
ARTICLES

Temporal and Regional Evolution of Aquaporin-4 Expression
and Magnetic Resonance Imaging in a Rat Pup Model of

Neonatal Stroke
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ABSTRACT: Edema formation can be observed using magnetic
resonance imaging (MRI) in patients with stroke. Recent studies have
shown that aquaporin-4 (AQP4), a water channel, is induced early
after stroke and potentially participates in the development of brain
edema. We studied whether induction of AQP4 correlated with
edema formation in a rat pup filament stroke model using high field
(11.7-Tesla) MRI followed by immunohistochemical investigation of
AQP4 protein expression. At 24 h, we observed increased T2 values
and decreased apparent diffusion coefficients (ADC) within injured
cortical and striatal regions that reflected the edema formation.
Coincident with these MR changes were significant increases in
AQP4 expression on astrocytic end-feet in the border regions of
injured tissues. Striatal imaging findings were still present at 72 h
with a slow normalization of AQP4 expression in the border regions.
At 28 d, AQP4 expression normalized in the border while in this
region ADC values increased. We show that induction of AQP4 is
increased during the period of active edema formation in the border
region without regional correlation with edema. Finally, induction of
AQP4 on astrocyte end-feet could participate in tissue preservation
after ischemia in the immature rat brain. (Pediatr Res 62: 248–254,
2007)

Arterial ischemic stroke, often within the distribution of
the MCA, occurs in approximately 1 per 4,000 neonates

and as in adults there are significant sequelae over the lifespan
that make this disease an important public health concern (1).
Increasingly, magnetic resonance imaging (MRI) is used to
evaluate neonatal ischemic brain injury and several recent
studies have demonstrated the added value of DWI in assess-
ing injury severity and in determining long-term outcome
(2–4). MRI also has been used to visualize brain edema that
contributes to the morbidity and mortality of many of these

conditions (5). In general, diffusion restriction with reduced
ADC values correlates with cytotoxic edema, whereas in-
creased T2WI values reflects the development of vasogenic
edema (6,7).

In the past decade, attention has focused on AQP in the
development of brain edema. AQP are water-specific channels
that provide a direct water route through the plasma mem-
brane and are important in the regulation of water movement.
Expression of AQP4 and AQP9, detected in mammalian brain,
is altered in several conditions, including ischemia (7–9).
Although astrocytic expression of AQP4 and AQP9 increases
after ischemia, only AQP4 expression temporally correlates
with the evolution of brain edema in adult mice and suggests
that regulation of AQP4 expression could be a potential
therapeutic target (9).

The role of AQP4 in the evolution of cytotoxic and vaso-
genic edema after stroke remains uncertain. In the adult
mouse, increased astrocytic AQP4 expression was observed at
1 h and 48 h after stroke (9). In contrast to adult stroke model
studies, investigations in a neonatal rat pup model of HII
found that AQP4 expression (decreased at 1 h and 24 h after
HII), was associated with decreased ADC (i.e. presumed
cytotoxic edema) and increased T2WI values (i.e. presumed
vasogenic edema) (7). Functional studies in adult knockout
mice have shown that deletion of AQP4 diminishes cytotoxic
edema formation and improves neurologic outcome (10).
However, AQP4 appears also to be essential in reducing the
duration and onset of vasogenic edema by facilitating water
clearance (11,12). Thus, there are conflicting findings regard-
ing the expression and role of AQP4 that relate to develop-
ment (adult versus pup) as well as the model used (stroke
versus HII). Increased astrocytic AQP4 expression in the
border regions after stroke (9) also has raised the questionReceived September 27, 2006; accepted April 5, 2007.
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whether this increase contributes to or ameliorates postisch-
emic edema.

To gain insight into the role of AQP4 in the development
and evolution of cerebral edema in neonatal stroke, we have
serially (i.e. at 24 h, 72 h, and 28 d) studied the regional profile
of AQP4 expression relative to MRI findings after transient
focal ischemia in the rat pup. The presence of increased AQP4
labeling in brain regions with less edema, as visualized by
MRI, suggests that AQP4 induction in astrocyte end-feet
limits edema formation by facilitating water clearance from/to
the vascular compartment.

METHODS

Transient filament MCA occlusion. Focal ischemia in the rat pup was
accomplished using a filament model of temporary unilateral proximal occlu-
sion of the left middle cerebral artery (MCA, Table 1) (13). Unsexed 10-d-old
spontaneously hypertensive rat pups (14–18 g; n � 13) were anesthetized
with 4% isoflurane in a mixture of 40% oxygen:60% air, and body temper-
ature was maintained at 37°C during surgical procedures and recovery until
locomotor activity returned. Through a midline neck incision, three vessels
were cauterized, a small incision in the external carotid artery allowed a nylon
filament (#6.0, 0.07 mm, silicone-coated tip) to be advanced into the internal
carotid to block the MCA. At the end of the 90-min occlusion period, the pup
was checked for neurologic deficits, reanesthetized, the filament was re-
moved, and the surgical site closed. The pup was then transferred to the MRI
scanner.

MRI and analysis. Two imaging data sets were acquired on a Bruker 11.7
T MRI (Bruker Biospin, Billerica, MA): 1) a 10 echo T2, and 2) a diffusion-
weighted sequence (14). The T2 sequence had the following parameters: a
TR/TE of 4600 ms/10.2 ms, a 128 � 128 matrix, a 3-cm field of view (FOV),
and two averages (NEX) for a total acquisition time of 20 min. The spin echo
diffusion sequence had a TR/TE of 3000 ms/25 ms, two b-values (0.72,
1855.64 s/mm2), 128 � 128 matrix, 3 cm FOV, and two averages for 17 min.
Due to the size increase of the rat pup at 28 d, imaging was conducted on our
larger bore Bruker 4.7T imager, using identical imaging parameters. An RF
(radiofrequency) volume coil was used for all imaging.

All MR data sets were quantified using standard previously published
protocols (13). Briefly T2 relaxation rates were determined by varying the

echo time (TE) from 10 to 100 ms. Coefficients were determined from
exponential fits for each pixel of the T2 data series to generate T2 maps. ADC
maps were calculated using a linear two-point fit (14).

ROI analysis for T2WI and DWI included both ipsi- and contralateral to
the lesion primary regions of the rodent brain: cortex, striatum, and border
areas. ROI analysis was performed on a single slice at the same level as the
histology (Fig. 1) with a box placed in the ROI (13). Cheshire image
processing software (Hayden Image /Processing Group, Waltham, MA) was
used to outline the anatomical ROI, which were then overlaid onto corre-
sponding T2 and ADC maps. The mean, SD, number of pixels, and region for
each animal was extracted and summarized in a spreadsheet.

Histology and immunohistochemistry. Based on a previous serial MRI
study, 24 h (n � 4) and 72 h (n � 6) (maximal ischemic changes) and 28 d
(n � 3) after stroke were selected (13). Animals were deeply anesthetized
with ketamine 90 mg/kg and xylazine 10 mg/kg by intraperitoneal injection
and perfused transcardially with 10% buffered neutral formalin solution.
Brains were removed, post fixed in the same fixative overnight. Tissue was
embedded in paraffin with 7-�m thick sections from each block cut on a
microtome and mounted onto glass slides. Every 10th section was mounted on
gel-chrome-alum coated slides and stained with 0.1% cresyl violet acetate
(Fig. 1) (13).

AQP4 immunolabeling was evaluated on serial slices corresponding to the
MRI acquisitions (9). After epitope retrieval, immunostaining was carried out
in PBS containing 0.1% Triton X-100 and 1% BSA. After each incubation,
sections were rinsed in PBS 3 � 10 min. For single immunolabeling, the
sections were incubated overnight at 4°C with anti-AQP4 (1/200, Chemicon
International, Temecula, CA) and then with an infrared-Dye-800-nm second-
ary anti-rabbit (1/1000, Roche Molecular Biochemicals, Indianapolis, IN) for
2 h at room temperature. Sections were scanned with an infrared scanner and
fluorescence was quantified (Odyssey-system, LiCor, Germany). The linear
relationship between the concentration of the AQP4 and fluorescence signal
was established on control sections incubated with different dilutions of
anti-AQP4
(r2 � 0.94) (14). The fluorescence from AQP4-immunoreactivity (AQP4-IR)
was quantified with three boxes placed in ipsilateral and contralateral cortices
and striatum and the border region (frontal cortex and septum) in two slices
per rats (Fig. 1A). The border region was defined as the area adjacent to the
brain region where both the ADC and T2 values were altered. Fluorescence
was converted in integrated-intensities and expressed in percent of the con-
tralateral regions.

For the double immunohistochemistry, sections were incubated with a
mixture of anti-AQP4 and anti-GFAP (Sigma Chemical Co., 1/400) overnight
at 4°C and then with a mixture of anti-rabbit coupled to CY3 (1/300, Jackson
Immunoresearch, West Grove, PA) and anti-mouse coupled to FITC (1/200,
Jackson Immunoresearch) for 2 h at room temperature (9). The epifluores-
cence of FITC and CY3 were successively recorded through separate channels
using Fluo-up (Explora-Nova, La Rochelle, France) set-up on epifluorescence
microscope (Olympus).

Statistical analysis. Comparisons between contra- and ipsilateral T2 and
DWI was statistically evaluated at each time point using a t test (SigmaStat,
SPSS Inc., Chicago, IL; p � 0.05) and data are presented as as the mean �
SEM. Immunohistochemical data are presented as the mean � SEM and the
statistical analysis was done using GraphPad InStat (GraphPad Software, San

Table 1. Percentage survival and MRI-based hemispheric ischemic
injury

24 h 72 h 28 d

Survival (%) 64 64 23
Total hemisphere

infarcted (%)
DWI 46.3 � 4.9 22.3 � 4.7 10.4 � 5.0
T2 — 38.9 � 6.5 10.3 � 3.3

Figure 1. Serial histologic sections from
animals at 24 h (A), 72 h (B), and 28 d (C)
after stroke onset. (A–C) Low-magnifica-
tion cresyl violet stained sections showing
a decrease in cell density in ischemic (ipsi,
A2) compared with border regions (A3,
A4) and the contralateral hemisphere (A1).
At higher magnification, normal cell den-
sity was observed in contralateral com-
pared with ischemic regions (A1–C1),
where pyknotic cells were observed. In the
border region at 72 h (B), normal neuronal
cell bodies were observed (A3, C3) except
at 72 h where occasional pyknotic cells
(arrowheads) were adjacent to the isch-
emic region (B4). Bar � 40 �m, Cx, cor-
tex; St, striatum.
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Diego, CA). AQP-IR data were compared by a paired t test and Tukey-
Kramer Multiple Comparisons Test.

RESULTS

24 hours. There were significant changes in ADC and
T2WI at 24h after tfMCAO (Fig. 2, A and B) in cortical and
striatal regions in the affected hemisphere. ADC showed
decreased signal intensity within the affected cortex and stri-
atum. ADC values, a measure of water mobility (that suggests
cytotoxic edema when reduced), were decreased in cortex
(22%) and striatum (41%) but not in the border region (de-
fined in Fig. 1; Fig. 2, A and D). T2WI signal intensity and
values (that suggests vasogenic edema when elevated) in
cortical regions were significantly increased respectively by
101% and 81% in the ipsilateral compared with the contralat-
eral cortex and border region (Fig. 2, B and E; p � 0.001). A
smaller increase in T2WI values (28%, p � 0.001) was also
observed in the striatum. It is important to note that the ADC
shows a larger region of signal change compared with the
T2WI at 24 h. This reflects the evolution of the ischemic
injury, where cell death, edema formation, and gliosis are
occurring at different rates and magnitudes in different brain
regions. The MRI data suggest that ongoing cellular swelling
and edema formation are present at 24 h.

Regional AQP4-IR was significantly altered at 24 h (Fig.
2C, n � 3). The AQP4-IR intensities were higher in injured
cortex and striatum than in corresponding contralateral re-
gions (Fig. 2F). Within the border region the ADC values are
similar to the contralateral cortex/striatum (p � 0.16) and
T2WI is increased by 6% in the border region (p � 0.01)
compared with the contralateral cortex. In this border region,
AQP4-IR intensity was greater (220 � 16%) compared with
the contralateral region (100 � 14%, p � 0.001) and to the

ipsilateral cortical and striatal regions (134 � 21%, p � 0.01)
(Fig. 2F). Therefore, maximal AQP4 induction was observed
in brain regions where there was no evidence of cytotoxic (i.e.
decreased ADC) or vasogenic (increased T2WI) edema.

At the cellular level (Fig. 3), AQP4-IR induction was
observed around blood vessels and on GFAP-positive astro-
cyte processes (Fig. 3, A1 and A2) in the lesion. In the border
region, AQP4 induction was only observed on astrocyte end-
feet around blood vessels (Fig. 3, B and C). The greatest
intensity for AQP4-IR was observed in brain regions in the
vicinity of the ipsilateral cortex (Fig. 3B) and striatum (not
shown). In the contralateral cortex (Fig. 3, C and D), AQP4
staining around blood vessels was lower than in the ipsilateral
cortex but staining was higher in the contralateral frontal
cortex (Fig. 3C) than in the contralateral parietal cortex (Fig.
3D). This latter region was considered a control region. These
findings suggest that there is a gradual change for AQP4
induction from the ipsilateral region of ischemic injury to the
contralateral hemisphere (Fig. 3, B–D).

72 hours. At 72 h, ADC values normalized within cortical
regions but decreased within the striatum (15%, p � 0.008,
Fig. 4, A and D). At 72 h, T2WI signal intensities were
considerably elevated compared with 24 h (Fig. 2B). The T2
values in cortical regions were 33% (p � 0.001) and striatal
regions were 103% greater compared with the contralateral
hemisphere (p � 0.001, Fig. 4E). This is in marked contrast to
the changes at 24 h, in which cortical regions (101%) showed
a much greater increase than the striatum (28%). This recip-
rocal change in T2WI values was not reflected in the ADC
data. At this time point, neuropathological changes (cellular
swelling, onset of cell death) are thought to be nearing com-
pletion while edema formation is now well advanced, as
reflected by the increased T2WI values. These findings sug-

Figure 2. Macroscopic comparison of MRI data and AQP4 immunohistochemistry at 24 h after tfMCAO occlusion. (A) Representative ADC-image showing
decreased diffusion within the ischemic region. (B) A T2WI from the same animal shows increased signal intensities in the injury, suggestive of edema formation.
(C) AQP4 staining intensity in the same rodent showed increased AQP4 expression in the border region. (D) ADC showed decreased diffusion in the ipsilateral
cortex and striatum, consistent with neuronal and glial swelling. (E) Concomitant increases in T2-values (increased water content) occurred at the same time in
the ipsilateral ischemic tissue. (F) Quantification of AQP4 in the cortex and striatum (inset) showed elevated AQP4-IR levels. AQP-IR in the border region was
significantly increased when compared with the contralateral (contra, p � 0.001) and ipsilateral (ipsi, p � 0.01) tissues.
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gest early vasogenic edema in the cortex that decreases by
72 h, whereas at 72 h there is an increase in striatal vasogenic
edema. In addition, volumetric analysis from DWI and T2-
images showed a hemispheric lesion volume of 22.3 � 4.7%
(Table 1).

AQP4-IR was decreased in the ipsilateral compared with
the contralateral striatum (42 � 14%, p � 0.05) (Fig. 4, C and
F, inset, n � 4) as well as in cortical regions (79 � 12%). The
relative decrease in cortical AQP4 expression at 72 h is vastly
different from the increase in AQP4-IR at 24 h (128 � 44%,
Fig. 2, F, inset). At 72 h, ADC and T2WI values were
increased by 23% (p � 0.001) and 8% (p � 0.001), respec-
tively, in the border region compared with contralateral cortex
and striatum. AQP4-IR was also elevated compared with
contralateral and ipsilateral regions (Fig. 4C). The value of
AQP4 expression within the border region was lower at 72 h
(165 � 24%, Fig. 4F) than the value at 24 h (220 � 16%, Fig.
2F). Comparison of cortical and striatal regions showed de-
creased AQP4-IR in the ipsilateral regions (Fig. 4F). These
findings suggest that the AQP4 expression was beginning to
normalize within the border zone when the ADC and T2
values were starting to increase within this region.

In the striatum, the decrease of AQP4-IR at low magnifi-
cation was confirmed at the cellular level (data not shown).
This absence of labeling in the striatum correlates with cell
death at this time. In the ipsilateral cortex, AQP4-IR was
observed in reactive astrocytes with staining in astrocyte
end-feet and also on whole cell bodies (Fig. 5, A1 and A2).
In contrast, the increase of AQP4-IR was observed around
blood vessels in the border regions (Fig. 5B) but not in the
contralateral cortex (Fig. 5, C and D). The gradient in
AQP4 induction observed at 24 h was not maintained at
72 h (Fig. 5, C and D).

28 days. While many studies have examined the early
events related to ischemic injury, we assessed whether the
early MRI/immunohistochemistry changes were maintained
or altered after the formation of a permanent region of injury.
The DWI and ADC changes were reduced and appeared to
normalize within the cortex (Fig. 6, A and D). However, there
was reduced DWI signal intensity and increased ADC in the
striatum (82%) and border region (30%) compared with the
contralateral cortex (p � 0.001). These increases in ADC in
ischemic tissue have been reported previously for acute le-
sions, however, ADC values were increased in the striatum

Figure 3. (A) T2-images, at 24 h after
stroke onset, were used to localize the re-
gions of interest. In ipsilateral cortex
GFAP-IR (A1) was co-localized with AQP4-
staining (A2) around blood vessels (arrow-
heads) and on processes (arrows). (B) The
intensity of the AQP4 staining was signifi-
cantly increased around blood vessels (ar-
rowheads) in the cortical tissues where ADC
was decreased and T2-values were in-
creased. (C) In the frontal cortex of the con-
tralateral hemisphere the intensity of
AQP4-IR around blood vessels (arrow-
heads) was higher than in the contralateral
parietal cortex (arrowheads, D). Bar: A–D �
40 �m.

Figure 4. Comparison of MR data with
AQP4 labeling at 72 h after ischemia. (A)
ADC-image illustrates partial resolution of
the high-intensity changes observed at 24 h.
(B) At this time point, the T2 values continue
to increase and suggest increased vasogenic
edema. (C) Illustration of the AQP4-IR in-
tensity with decreased lesional staining. (D).
ADC quantification showed normalization
of diffusion in the cortex with moderate de-
creases remaining in the striatum. (E) In
contrast to 24 h, the T2 values are decreased
in cortical regions but the striatum had a
large increase in water content. (F) The level
of expression of AQP4 was significantly de-
creased in the ipsilateral cortex and striatum
(F, inset, *p � 0.01). More detailed analysis
showed that in the border regions the level of
AQP4 was still significantly increased (#p �
0.05) and was different from values mea-
sured in the ipsilateral cortex and striatum.

251AQP4 AND MRI IN NEONATAL STROKE MODEL



suggestive of ongoing tissue modifications (15). The cortical
T2WI values also normalized at 28 d, suggesting that
cortical alterations were minimal (Fig. 6, B and E). In
contrast, striatal T2 values remained increased by 90%
compared with the contralateral striatum (p � 0.001). The
observations in the striatum are similar to those observed at

72 h. Thus, the neuroimaging data suggest that the striatal
damage seen at 72 h is relatively permanent.

AQP4-IR at 28 d (n � 3) revealed that the changes seen at the
earlier time points returned to normal, as evidenced by no
significant changes in any of the regions evaluated (Fig. 6, C and
F). However, at the cellular level, AQP4 labeling (Fig. 7, A2) was

Figure 5. (A) A T2WI at 72 h with the
same regions used for analysis at 24 h. (B)
GFAP-staining (A1) was co-localized with
AQP4-IR (A2) around blood vessels (ar-
rowheads, A1, A2) and on astrocytic pro-
cesses (arrows, A1, A2) in the ipsilateral
cortex. (B) In the ipsilateral frontal cortex,
the intensity of AQP4-IR was significantly
increased only around blood vessels (ar-
rowheads). (C, D). In the frontal (C) and
the parietal (D) cortex of the contralateral
hemisphere the intensity of AQP4-IR (ar-
rowheads, C, D) was lower than to the
ipsilateral regions (arrowheads, B, D).
Bar: A–D � 40 �m.

Figure 6. Comparison of MRI and
AQP4-IR at 28 d after ischemia. (A) The
ADC-image showed only slightly de-
creased signal intensity within the striatum
and increased intensity in the cortex. (B)
The T2WI at 28 d after ischemia showed
increased ventricle size ipsilateral to the
lesion. In addition, there was decreased
signal intensity in the striatum of these
animals. (C) Illustration of the AQP4-IR in-
tensity with no observable changes. (D)
The ADC values were now elevated within
the striatum but unchanged in the cortex,
indicating increased water content. (E)
Similarly, T2 values were significantly el-
evated in the striatum but not the cortex.
(F) Quantification of AQP4 expression re-
vealed no change in cortex or striatum.

Figure 7. (A) A T2WI at 28d with the
same regions used for analysis at 24 h.
Intense GFAP-staining (A1) co-localized
with AQP4-IR (A2) around blood vessels
(arrowheads) and on processes (arrows)
within the glial scar localized in the ipsi-
lateral cortex. GFAP-IR (A1) and AQP4-IR
(A2) was still elevated compared with the
nonischemic tissues, the ipsilateral (B) and
contralateral frontal cortex (C) and con-
tralateral parietal cortex where AQP4-IR
was observed around blood vessels in (ar-
rowheads). Bar: A–D � 40 �m.
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still present in GFAP-positive reactive astrocytes (Fig. 7, A1)
within the ipsilateral cortex and striatum (Fig. 7, A1 and A2).
Similarly, at 72 h, AQP4 labeling was observed on whole astro-
cyte cell bodies and on astrocyte end-feet revealed by an intense
GFAP labeling, in contrast with the AQP4-IR observed in non-
injured tissues (Fig. 7, B-D). Induction of AQP4-IR around blood
vessels was not seen at 28 d (Fig. 7, B–D) despite a 30% increase
in ADC within the border (p � 0.001).

DISCUSSION

Brain edema is a serious complication of stroke and signif-
icantly affects long-term morbidity (16). Brain AQP provide
specific water routes through the plasma membrane. Although
the consequences of increased AQP expression are not clearly
understood, it is believed that AQP have an important role in
the formation of cytotoxic edema and in the resolution of
vasogenic edema (9). After focal ischemia in adult mice,
induction of astrocytic AQP4 expression correlates with the
temporal evolution of edema, suggesting an important role for
AQP4 (9). A unique finding in the current study was the
absence of edema formation (ADC and T2WI) in brain re-
gions with the greatest levels of AQP4 expression. These
findings suggest that, in the 10-d-old rat pup undergoing
tfMCAO, tissue preservation may be related to the enhanced
ability to increase water clearance in border regions.

As visualized by MRI, cytotoxic edema usually precedes
the development of vasogenic edema (6,17,18). Deletion of
AQP4 appears protective against the development of cytotoxic
edema and results in smaller infarct volumes (10). Because
cytotoxic edema occurs early (i.e. �24 h), it is unlikely that
treatments designed to reduce AQP4 levels early after isch-
emia would be practical, particularly in newborns in whom the
diagnosis of stroke is frequently delayed. In the current study,
decreased ADC and increased T2WI values were found in the
cortex and striatum at 24 h and likely reflect the development
of cytotoxic as well as vasogenic edema. Indeed, the 24 h
period may be a transitional period from cytotoxic to vaso-
genic edema as evidenced by our MRI and AQP4-IR results.
In the regions bordering the ischemic cortex and striatum,
AQP4 expression was substantially increased at 24 h and
AQP4 induction was observed on astrocyte end-feet in contact
with intraparenchymal vessels as previously described in tfM-
CAO in adult mice (9). Modifications of AQP4 expression in
cerebral ischemia show decreased AQP4 expression in isch-
emic regions at 24 h after 90 min MCAO occlusion (19) and
in the HII in 1- and 4-wk-old rat pups (7). Meng and col-
leagues (7) showed that AQP4 expression correlated with
increased T2 and decreased ADC values reflecting edema
formation at 24 h. Our results have similar MRI changes (i.e.
decreased ADC, increased T2) but we observed increased
AQP4-IR in the border region. The relative differences be-
tween the two models may be due to the fact that in the
tfMCAO model the contralateral hemisphere does not appear
to be affected in contrast to the HII, in which global cerebral
hypoxia is used (18). Furthermore, the ischemic lesion size is
also greater in the HII model than in the focal tfMCAO model
(13,18).

At 72 h, we found decreased AQP4 expression in the
ipsilateral striatum and cortex (Fig. 3), similar to that seen at
24 h in previous studies (7). T2WI and ADC values were
returning to baseline in ipsilateral regions. As in previous
studies, the MRI decrements do not necessarily translate to
cessation of ongoing neuropathology, in particular DWI (20).
AQP4 expression was also returning toward baseline by 72 h
and reached normal values by 28 d. The highest variations in
T2 and ADC values were not seen in the border regions where
AQP4 expression was significantly increased at 24 h. This
important observation suggests that AQP4 induction on astro-
cyte end-feet does not promote edema formation in these
border regions. This observation also suggests that AQP4
induction does not facilitate increases in tissue water content
but may influence removal of excess water from at-risk tissue.
Recently, it has been suggested (11) that induction of AQP4
on astrocyte end-feet may facilitate diffusion of water toward
the vascular compartment. AQP4 deletion promotes the de-
velopment of vasogenic edema by decreasing water clearance
(11). These data agree with a recent pharmacological study in
a model of traumatic brain injury showing that sulphoraphane-
induced expression of AQP4 correlated with decreased brain
water content (12). Together, these observations suggest that
up-regulation of AQP4 expression with pharmacological tools
might be beneficial in reducing vasogenic edema and mitigat-
ing its unwanted effects.

Increased AQP4 expression was observed at 28 d in reac-
tive astrocytes involved in astrogliosis. Intense AQP4 labeling
in reactive astrocytes at 72 h suggests that gliosis is initiated
at 72 h after stroke. In reactive astrocytes, AQP4 expression
was observed on the entire cell, in accordance with previous
results in adult mice (9,21). Induction of AQP4 in reactive
astrocytes may facilitate migration of cells during glial scar
formation (21). This increased AQP4 expression in reactive
astrocytes was still present at 28 d and could facilitate adhe-
sion between cells. It was recently shown that increased
expression of AQP4 facilitated adhesion between reactive
astrocytes and promoted water movements within the glial
scar (22).

In conclusion, our observations suggest that induction of
AQP4 in border regions may limit edema formation that
occurs later after injury (i.e. 24–72 h) and preserve tissue.
Agents that stimulate AQP4 expression may assist in water
clearance from brain parenchyma and could improve neuro-
logic outcomes of neonates with HII or stroke. This may be of
particular interest in newborns, as the brain water content of
the neonatal brain is substantially greater than later in life (23).
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