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Dynamic regulation of
aquaporin-4 water channels in
neurological disorders

Aquaporin-4 water channels play a central role in brain
water regulation in neurological disorders. Aquaporin-4 is
abundantly expressed at the astroglial endfeet facing the
cerebral vasculature and the pial membrane, and both its
expression level and subcellular localization significantly
influence brain water transport. However, measurements
of aquaporin-4 levels in animal models of brain injury of-
ten report opposite trends of change at the injury core
and the penumbra. Furthermore, aquaporin-4 channels
play a beneficial role in brain water clearance in vasogen-
ic edema, but a detrimental role in cytotoxic edema and
exacerbate cell swelling. In light of current evidence, we
still do not have a complete understanding of the role of
aquaporin-4 in brain water transport. In this review, we
propose that the regulatory mechanisms of aquaporin-4
at the transcriptional, translational, and post-translational
levels jointly regulate water permeability in the short and
long time scale after injury. Furthermore, in order to un-
derstand why aquaporin-4 channels play opposing roles in
cytotoxic and vasogenic edema, we discuss experimental
evidence on the dynamically changing osmotic gradients
between blood, extracellular space, and the cytosol dur-
ing the formation of cytotoxic and vasogenic edema. We
conclude with an emerging picture of the distinct osmotic
environments in cytotoxic and vasogenic edema, and pro-
pose that the directions of aquaporin-4-mediated water
clearance in these two types of edema are distinct. The dif-
ference in water clearance pathways may provide an ex-
planation for the conflicting observations of the roles of
aquaporin-4 in edema resolution.
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INTRODUCTION: AQUAPORIN-4 WATER CHANNELS IN
NEUROLOGICAL DISORDERS

Aquaporin-4 (AQP4) channels are the most ubiquitous wa-
ter channels in the central nervous system (CNS). They are
bidirectional water conduits highly concentrated in astro-
cytic endfeet (1) and glial limitans (2). AQP4 channels play
important roles in neurological disorders. The importance
of AQP4-mediated water flux in potassium homeostasis is
established in epilepsy (3,4). In addition, in human epilep-
sy, a defect in erythrocyte membrane water permeability is
found, suggesting a global mechanism of defective mem-
brane water permeability (5). Importantly, even though
AQP4 channels are concentrated in glial cells, their role in
brain homeostasis is increasingly linked to neuronal sur-
vival. Failure of brain homeostasis maintained by glial cells
has been postulated to underlie neuronal cell death in
amyotrophic lateral sclerosis (ALS), and an up-regulation of
AQP4 has been found in a rat model of ALS (6). AQP4 levels
are up-regulated in the frontal cortex of patients with prion
disease, likely in response to the disturbed water homeo-
stasis leading to the swelling of neuronal and astrocytic
processes (7). In addition to their role in brain water trans-
port and ionic homeostasis, AQP4 channels have been
shown to influence the clearance of proteins from the
brain parenchyma, including -amyloid (8). These emerg-
ing studies support that AQP4-mediated water transport
strongly influences the clearance of metabolites and ions
in the brain. AQP4 channels are attractive therapeutic tar-
gets not only for their role in brain water homeostasis, but
also for their impact on the clearance of molecules from
the parenchyma.

Manipulating AQP4 expression levels in astrocytes can al-
ter cell membrane water permeability (9-11). Beyond the
cellular level, Badaut et al (12) showed that gene silenc-
ing of Agp4 in rat decreased the apparent water diffusion
coefficient by 50% measured with diffusion-weighted im-
aging (DWI). The expression of AQP4 not only alters the
water permeability of cell membranes in culture, but also
regulates the water permeability of the brain. However, the
route of AQP4-mediated water transport in the brain is not
clearly understood.

AQP4 expression levels and sub-cellular localization both
exhibit dynamic spatiotemporal patterns after neurologi-
cal injury. It has been shown that cerebral edema causes a
dynamic change in AQP4 levels, and these levels correlate
with the apparent water diffusivity in the brain (13). On
the other hand, evidence suggests that perivascular
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AQP4 expression is a rate-limiting factor in edema formation
(14). Accordingly, different rates and severity of edema for-
mation have been found between control animals and ani-
mals with altered AQP4 expression using genetic knockout
(15) or glial-specific overexpression (16). In addition, an as-
trocyte -specific conditional knockout model of Agp4 (cAgp4
KO) in mice provides evidence that brain water entry dur-
ing cytotoxic edema is mediated by AQP4 channels in as-
troglial cells. Forty minutes after intraperitoneal water injec-
tion, cAgp4-KO mice have 31% less brain water content (17).
These studies support that AQP4 located in astroglial cells
plays a critical role in brain water regulation in edema.

However, it has been found that AQP4 channels in ede-
ma can play either a beneficial or detrimental role. A det-
rimental effect of AQP4 in cytotoxic edema has been ob-
served using Agp4 knockout mice (15). On the other hand,
compared to Agp4-null mice, wild-type mice have better
survival in vasogenic edema (18). The reason behind the
opposing role of AQP4 is currently an area of intense de-
bate. Understanding the complex mechanism of brain wa-
ter transport at the cellular level is critical in order to ef-
fectively develop and successfully administer molecular
therapeutics (19). In this review, we propose the hypoth-
esis based on current evidence that whether AQP4 is ben-
eficial or detrimental in a certain type of edema depends
on the direction of osmotic gradients between the cell, the
extracellular space, and the blood. We will support this hy-
pothesis with published findings on ionic concentrations
in the brain after injury and propose directions of AQP4-
mediated water transport. Recently, a pharmacological
blocker of AQP4, which is also an inhibitor of Na*-K=2Cl-
cotransporter, has been shown to reduce edema post-
ischemia at the 24-hour time point; however, the benefi-
cial effect is reversed at 48 hours (20). The reversal of the
beneficial effect could possibly reflect the difference in wa-
ter transport pathways at the cellular level during cytotoxic
and vasogenic edema. These studies highlight the need for
a clearer understanding of the microscopic route of wa-
ter clearance in the brain, and the direction of water trans-
port mediated by AQP4 between the cytosol, extracellular
space, cerebrospinal fluid (CSF), and blood. The purpose of
this review is to address this open area of debate as it re-
lates to the role of AQP4 channels in brain water clearance
in neurological disorders.

This review begins with the examination of changes in
AQP4 expression levels in neurological conditions. Then,
we will analyze whether the change in AQP4 expression
and sub-cellular localization post-injury is favorable or del-
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eterious. Based on the osmotic measurements in the brain
during edematous conditions, we propose the direction of
AQP4-mediated water transport in both cytotoxic and va-
sogenic edema, and highlight the critical difference. The
review will end with recommendations for developing
therapies to promote brain water clearance.

AQUAPORIN-4 EXPRESSION DYNAMICS IN BRAIN
INJURY

AQP4 expression in the brain after neurological injury
shows a temporally dynamic as well as spatially hetero-
geneous pattern. This complex temporal evolution is
likely caused by multiple regulation mechanisms at both
the transcriptional and post-transcriptional levels in re-
sponse to signaling events activated by secondary inju-
ries. Most data contain measurements of AQP4 protein or
mMRNA levels in the entire brain or in selected regions of
bulk brain tissue. However, AQP4 channels on the mem-
brane are assembled into square arrays (21), and the for-
mation of square arrays impacts the membrane water
permeability. The size of the square arrays is controlled
by the ratio of the two principle isoforms of AQP4: the
M23 isoform and the M1 isoform (21). Therefore, astro-
cytes can control membrane water permeability through
regulating the expression ratio of AQP4 isoforms. Re-
cently, the sub-cellular localization and oligomeric dis-
ruptions of AQP4 after neurological injury have gathered
attention. Dynamic changes of AQP4 levels in specific
cellular pools (such as localization between endfeet vs
non-endfeet membranes, membrane-bound vs within
intracellular vesicles, and in oligomeric form vs disrupted
arrays) can offer significant insight into the route of brain
water clearance.

First, experimentally measured AQP4 trajectories in ani-
mal models of traumatic brain injury (TBI), hydrocephalus,
and ischemia are summarized in Figure 1. These patterns
illustrate the high degree of heterogeneity in post-injury
expression patterns in the brain. Is the induced change in
AQP4 levels a mere consequence of pathological signal-
ing, or does it constitute a beneficial and protective mech-
anism? What are the regulatory mechanisms at work to
control the acute vs long term change in brain water per-
meability? Summaries of AQP4 measurements in the brain
in traumatic brain injury, hydrocephalus, and ischemia are
presented, followed by an analysis of the change in the os-
motic environment in the brain, the activation of cellular
signaling, and the proposed hypothesis regarding the di-
rection of water transport post-injury.
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Traumatic brain injury

AQP4 exhibits a complex spatiotemporal dynamics after
TBI, and conflicting evidence are reported. In a closed-
head model of TBI, AQP4 is found to be up-regulated by
more than 50% in the lysates of the whole brain 24 hours
after injury, accompanied by dextran extravasation, which
is indicative of vasogenic edema (22). In another closed-
head model of the TBI, global AQP4 immunoreactivity in
both the cortex and striatum is found to be increased up
to 14 days post-injury (23). However, the location-specific
quantification of perivascular AQP4 in these areas shows a
reduction in AQP4 immunoreacivity up to 28 days post in-
jury, highlighting the difference in AQP4 global expression
level and its subcellular localization. In this study, the “po-
larization index” of AQP4 in glial cells decreases post-injury,
which seems to indicate that the reduction in perivascular
AQP4 post-injury is due to its redistribution to other parts
of the cell, accompanied by a global increase in AQP4 level.
The functional consequence of AQP4 membrane relocal-
ization is unclear. However, the change in its sub-cellular
localization can be a mechanism to rapidly control water
flux, compared to the slower, longer-lasting transcriptional
regulation.

In a rat model of TBI with focal cortical contusion, mRNA of
Agp4 is up-regulated in the lesion core, but down-regulat-
ed in the periphery of the lesion core (24). Interestingly, the
levels of microRNA-320, which was shown to regulate Agp4
transcripts, show opposite trends to Agp4 mRNA levels, in-
dicating the possibility of post-transcriptional regulation of
AQP4 after TBI. More specifically, microRNA-320 was dra-
matically reduced in the contusion cortex, while markedly
up-regulated around the injury core (25). On the contrary,
Ke et al (26) found that the expression of AQP4 protein di-
minished almost completely in the contusional cortex at
1 day post injury, while the mRNA was decreased to 50%
compared to sham-operated animals. The near complete
disappearance of AQP4 proteins but not mRNAs confirms
possible translational repression mechanisms by elements
such as microRNAs or the regulation of AQP4 protein sta-
bility. The translational repression may be a protective re-
sponse to regulate the existing pool of Agp4 transcripts in
the cell at the time of injury. At the contusional core, va-
sogenic edema characterized by compromised BBB integ-
rity was found. After controlled cortical impact injury, Guo
etal (27) found no significant changes in AQP4 expression
at 24 hours compared to sham animals. After 72 hours,
AQP4 expression increased in the pericontusional area

to 175% of control and to 200% of control near the
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FIGURE 1. Dynamics of aquaporin-4 (AQP4) expression levels after (A) experimental traumatic brain injury (TBI), (B) hydrocephalus,
and (C) cerebral ischemia. (A) Fukuda et al (28) quantified AQP4 levels by immunoreactivity in a rat model of juvenile TBI. Higashida
et al (22) measured AQP4 levels in whole-brain lysates with western blotting in a closed-head injury model of rat. Ke et al (26) and
Sun et al (24) measured Agp4 mRNA levels with reverse transcription-polymerase chain reaction in rats. Ren et al (23) measured
both global AQP4 levels as well as changes in perivascular AQP4 polarization and found a loss of AQP4 polarization despite a slight
global increase. Kiening et al (29) measured AQP4 levels with immunoblotting in ipsilateral and contralateral hemispheres in rats.
Subcellular region-specific measurements are denoted with asterisk. Results are shown as fold change compared to the control
group. (B) Temporal expression levels of AQP4 after the induction of hydrocephalus in rats. Skjolding et al (37) quantified AQP4 levels
over 14 days in the cortex and periventricular zones by western blotting. Using a different model of hydrocephalus, Tourdias et al
(38) also observed an elevation of AQP4 in the periventricular region. This increase could have implications in brain water clearance.
(C) Temporal dynamics of AQP4 expression levels in the brain after experimental models of ischemia. AQP4 levels after transient
focal ischemia were measured by western blotting in mice by de Castro Ribeiro et al (43). The region-specific expression of AQP4
often characterized by an initial increase within a few hours of primary injury was also measured by Wang et al (13) using a tran-
sient global ischemia model in piglets. Except in the ischemic core and striatum, AQP4 levels displayed a delayed but significant
upregulation 12 to 24 hours after ischemia. Badaut et al (45) quantified AQP4 immunoreactivity in a neonatal rat model of middle
cerebral artery occlusion. Frydenlund et al (47) quantified perivascular AQP4 with immunogold labeling in mice subject to 90
minutes of middle cerebral artery occlusion.
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lateral ventricles. In a rat model of juvenile TBI, AQP4 levels
diminished by about 5% at the lesion core at 1 day post
injury, but increased by about 40% within 7 days. In the
peri-lesion areas, a slight elevation of AQP4 immunoreac-
tivity between 0%-20% was observed within a 30-day pe-
riod (28). Kiening et al (29) measured AQP4 in the ipsilat-
eral and contralateral hemispheres using immunoblotting
after controlled cortical impact injury. AQP4 decreased in
both hemispheres throughout 48 hours, without distin-
guishing the contusional core and pericontusional areas.
In this particular TBI model, cytotoxic edema was found to
prevail during the early phases post-injury (30). These stud-
ies are summarized in Figure 1, in which measurements at
discrete time points over time from the same study were
connected to better depict the temporal trajectory.

The wide disparity between these reported AQP4 expres-
sion levels shows that expression patterns of AQP4 after
experimental TBI are not only specific to the injury model
used, but also highly dependent on the regions of analy-
sis. It has been noted that differences in secondary inju-
ry mechanisms exist between TBI models with open or
closed cranium, since an elevated intracranial pressure will
not develop in aTBI model using an open cranium, leading
to different injury dynamics (23). Importantly, findings also
varied between methods of measurement depending on
whether the method distinguished different sub-cellular
pools of AQP4 (immunofluorescence vs Western blotting).
In addition, the mRNA levels do not reflect the changes
in protein levels, pointing toward the importance of trans-
lational and post-translational regulatory mechanisms at
work post-injury. Therefore, both mRNA and protein should
be assayed to unveil the regulatory mechanisms that lead
to the heterogeneity and temporal dynamics of AQP4. De-
spite these variations, a common observation is an eleva-
tion of AQP4 levels in the peri-lesion areas after TBI, which
was found to persist even after one month. After TBI, diffu-
sion-weighted imaging shows that both cytotoxic and va-
sogenic edema are present (31). Zhao et al (32) shows that
after TBI, sulforaphane-administered animals have reduced
edema, and this beneficial effect could be due to the el-
evation of Agp4 mRNA and protein levels by sulforaphane
administration. In animal models of TBI, the sustained ele-
vation of AQP4 levels in the peri-lesion areas could be due
to transcriptional up-regulation caused by neuroinflamma-
tion. Inflammatory cytokines such as interleukin-1 (IL-1) are
found to be inducers of AQP4. The release of interleukin-1
(IL-1) (33), tumor necrosis factor-a (TNF-a) (34), IL-6 (34),
and excitotoxic glutamate (34) has been found in rodent
models of TBI. Elevation of IL-1 is found in the cerebrospi-
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nal fluid (CSF) of patients with severe head injury (35). The
hypothesis that the region-specific AQP4 expression in the
brain after injury serves as a mechanism for fluid drainage
remains a possibility.

Hydrocephalus

In hydrocephalus, excess CSF accumulates in brain ven-
tricles, causing periventricular edema, deep white mat-
ter ischemia, and a decrease in gray matter extracellular
space (ECS) volume fraction due to brain tissue compres-
sion (36).

The molecular mechanisms driving the accumulation of
cerebrospinal fluid in hydrocephalus are poorly under-
stood, but it is plausible to investigate the role of AQP4
channels in facilitating fluid exchange between the capil-
lary bed and the extracellular space. During the onset of
kaolin-induced hydrocephalus, AQP4 levels in the periven-
tricular region were decreased at 48 hours, followed by
a gradual recovery. Normal level was reached about 7-8
days post induction, and afterwards a continuous increase
in AQP4 was found in the periventricular region, whereas
the normal level was maintained in the cortex (37). In a rat
hydrocephalus model using L-a-lysophosphatidylcholine
stearoy! injection, a continuous elevation of AQP4 in the
periventricular region was seen throughout 30 days. These
dynamic trajectories are shown in Figure 1. This observed
increase of AQP4 probably underlies the elevation in brain
water permeability as measured by diffusion tensor imag-
ing in hydrocephalic rats (38). During progressive hydro-
cephalus, the extracellular space is observed to enlarge in
the periventricular region. In cortical layer |, the extracellu-
lar space is reduced from 16.5% of brain volume in normal
rats to 9.6% in hydrocephalic rats (36).

In both studies, a sustained elevation in AQP4 expression
in the periventricular region was observed. Since excess
CSF accumulates within the brain ventricles, the elevation
of AQP4 in the periventricular region could be a protec-
tive mechanism for facilitating brain water clearance. In-
deed, a subset of Agp4-null mice developed obstructive
hydrocephalus with elevated intracranial pressure (39). In
addition, in a kaolin-induced hydrocephalus model, hy-
drocephalic Agp4-null mice showed increased mortality
rate, elevated intracranial pressures, and higher brain wa-
ter content after kaolin induction compared to wild-type
mice (40). The study further conjectured that the up-
regulation of AQP4 would facilitate water clearance in
hydrocephalus (40). Together, these studies suggest
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that the observed AQP4 up-regulation in the periventricu-
lar area is protective. This up-regulation is likely due to the
transcriptional up-regulation of the gene caused by neu-
roinflammation. In hydrocephalus, high levels of inflamma-
tory cytokines such as TNF-a (41) and IL-1(3 (42) are found
in the CSF. The periventricular up-regulation of AQP4 may
point to the existence of a water clearance pathway medi-
ated by astrocytic endfeet near the ventricles.

Cerebral ischemia

Cerebral ischemia is a condition characterized by reduced
blood flow and oxygen supply due to an occlusion event.
Transient or permanent ischemia induces changes in the
brain microenvironment such as ATP depletion, oxidative
stress, accumulation of ions, and leads to a shift in osmotic
gradients from the normal homeostasis. These changes ac-
tivate signaling cascades that alter gene expression levels
and promote inflammation.

AQP4 expression after ischemic injury also shows spa-
tiotemporal heterogeneity. In a transient focal ischemia
model with 30 minutes of occlusion followed by reperfu-
sion, AQP4 expression was found to increase at 1 hour, re-
turned to normal levels at 6 hours and 24 hours, and de-
creased at 48 hours at the ischemic core. In the border
zone, similar patterns are observed at 1, 6, and 24 hours;
however AQP4 expression increased at 48 hours (43). In an-
other study, immunohistochemical staining showed that
AQP4 levels were nearly abolished at the ischemic core af-
ter 2 hours of middle cerebral artery occlusion and 4 hours
of reperfusion, even though the total amount of AQP4 de-
termined by Western blot was unchanged (44). After hy-
poxic/ischemic injury followed by reperfusion in piglets,
Wang et al (13) found elevated expression of AQP4 in re-
gions near fluid spaces including ependyma and menin-
ges, and decreased expression in the striatum. Badaut et
al (45) quantified AQP4 immunoreactivity in a neonatal rat
model of middle cerebral artery occlusion, as well as used
MRI to assess changes in ADC values and T2 values to track
the development of cytotoxic and vasogenic edema. A
significant elevation of AQP4 in the border zone was ob-
served, where AQP4 was concentrated in the perivascular
spaces. It was hypothesized that the elevation of AQP4 in
this region assisted in the clearance of edema fluid (45).

Following up on the results by Ribeiro et al (43), the study
by Hirt et al (46) determined that AQP4 rise one hour after
ischemia was mainly due to the increase in the M1 iso-
form, while the M23 isoform experienced a small in-
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crease that did not reach the significance level. The increase
in M1 isoform is also found at the mRNA level, whereas the
mMRNA for the M23 isoform cannot be detected (46). Isch-
emia produces a rapid response in promoting the expres-
sion of the M1 isoform, while reducing the expression of
the M23 isoform, likely to decrease the formation of square
arrays on the cellular membrane of astrocytes. Interesting-
ly, this observation is in line with findings by a later study
that shows the disruption of AQP4 square arrays in the
perivascular endfeet membrane after ischemia (47). These
studies show that the isoform-specific control of AQP4 ex-
pression is important and may have consequences in reg-
ulating membrane water permeability.

More specifically, AQP4 expression in different sub-cellular
pools was examined after middle cerebral artery occlusion
followed by reperfusion. The disruption of AQP4 square ar-
ray formation on the membrane 30 minutes after ischemia
was observed (48,49). Frydenlund et al (47) showed that
there was a loss of AQP4 in the perivascular pool at the in-
jury core after transient ischemia in a mouse model. At 24
hours and 48 hours, there was a 78% and 58% loss of AQP4
staining around the perivascular endfeet of astrocytes at
the neocortical lesion area. This loss was accompanied by
disruption of AQP4 square arrays revealed by freeze frac-
ture microscopy (47). Given that the maximal brain water
content was found at 48 hours, and the deletion of perivas-
cular AQP4 was found to alleviate edema formation after
ischemia (14), the loss of AQP4 at the endfeet surrounding
capillaries may be a protective response of the brain to re-
duce edema formation. Together with the findings by Hirt
et al (46), this suggests that the protective reduction of end-
feet water permeability near the vasculature could be joint-
ly regulated by the transcriptional control of the M1 and
M23 isoforms along with the disruption of existing square
arrays. Interestingly, while a loss of AQP4 near the vascula-
ture at the injury core is observed, a slight increase is seen
in the border zone. In accordance with the loss of perivas-
cular AQP4, disruption of square arrays in the injury core
is observed while abundant square arrays are seen at the
endfeet in the border zone (47). To examine whether the
perivascular AQP4 pool has an effect on brain water egress,
brain water content was measured in a-syn~~ mice (syntro-
phin deletion predominantly affects the anchoring of AQP4
on the perivascular endfeet membrane) and wild type (WT)
mice after transient cerebral ischemia. The brain water con-
tent 48 hours after ischemia was higher in WT mice than in
a-syn™~ mice. Since a-syn™~ mice lack perivascular AQP4,
this confirms that the removal of perivascular AQP4 has a
protective effect on edema. The different severity of edema
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in wild-type and syn~ mice suggests that the perivascular
pool of AQP4 is a rate-limiting factor on edema formation
(14). In addition, the perivascular AQP4 pool is responsible
for the difference in the severity of cytotoxic edema in dis-
tinct brain regions following water intoxication (50). Similar-
ly, treatment of mice after middle cerebral artery occlusion
with bumetanide, which inhibits Na*-K*-2CI- cotransporter
and recently has been found to be a blocker of AQP4, atten-
uates edema in wild type mice but has no effect of a-syn™~
mice at 24 hours, further validating the role of perivascular
AQP4 in edema formation (20). These studies confirm that
the perivascular pool of AQP4 is rate-limiting for brain wa-
ter entry in cytotoxic edema, and the rapid disruption of
square arrays is a protective mechanism.

Interestingly, the perivascular pool of AQP4 at the astroglial
endfeet also mediates water clearance in cerebral edema
in addition to edema formation. Cerebral edema can be
alleviated by elevating blood osmolarity through the intra-
venous infusion of a hypertonic solution. Treatment with
an intravenous infusion of hypertonic saline attenuated
brain edema in WT mice, but had no effect on syn™~ mice,
demonstrating that hyperosmolar blood promotes brain
water egress mediated through the perivascular AQP4
pool in astrocytes (14). These studies illustrate that AQP4
mediates brain water entry and egress at the blood-brain
interface, and the regulation of AQP4 anchoring at this site
can accelerate or slow water entry or clearance. These find-
ings highlight the importance of studying AQP4 sub-cel-
lular localization in order to elucidate the cellular pathway
of water transport between blood, brain tissue, interstitial
fluid, and CSF.

The dynamic measurements of AQP4 levels in ischemia are
represented in Figure 1. Data accounting for the sub-cellu-
lar localization of AQP4 are denoted with an asterisk. At the
core, AQP4 expression is either unchanged or decreased
after a few hours. Despite the variability between studies,
the data agree on the observation that elevated AQP4 ex-
pression is found at the border zone at the 24-hour time
point. This increase coincides with the approximate timing
of BBB opening, which is generally believed to occur be-
tween 6-24 hours after injury.

REGULATION OF BRAIN WATER TRANSPORT IN
CEREBRAL ISCHEMIA

We will discuss the role of AQP4 in injury mechanisms in-
cluding oxidative stress, ionic dysregulation, edema, and
inflammation. In the literature, there are an abundance
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of reports investigating the regulation of the Agp4 gene
by signaling. However, these independent investigations
need to be summarized to obtain a comprehensive un-
derstanding of aquaporin-4 gene regulation. The signaling
pathways activated during these injury mechanisms and
their reported effect on the Agp4 gene are represented in
a signaling map (Figure 2). This map enhances the analy-
sis of how these signaling pathways jointly regulate Agp4
in the injury state. We will discuss the complex regulatory
mechanisms at work to control AQP4 expression. Further-
more, we propose the directions of Agp4-mediated water
flux in cytotoxic and vasogenic edema based on their os-
molar environment, and elucidate their mechanisms of
brain water clearance.

Causes of oxidative stress and its influence on AQP4
expression

An interruption in blood supply leads to hypoxia and de-
creased ATP synthesis by the mitochondria. In transient
ischemia, initial oxygen depletion due to the cessation of
blood supply is followed by a sudden rise in oxygen ten-
sion during blood reperfusion. Reperfusion in effect accel-
erates harmful oxidizing reactions (51). During normal cel-
lular processes, a low level of reactive oxygen species (ROS)
is generated in the mitochondria. However, during oxida-
tive stress, abnormally high levels of ROS can induce apop-
tosis (52) and necrosis (53). The excess generation of ROS
occurs not only after ischemic-reperfusion injury, but also
after TBI (54-57), traumatic spinal cord injury (58), and hem-
orrhage (59). Oxidative stress is a common mechanism of
secondary injury.

The induction of oxidative stress is followed by a rapid el-
evation of immediate early genes such as c-Jun and c-fos
(60,61), which is depicted in Figure 2. Together, c-FOS and
c-JUN form the activating protein-1 (AP-1), a target of the
p38 mitogen activated protein kinase (MAPK) pathway.
Activation of the p38 MAPK pathway is known to induce
transcriptional up-regulation of AQP4 (62). Oxidative stress
activates p38 within 5 minutes in astrocytes (63). Together,
evidence suggests that oxidative stress can rapidly induce
the expression of AQP4. It could also be the cause of the
up-regulation of Agp4 mRNA in animal models.

Oxidative stress also activates a key transcription factor
for inflammatory response, nuclear factor kB (NFkB) (64-
66), which is a putative transcription factor for the Agp4
gene (67). In addition, oxidative stress activates genes
containing the antioxidant response element (ARE)
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via NFE2-related factor-2 (NRF2). The nuclear translocation
of NRF2 requires the reorganization of actin controlled by
the PI3K signaling pathway (68,69). The promoter region
of Agp4 gene contains putative AREs, and sulforaphane, a
known activator of NRF2, has been found to up-regulate
AQP4 in vivo (32,70). The effectiveness of sulforaphane in
vivo illustrates the importance of understanding the sig-
naling mechanisms controlling Agp4 gene expression.

In addition, oxidative stress has been shown to induce
AQP4 expression through the production of pro-inflamma-
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tory leukotrienes. Oxidative stress stimulates the release
of arachidonic acid (AA) from the cellular membrane (71),
and leukotrienes are produced as a metabolite of AA (72-
74). They are released into the brain after TBI (75,76), fluid-
percussion injury (77), ischemia (73,78), and hemorrhage
(78-80). Leukotrienes play an important role during the in-
flammatory response in inducing leukocyte-endothelial
adhesion and increasing BBB permeability (81). Activation
of cysteine leukotriene CysLT, receptor induces AQP4 up-
regulation through the p38 and ERK signaling pathways
in astrocytes (82), as shown in Figure 2. The up-regulation
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FIGURE 2. Signaling and regulation of aquaporin-4 expression after ischemic injury. Top frame shows the temporal phases of

secondary injury mechanisms following ischemia. The astrocyte cell is divided into three compartments: nucleus, cytoplasm, and

membrane. The membrane compartment is designed to illustrate the translocation of signaling molecules towards the membrane.

The upper portion of the cell shows signaling events during injury leading to the transcriptional regulation of the aquaporin-4 gene.

The center portion shows known transcription factor binding sites on the promoter of aquaporin-4 gene. The lower portion shows
translational regulation events by microRNAs. The extracellular insults above the cell are arranged according to the approximate

timeline of secondary injuries after cerebral ischemia. “P” within a circle marking the upper-right corner of certain molecules
represents the phosphorylated state, and dashed lines indicate that the detailed signaling mechanism is still unknown. Arrows
indicate activation, while flat caps indicate inhibition. The figure is generated in CellDesigner (153).
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of AQP4 by leukotrienes suggests that inflammatory me-
diators like leukotrienes could potentially cause a dynam-
ic change in water permeability at the BBB in addition to
their role in increasing macromolecule permeabilization.

In summary, evidence shows the direct regulation of
Agp4 gene expression through various transcription fac-
tors activated by oxidative stress. At this early phase, the
increase in AQP4 is likely to be harmful due to the forma-
tion of cytotoxic edema. Indeed, Piroxicam-induced neu-
roprotection in ischemic-reperfusion injury is mediated by
the down-regulation of AQP4 (83). There is a well-known
steroid mediated neuroprotection in stroke (84). Adminis-
tration of progesterone in TBI patients improved survival,

hyperosmolar

AQP4-mediated water
influx leads to cell swelling:

Influx of ions and
proteins from the
damaged BBB into the
brain tissue

Accumulation of cations in
astrocytes leads to a

environment in cytosol

Transcellular fluid

perivascular spaces,
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and lowered intracranial pressure (85), indicating that pro-
gesterone may aid in brain water clearance. Interestingly,
application of progesterone on glial cell cultures inhibited
oxidative stress-induced AQP4 expression (86). The modu-
lation of AQP4 expression has functional consequences in
conferring neuroprotection.

Formation and clearance of cytotoxic edema

Reduced blood flow causes hypoxia and ATP depletion.
ATP depletion leads to the failure of energy dependent
ion pumps, which severely disrupts the osmotic balance in
the brain (87). The concentration of potassium ions in the
extracellular space ([K*]_) rapidly increases after ischemia

Water effluxes from
cell body after
restoration of energy
production and ionic

b. Clearance of cytotoxic edema

Injury core

clearance into

CSF or blood

Border zone

c. Formation of vasogenic edema d. Clearance of vasogenic edema

FIGURE 3.The proposed direction of water transport during the formation and resolution of cytotoxic edema (A,B) and vasogenic
edema (C,D). Ischemia-induced hypoxia causes a failure in energy-dependent ion pumps such as Na*-K*-ATPase, leading to accumu-
lation of cations in the cell. Aquaporin 4 (AQP4)-mediated water influx aggravates cytotoxic cell swelling (A). When energy-depen-
dent ion pumps are restored, the cytosol and the extracellular space return to osmotic homeostasis by active ion transport and the
passive efflux of water from the cell (B). Between 6-24 hours after ischemic injury, the disruption of the blood brain barrier, as well
as sodium influx into the brain at the injury core cause vasogenic edema (C). Water clearance accompanies the clearance of osmo-
lytes, partially through the transcellular route (D). The cell was reconstructed from a stack of confocal images of a single astrocyte.
We propose that the opposing roles of AQP4 are explained by the difference in osmotic gradients between blood, extracellular
space, and intracellular space during cytotoxic and vasogenic edema as well as the distinct routes of osmolyte clearance.
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(88,89) due to the failure of pumps such as the Na*-K* AT-
Pase, which exchanges three intracellular sodium ions with
two extracellular potassium ions in normal physiological
conditions. Correspondingly, the concentration of intracel-
lular K* decreases while Na* accumulates. The magnitude
of increase in [Na*] is 2.4 fold of the magnitude of decrease
in [K*], as measured 4 hours after permanent occlusion in
rats (90). The accumulation of excess ions within the cyto-
sol causes a hyperosmolarity inside the cell, which induces
cell swelling and cytotoxic edema (87). Astrocyte swelling
caused by a hyperosmolar cytosol is demonstrated in Fig-
ure 3A. A significant intracellular increase in Na* accom-
panied by shrinking of extracellular space from 18.9% to
8.5% of cortical volume was detected within 60 minutes
of global ischemia (87). Indeed, increased brain water con-
tent at the ischemic core indicates the formation of edema
as early as 1 hour after the occlusion event (91). Interest-
ingly, this ionic imbalance is recovered rapidly once the
blood flow is restored, indicating that cytotoxic edema is
tightly coupled to energy deficiency (89). The clearance of
cytotoxic edema by re-establishing ionic and water bal-
ance is illustrated in Figure 3B. In addition, ionic imbalance
induces disregulation of neurotransmitters. Elevation of
[K*]_, evokes glutamate release into the extracellular space
(88). Intriguing evidence was found regarding the regula-
tion of AQP4 permeability through direct gating mecha-
nism by the activation of glutamate receptors (92), but this
evidence was recently contradicted (93).

AQP4 expression is a rate-limiting factor in the formation of
cytotoxic edema. Cytotoxic edema is marked by the prefer-
ential swelling of astroglial cells (94), which could be attrib-
uted to their expression of AQP4. The detrimental role of
AQP4 during the development of cytotoxic edema is dem-
onstrated by Agp4-knockout mice (15), consistent with the
view that AQP4 on astroglial cells promotes cell-swelling
during this stage (16). Interestingly, as we have discussed
previously, the brain seems to have in place a physiologi-
cal mechanism to counteract the harmful role of AQP4 by
the action of microRNAs, despite the induction of its tran-
scription at these early times. Furthermore, the disruption
of square arrays provides yet another mechanism of pro-
tection. We suggest that the induction of Agp4 transcripts
by ROS is a consequence of signaling, whereas the rapid
disruption of square arrays and the translational suppres-
sion by microRNAs are beneficial mechanisms to protect
the brain from further insults.

After the initial energy depletion, ATP levels in cortical
tissue recovered to about 75% of the normal level 4
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hours after transient ischemia (95). The recovery of ATP syn-
thesis should allow the restoration of ionic homeostasis. It
has been shown that in transient ischemia, the depression
of [Na*]_ and increase in [K*]_ are rapidly restored after the
restoration of blood flow, suggesting that the clearance
mechanism of ions is energy dependent (89). Since potas-
sium siphoning through astrocytes is accompanied by wa-
ter flux, AQP4 expression should benefit the fluid clearance
phase, even though it exacerbates brain water entry dur-
ing the formation of cytotoxic edema. This again highlights
how a timely and short term inhibition may be immensely
beneficial.

An elevation of [K*]_ is reported to cause an influx of Na*
into the brain through Na*K* ATPase located in the cap-
illary endothelium (96). In addition, the inflammatory re-
sponse induces the disruption of the BBB, leading to the
extravasation of plasma constituents into the brain, caus-
ing an elevation of brain osmolarity compared to the
blood during vasogenic edema. The formation of va-
sogenic edema is illustrated in Figure 3C. However, it is not
clear whether the hyperosmolarity is found within the ECS
or the cytosol of the brain, which makes it challenging to
study the microscopic route of brain water clearance dur-
ing the progression and resolution of vasogenic edema. In
the following section, we argue that the difference in 1)
osmolarity gradients between the cytosol-ECS compartments
and 2) clearance routes of osmolytes in vasogenic and cyto-
toxic edema are responsible for the opposing roles of AQP4
in these two types of edematous conditions.

Vasogenic edema and the comparison of water
transport in vasogenic vs cytotoxic edema

Vasogenic edema is caused by the extravasation of plasma
constituents as a consequence of BBB breakdown. The dis-
integration of BBB is orchestrated by molecules including
thrombin (97), VEGF (98-102), matrix metallopeptidase-9
(MMP-9) (98,103), and leukotrienes (81), many of which
have an effect on AQP4 expression.

AQP4 up-regulation is observed during the disruption of
BBB. The increased expression of VEGF is associated with
the induction of hypoxia inducible factor-1a (HIF-1a) dur-
ing hypoxic conditions, and HIF-1a is an inducer of AQP4
up-regulation through increased VEGF (104). In a model of
TBI, AQP4 up-regulation was attributed to the increase in
MMP-9 and HIF-a (22). AQP4 expression in the substantia
nigra is increased by 10-fold following disruption of BBB
in ovariectomized animals (105). The timing of BBB open-
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ing after ischemic injury has been measured based on the
extravasation of a tracer (106,107). A significant increase in
BBB permeability was found at 6 hours (91), 12 hours (108),
or 48 hours (109) after permanent MCA occlusion. In many
injury models of ischemia, the increase in AQP4 protein
levels corresponds to the timing of BBB opening.

AQP4 facilitates water clearance in vasogenic edema (18),
in contrast to its detrimental role in cytotoxic edema. We
suggest that the seemingly opposite effects of AQP4 on
the severity of cytotoxic and vasogenic edema may be
caused by the difference in their osmotic environment
and the direction of osmotic gradient-induced water flow.
Since AQP4 channels passively conduct water molecules
toward the compartment with the higher osmolarity (110),
AQP4-mediated water flux in cytotoxic and vasogenic
edema depends on the existence of osmolarity gradients.
Above, we summarized evidence confirming the develop-
ment of a hyperosmolar environment in the cytosol during
cytotoxic edema, and the detrimental effects of AQP4.

Experimental evidence has already established that in va-
sogenic edema the brain compartment is hyperosmolar
compared to the blood. However, there is no definitive evi-
dence to confirm whether the increased osmolarity is due
to accumulation of osmolytes in the ECS, or whether the
hyperosmolar brain in vasogenic edema resembles the os-
motic environment in cytotoxic edema, where the hyper-
osmolar compartment is the cytosol. Determining the rela-
tive osmolar relationship between the cytosol-ECS-blood
compartments is important in establishing the direction
and route of water clearance, and in understanding why
the expression of AQP4 in vasogenic edema is beneficial.

There is a lack of a direct measurement of the respective 0s-
molarities of the cytosol vs the ECS during vasogenic ede-
ma. Even though the following studies reported measure-
ments in bulk brain tissue, they are useful in constructing
a picture of the osmotic environment. In permanent isch-
emia, brain water content shows a high correlation with
total sodium content (111) during vasogenic edema. The
correlation between brain water content and total sodium
content was confirmed in another report (108). In a perma-
nent MCA occlusion in rats, brain water content was found
to correlate with the increase in sodium and the decrease
in potassium content in the total tissue, not the extravasa-
tion of albumin (109). Another study using permanent MCA
occlusion confirmed that there was a net increase in cat-
ion content in the brain, which parallels the time course of
elevated brain water content (91). The source of increased
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brain sodium content is likely due to the transport of so-
dium from blood to brain (112). While protein extravasation
used to be considered the osmotic force driving vasogenic
edema (113), the elevation of cations in the brain has been
confirmed to play a dominant role (91). However, whether
or not the increased sodium is found in the ECS or cytosol
is not clear, since these studies measure the ion content of
the processed bulk brain tissue without distinguishing the
ECS and cytosol compartments. In addition, the edematous
condition after permanent ischemia is both cytotoxic and
vasogenic in nature, and the persistence of the cytotoxic
component even after the opening of the BBB may explain
the observed elevation of sodium. Therefore, the observed
elevation of Na*inthese reports of permanentischemia may
be both extracellular and intracellular. Interestingly, a study
using a cold-induced injury model of vasogenic edema re-
ports measurements in the edema fluid of cats (114). They
found an elevated colloidal osmotic pressure in the edema
fluid; however, the sodium content did not experience any
significant change in the edema fluid, which seems to sug-
gest that the elevated colloidal osmotic pressure is due to
other osmolytes. In addition to ionic accumulation in the
brain, the extravasation of serum proteins into the ECS con-
tributes to the ECS osmolarity. After cold-induced vasogenic
edema, intravenously injected horseradish peroxidase leaks
out of the vasculature into the ECS. Even though some HRP
were taken up by cells including astrocytes, the intracellular
HRP was seen in vacuoles or vesicles (115), which indicates
that the HRP does not contribute to the osmolarity of the
cytosol. Lastly, the ECS is enlarged in vasogenic edema, but
it is greatly reduced in cytotoxic edema (116). The enlarged
ECS in vasogenic edema is indicative of a higher osmolar-
ity in the ECS compared to the cytosol, due to the passive
nature of water transport. However, the effect of hydrostatic
pressure from the fluid extravasation on the enlargement
of the ECS cannot be ruled out. Since to the best of authors'
knowledge simultaneous measurements of ECS and intra-
cellular osmolarity in vasogenic edema do not exist, the el-
evated osmolarity of the ECS in vasogenic edema remains
a conjecture. However, regardless of whether the ECS is hy-
perosmolar to both the cytosol and the blood or both the
ECS and cytosol are hyperosmolar to the blood, it is certain
that the osmotic environment in vasogenic edema is very
distinct from that found in cytotoxic edema, and this is key
to understanding the opposing roles of AQP4 in these two
forms of edema.

Based on this view, it is reasonable to propose that during

vasogenic edema, astrocytes aid in osmolyte clearance
from the ECS by enhanced water transfer through
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AQP4 channels. There may be multiple mechanisms of os-
molyte clearance. Osmolytes can be cleared through the
transvascular route into the blood (115). They may also be
cleared though the interstitial fluid route into the ventric-
ular system or transferred through the paravascular path-
ways into the cerebrospinal fluid pools (117-119). The sig-
nificance of AQP4 to the clearance of molecules from the
parenchyma was recently demonstrated in animals lacking
AQP4 channels who showed a 70% reduction in protein
clearance compared to normal (8). Therefore, to under-
stand the routes of water clearance, it is indispensable to
look at the difference in the pathways of osmolyte clear-
ance in vasogenic and cytotoxic edema.

The second consideration regarding the difference in water
clearance in vasogenic and cytotoxic edema is the type of
osmolytes accumulated in the brain. A passive water flux
accompanies the clearance of osmoles such as K" (120).
During vasogenic edema, it is proposed that the clearance
of extravasated proteins occurs through both the transvas-
cular route (115) and through CSF via the Virchow-Robin
space (121). The recovery of the dysregulated osmolar en-
vironment can occur through the transport of ions by as-
trocytes from the injury core back into the bloodstream at
a site with intact BBB away from the injury core. Astrocytes
siphon K* through this transcellular route, and the transport
of water accompanies the siphoning of K* (120), supporting
the existence of a transcellular pathway of water clearance.
The transcellular clearance is represented in Figure 3D. Evi-
dence shows that water transport is mandatory for the ef-
ficiency of ion siphoning by brain astrocytes — the mislo-
calization of the perivascular AQP4 pool by a-syntrophin
deletion delays K* clearance, confirming the coupling of
K* siphoning and water transport (120). The tight coupling
of AQP4-mediated water transport with ionic transport is
critical in neuronal signal transduction as well as sensory
signal transduction (122). More than likely, it is the pool of
AQP4 in astroglial endfeet facing an intact BBB away from
the injury core that is exerting this beneficial effects in brain
water clearance. Experiments showed that while AQP4 at
the perivascular pool at the injury core was decreased after
ischemia, the cortical border zone showed a slight increase
in AQP4 at the same time (47). In many other animal mod-
els of experimental ischemia, AQP4 up-regulation is seen
in the border zone, supporting the idea that clearance of
both osmoles and water may occur at a site away from the
injury core. The proposed direction of water transport in
cytotoxic in comparison to vasogenic edema is shown in
Figure 3. In cytotoxic edema, the main disturbance in
osmolar dysregulation is ionic imbalance between
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cytosol and ECS. In vasogenic edema, the osmolar dysregu-
lation is caused by multiple forms of osmolytes including
protein extravasation in addition to ions, requiring various
routes of clearance. Therefore, whether or not AQP4 plays a
beneficial role in a particular stage of injury depends on the
directions of the osmolar gradients between the cell, ex-
tracellular space, and blood at a specific point in time and
space (near vs far from the injury site), and the molecular
route through which osmoles are cleared from the brain.
To design effective therapies for water clearance, these two
factors merit utmost consideration, and the clarification of
the osmolar gradients and the solute clearance pathways
are of high priority. This further highlights the importance
of achieving optimal timing for pharmacological inter-
vention targeting AQP4 channels, since the success of the
therapy depends on the osmolar environment in the brain
post-injury.

Effect of osmotic stress on Aqp4 gene expression

AQP4 expression is up-regulated by osmotic stress. In
terms of cellular signaling, osmotic stress activates Agp4
gene transcription in astrocyte cultures as well as in vivo
(123). Hyperosmotic stress activates RAC1 (124,125) and
up-regulates AQP4 through the p38 MAPK pathway
(62,123) as shown in Figure 2. p38 translocates to the nu-
cleus and phosphorylates c-JUN and c-FOS, forming AP-1
(126,127). Slight osmolarity elevation (324 mOsm) does
not cause its transcriptional activation, while an osmolar-
ity of 363+ 2.7 mOsm stimulates a 1.5 fold increase in both
Agp4 mRNA and protein (123), suggesting that there is a
threshold for osmolarity-induced transcriptional activation.
Based on electrode measurements, the transmembrane
osmotic gradient resulting from the accumulation of Na*
and K* ions alone could amount to 65 mEg/kg (87), with-
out considering non-ionic osmolytes, which is sufficient to
induce AQP4 transcriptional activation in the brain. Since
transcriptional regulation of AQP4 as opposed to mem-
brane translocation would lead to a change in AQP4 lev-
els on a longer time-scale, it is likely that the induction of
AQP4 transcription by the presence of osmotic stress in the
brain is a physiologically protective response that aims to
up-regulate AQP4 water channels during the re-establish-
ment of ionic homeostasis.

Effect of brain inflammatory cytokines and signaling
molecules on Aqp4 gene expression

The breakdown of BBB promotes the spreading of inflam-
mation. During inflammation, leukocytes are recruited to
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injury site and the increased permeability of BBB facilitates
their extravasation. The secretion of both pro-inflamma-
tory and anti-inflammatory cytokines by immune cells as
well as neurons, astrocytes, and microglia modulates the
spread and resolution of the inflammatory response. In-
flammatory cytokines have both therapeutic and delete-
rious effects in the brain. It has been shown for astrocytes
that their expression levels of AQP4 are highly inducible by
cytokine exposure. As we have discussed previously, pro-
inflammatory leukotrienes not only promote macromole-
cule extravasation at the BBB, but also up-regulate AQP4.
Therefore, it is highly probable that an elevation of brain
water permeability is a process that accompanies neuroin-
flammation.

Elevated levels of IL-10, TNF-q, IL-1{, and IL-2 are found af-
ter middle cerebral artery occlusion in the rat brain (128).
An increase in TNF-q, IL-6, and IL-1 is found after transient
cerebral ischemia (129). The surge of inflammatory cytok-
ines in the brain can be detected within an hour after in-
jury, as depicted in Figure 2. In astrocytes, IL-1(3 is a potent
activator of NFkB (130), which leads to increased Agp4 tran-
scription. When inactive, NFkB is located in the cytoplasm,
sequestered by its inhibitory molecule, IkB. IL-13 causes
the increased degradation of IkB (67) and nuclear translo-
cation of NFkB (131), where it induces the transcription of
target genes. A putative binding site for NF-kB has been
found near exon 1 of Agp4 gene (67), which regulates the
induction of the transcription for the short M23 AQP4 iso-
form. Ito et al (67) confirmed that IL-13 was a potent in-
ducer of AQP4 expression in astrocytes and that this induc-
tion was mediated by NF-kB activation. The activation of
NFkB in astrocytes is mediated by PI3K and AKT signaling
pathways after IL-13 stimulation (132). The mechanism of
IL-1B3 induced Agp4 activation is shown in Figure 2. In addi-
tion to activating NFkB, IL-1(3 is shown to transcriptionally
up-regulate C/EBPB and C/EBPS in astrocytes (133), which
are immediate early genes for the acute phase response
(134). The administration of IL-13 changes brain water per-
meability in vivo. The injection of IL-1 has been shown
to exacerbate brain edema after ischemic injury in rats,
even though IL-1 injection into healthy animals does not
change brain water content (67,135). Injection of anti-IL-
18 attenuated the ischemia-induced edema (135). The up-
regulation of AQP4 by IL-1 in astrocytes could be partially
responsible for edema worsening. We believe that the IL-1
induced up-regulation of AQP4 in a normal brain does not
have deleterious effects on brain water regulation due to
the lack of abnormal osmotic gradients in a healthy brain.
Another cytokine, TNF-q, is also a potent activator of NFkB
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(136). Interestingly, TNF-a seems to interact with IL-1 in a
positive-feedback system to induce the spread of inflam-
mation (137,138). This positive feedback loop can cause
a sustained elevation of cytokines. The up-regulation of
AQP4 by TNF-a has been confirmed in an epithelial cell line
(139). In addition, VEGF has been found to induce up-reg-
ulation of Agp4 mRNA in vivo (140). VEGF promotes angio-
genesis and increases vascular permeability in the brain,
and its transcript starts to increase as early as 2 hours after
ischemic injury (141). Like the opposing effects of AQP4 in
different edematous phases post-injury, VEGF injection has
a detrimental role if injected 1 hour after injury, but pro-
motes recovery when injected 48 hours after injury (140).
We conjecture that the sustained rise of AQP4 levels ob-
served in brain pathologies (Figure 1) is mainly caused by
the elevation of cytokines during neuroinflammation.

Transcriptional inhibition of AQP4 by thrombin via PKC
signaling

Thrombin, a coagulation factor, is released from the blood
stream during injury, but it can also be produced by brain
cells (142) during ischemia (143) or spinal cord injury (144).
Thrombin is also detected in the CSF after hemorrhage
(145). It is a direct cause of edema formation in the brain
(146). Contrary to its deleterious effects in the ischemic
brain, the injection of thrombin prior to the injury could
attenuate edema through a mechanism called thrombin
preconditioning (147). In astrocytes, thrombin inhibits the
transcription of Agp4 through the activation of PKC sig-
naling pathway (148). The down-regulation of AQP4 by
thrombin is partially mediated by the G protein coupled
PAR-1 receptor, which is also known to activate ERK and
JNK pathways in astrocytes (149). PKC activation down-reg-
ulates AQP4 in a time-dependent manner and PKC deple-
tion caused by prolonged exposure reverses AQP4 down-
regulation (148). This mechanism is portrayed in Figure 2.
The activation of PKC by agents including TPA (150,151)
and propofol (152) also down-regulates Agp4 mRNA (150).
Since the down-regulation of AQP4 during cytotoxic ede-
ma is beneficial, and an early injection of thrombin could
cause AQP4 down-regulation, it is possible that the protec-
tive effect of thrombin preconditioning is partially medi-
ated through AQP4 down-regulation.

CONCLUSIONS
1) Astrocytes control their membrane water permeabil-

ity by different levels of regulatory mechanisms com-
bining transcriptional, translational, and post-trans-
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lational modification processes. Astrocytes dynamically
regulate AQP4 expression levels, its subcellular membrane
localization, isoform abundance, as well as square array in-
tegrity after neurological injury.

2) After neurological injury, astroglial membrane water per-
meability is probably regulated by a combination of these
mechanisms in order to achieve both short and long term
temporal effect, in addition to domain-specific regulation
of AQP4 expression (endfeet membrane opposing BBB vs
opposing ventricle). It will be interesting to test whether
astrocytes modulate water regulation during injury and re-
covery periods by simultaneously utilizing these different
levels of control.

3) A hypothesis was proposed that the opposing roles
of AQP4 in cytotoxic and vasogenic edema could be ex-
plained by the difference in osmolar environments in the
brain between the intracellular, extracellular, and blood
compartments. During cytotoxic edema, the cytosol ac-
cumulates osmolytes, leading to a passive water influx.
AQP4 is detrimental during cytotoxic edema. However, we
propose that the osmotic environment during vasogen-
ic edema is very different from that of cytotoxic edema,
which is likely characterized by the elevated osmolarity in
the extracellular space. During vasogenic edema, astro-
cytes play an important role in osmolyte and water clear-
ance through the transcellular route, among other clear-
ance mechanisms. The difference in osmolar gradients and
water transport between vasogenic and cytotoxic edema
underlies the opposing roles of AQP4 in these two forms
of edema.

4) For therapy development aimed at improving brain wa-
ter clearance during the edematous phase after neurologi-
cal injury, the dosing times of the pharmacological agent
need to be precisely planned. A short-term reduction in as-
trocyte water permeability for reducing cytotoxic swelling
(by limiting brain water entry) and a long-term increase in
AQP4 expression for facilitating the clearance of vasogenic
edema are likely beneficial. Molecular therapies involving
two or more therapeutic agents with different speed of ac-
tion to satisfy the specific temporal profiles of brain water
entry and water clearance can likely provide the maximal
benefit in reducing edema.
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