 7 after CCI (Fig. 1B). The
injury volume was maximal at 1 d after CCI in both groups and
decreased over time.

As an assessment of neurological outcome, motor impairment
was quantified as the percentage of false steps during a beam walk
test. AQP4""* mice showed a small but significantly greater per-
centage of false steps at Days 2, 3, and 7 after CCI, compared with
AQP4™'™ mice (Fig. 1C).

We postulated that the improvement in outcome in AQP4~'~
mice after CCl injury was related to reduced brain swelling. Several
complementary approaches were used to assess brain swelling. Ata
macroscopic level, hemispheric enlargement was quantified by
image analysis of brain sections. Hemispheric enlargement was
significantly lower in AQP4™"~ than AQP4** mice at Days 1 and 3
after CCI (Fig. 2A). ICP, as measured using a solid-state pressure
transducer introduced into the brain, increased over the first 24 h
(Fig. 2B). ICP was significantly lower at 6h after CCI in the
AQP4™~ mice.

As shown in Figure 3A, the injury core is demarcated as an area
of diminished Nissl staining intensity surrounded by a transitional
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FIG. 4. Ultrastructural changes in brain of control and injured
aquaporin-4 wild type (AQP4"*) and knockout (AQP4™ ™) mice
in the penumbra at 6h after cortical impact injury. (A) Re-
presentative transmission electron micrographs showing perivas-
cular astrocytic foot-process swelling and compression of
capillary lumen size. (B) Average areas of astrocyte end-feet and
capillary lumen (mean = standard error; n=11; *p<0.05). A, as-
trocyte end-foot; E, endothelial cell; L, capillary lumen.
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zone (penumbra), with the underlying hippocampus as the nearest
deep brain structure. Mean gray value was subject to threshold
criteria to distinguish injury core, penumbra, and near-normal tis-
sue. Changes in regional brain water content in the injury core,
penumbra, and hippocampus in the injured and contralateral
hemispheres were measured by column densitometry at different
times after CCI. Specific gravity data and deduced percentage tis-
sue water are summarized in Figure 3B. All three regions in the
injured hemisphere in AQP4*'* mice showed a rapid increase of
water content in the first 6 h after CCL. AQP4~'~ mice showed a
relatively slower increase in brain water in the penumbra and
hippocampus but reached comparable values at later times. Little
increase in brain water was seen in the contralateral, non-injured
hemisphere. These results support the conclusion from the hemi-
spheric enlargement and ICP data of reduced early brain swelling in
AQP4™'~ mice following CCI.

Transmission electron microscopy was used to investigate early
changes in brain ultrastructure at 6h after CCI. We focused on
astrocyte foot-processes, which line the BBB, because AQP4 ex-
pression is greatest in foot-processes, and foot-process swelling is a
prominent and early feature in cytotoxic brain edema.’' Re-
presentative electron micrographs showing the capillary and adja-
cent astrocyte foot-process in the penumbra region are shown in
Figure 4A. The quantified foot-process and capillary lumen areas
are summarized in Figure 4B. Foot-process area was minimal in
non-injured mice. Micrographs from injured mice showed marked
foot-process swelling, which was significantly reduced in AQP4 ™~
mice. The AQP4™~ mice also showed a correspondingly greater
capillary lumen area.

Last, Evans blue dye extravasation was assayed as a measure of
BBB permeability. AQP4™* and AQP4™~ mice showed a similar
anatomical pattern of Evans blue extravasation at 6 h after CCI (Fig.
5A), indicating a similar distribution of BBB defects. No difference
in Evans blue dye extravasation was seen in non-injured AQP4"*
versus AQP4™ ™ mice. An increase in dye extravasation was seen by
2 h after CCI, followed by a gradual reduction over 24 h. There was
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no significant difference in the extent of dye extravasation in
AQP4"™ versus AQP4™~ mice at any time-point (Fig. 5B).

Discussion

As described in the introduction, several reports have addressed
the possible involvement of AQP4 in TBI, and pharmacological
AQP4 inhibition or down-regulation has been proposed as a ther-
apeutic approach in TBI. However, clear-cut conclusions cannot be
drawn from observations of altered AQP4 expression in TBI, as
altered expression can be primary, compensatory or even coun-
terproductive. Because the mechanisms producing brain swelling
in TBI are complex, with cellular dysfunction and BBB disruption
as early interrelated events, both cytotoxic and vasogenic mecha-
nisms operate, which predict, based on a considerable body of prior
data, beneficial and detrimental effects of AQP4 inhibition, re-
spectively. Here, we tested the hypothesis that complete AQP4
deletion, in knockout mice, would produce marked neuroprotection
in an established, reproducible model of TBI produced by CCI
following craniotomy. Since at present there are no validated bona
fide AQP4 inhibitors, it is not possible to investigate the effects of
acute AQP4 inhibition without the potentially complicating effects
of compensatory or other changes in studies done in knockout mice.

We found significant albeit small beneficial effects of AQP4
deletion on injury volume and neurological outcome after TBI.
AQP4 deletion did not alter Evans blue dye extravasation, sug-
gesting that AQP4 does not affect the BBB and early vasogenic
contributions to brain edema, though the interdependence of cy-
totoxic and vasogenic edema mechanisms may complicate the in-
terpretation of dye extravasation data. Notwithstanding the
complexities of cytotoxic and vasogenic mechanisms, the main
finding of this study was a small beneficial effect of AQP4 deletion
in TBI. The beneficial effect was small, compared with the robust
beneficial effects of AQP4 deletion in water intoxication, a model
of pure cytotoxic edema,* or in focal** or global**** cerebral is-
chemia, where cytotoxic edema predominates. The small beneficial
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FIG. 5. Comparable blood-brain barrier permeability in injured aquaporin-4 wild type (AQP4*'*) and knockout (AQP4™~) mice as
assayed by Evans blue dye extravasation. (A) Representative fluorescence micrographs of extravasated Evans blue dye at 6h post-
controlled cortical impact injury (CCI). (B) Brain tissue-associated Evans blue before (non-injured) and at 2, 6, and 24 h after CCI
(mean t standard error; n=6; differences not significant). Color image is available online at www .liebertpub.com/neu
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effect of AQP4 deletion in the CCI model here may be the conse-
quence of mixed cytotoxic/vasogenic edema mechanisms in which
AQP4 has opposing actions. However, since the beneficial effect of
AQP4 deletion after TBI was small, the statistical differences be-
tween AQP4™* and AQP4™ in the CCI model are unlikely to
have biological significance.

The data on the kinetics of brain water accumulation suggest a
complex temporal and spatial pattern of brain edema in the CCI
model used here. The increase in ICP in AQP4™ " mice occurred
between 2 and 6 h, while that in AQP4~~ mice occurred between 6
and 24 h, with comparable elevation in ICP in both genotypes at
24 h. The gravimetric measurements of local brain water accumu-
lation in brain tissue around the central lesion, including the pen-
umbra and hippocampus, showed a similar pattern with delayed
increase in brain water in AQP4™'~ mice that was most marked at
6 h. These results support early cytotoxic brain water accumulation
in astrocytes, where AQP4 deletion has beneficial effect but va-
sogenic and other mechanisms at later times, producing only a
small difference in outcome at 24 h and later. Prior imaging studies
support the conclusion that cytotoxic edema is the major contrib-
utor to post-traumatic swelling at early times after TBI, including
diffusion-weighted imaging measurements in animal models of
closed head injury,? diffuse traumatic brain injury,* and weight drop,
fluid percussion injury and controlled cortical impact injury,*®~” as
well as in head injury patients.*® However, an earlier study reported
early vasogenic edema after TBL>® The heterogeneous patho-
physiology in TBI*” indicates the need for additional non-invasive
imaging studies to define the kinetics of the contributions of
cytotoxic and vasogenic edema.

The minimal effect of AQP4 deletion in TBI found here, taken
together with the mixed, time-dependent cytotoxic and vasogenic
mechanisms in TBI, do not provide compelling rationale for con-
sideration of AQP4 inhibition or down-regulation to treat TBI.
While AQP4 inhibition early after injury might reduce initial water
accumulation in astrocytes and brain tissue, AQP4 inhibition may
be detrimental when there is a major vasogenic component to the
edema, particularly later in the time course of injury. However, a
limitation of the study here is the translation of mouse data to
humans because of differences, for example, in astrocyte biology
and astrocyte-to-neuron ratios.*'**> Another limitation is the va-
lidity of the CCI model here, albeit a well-established focal injury
model, as it relates to human TBI. For example, more severe or
diffuse brain injury paradigms, or injury in multiple locations in
brain, might increase cytotoxic versus vasogenic swelling and
hence enhance the effect of AQP4 deletion.

In a prior study of spinal cord compression injury, we showed
much reduced swelling and neuronal loss in AQP4™ ™ than AQP4™*
mice, with much better neurological outcome.** The difference
was attributed to reduced water entry into the injured spinal cord in
the compression injury model, which produces primarily cytotoxic
cord swelling. The much smaller effect of AQP4 deletion in the
TBI model here may be related to more prominent vasogenic
edema, as well as to differences between brain and spinal cord, such
as differences in white versus gray matter proportions and astrocyte
biology. Indeed, in a model of contusion spinal cord injury, AQP4
deletion worsened neuronal loss and neurological outcome, which
was attributed to reduced clearance of excess spinal cord water.**

In conclusion, using an established mouse model of TBI pro-
duced by CCI, we found a small but significant improvement in
neurological outcome, which was attributed to reduced brain water
accumulation at the macroscopic level and reduced astrocyte foot-
process swelling at the microscopic level. However, the differences
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were small compared with those found by AQP4 deletion in some
other disease models. Given the small beneficial effects of AQP4
deletion after TBI, and the complexity of interrelated cytotoxic
edema and vasogenic edema mechanisms, our results suggest that
targeted early AQP4 inhibition may not be beneficial in TBL
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