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Abstract

Brain edema accounts for much of the morbidity and mortality associated with common neurological conditions such as head
trauma, brain tumors, stroke and liver failure.  Treatment options are limited to osmotic agents such as mannitol, surgical decom-
pression, and other maneuvers, none of which correct the molecular-level mechanisms responsible for brain swelling.  Recent data
suggest that aquaporin (AQP) water-transporting proteins may provide a key route for water movement in the brain.  AQP1 is
expressed in choroid plexus and probably facilitates cerebrospinal fluid secretion.  AQP4 is expressed in astrocyte foot processes
near capillaries and in ependymal cells lining the ventricles — key sites for water movement between the cellular, vascular, and ven-
tricular compartments.  AQP4 expression is markedly altered in experimental models of brain injury and swelling, and transgenic
mice lacking AQP4 are partially protected from brain swelling in response to acute hyponatremia and ischemic stroke.  Aquaporins
and regulators of brain aquaporin expression are thus potential targets for discovery of compounds for treatment of brain swelling.
Key Words: Brain swelling, cytotoxic edema, vasogenic edema, water transport, water permeability, stroke, tumor, encephalopa-
thy, transgenic mice.

Brain Edema as a Clinical Problem

EDEMA IS DERIVED FROM the Greek οíδηµα for
“swelling.”  Brain edema is produced when
fluid accumulates in the brain parenchyma (Fig.
1).  It is seen in primary brain pathologies such
as stroke, head injury, brain tumor, and brain
abscess.  Brain edema is also seen in globally
important systemic infections that primarily in-
volve the brain (such as childhood cerebral
malaria, African trypanosomiasis and meningi-
tis) and in conditions that effect the brain indi-
rectly (e.g., sepsis, hyponatremia, and liver and

kidney failure) (1 – 6).  Brain swelling increases
intracranial pressure (ICP), which impairs vas-

242 © THE MOUNT SINAI JOURNAL OF MEDICINE Vol. 69 No. 4 September 2002

1Departments of Medicine and Physiology, Cardiovascular
Research Institute, University of California, San Francisco CA;
and 2Department of Infectious Diseases, St. George’s Hospital
Medical School, London, UK.

*Present address: Department of Neurosurgery, Atkinson
Morley’s Hospital, Copse Hill, London SW20 0NE UK.

Address all correspondence to Alan S. Verkman, M.D.,
Ph.D., Cardiovascular Research Institute, 1246 Health Sciences
East Tower, Box 0521, University of California at San Francisco,
San Francisco, CA 94143-0521.

Adapted from a presentation made to the Division of
Nephrology, Department of Medicine, Mount Sinai School of
Medicine, New York, NY by Dr. A. S. Verkman on December 1,
2000 and updated as of October 2001.

Research
Seminar

Fig 1. Contrast-enhanced head CT scan of a patient with
an abscess in the right hemisphere.  The abscess is sur-
rounded by a hypodense area (black arrows) indicating
edematous brain.  Note that the edema (vasogenic) pre-
dominantly involves the white matter.
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cular perfusion and can lead to brain ischemia,
herniation and death.

Treatment options for brain edema include
osmotic diuretics, corticosteroids, maintenance
of normocapnia, surgical excision of the under-
lying lesion, barbiturate coma, hypothermia and
decompressive craniectomy.  For critically ill
patents, invasive monitoring of ICP and cere-
bral perfusion pressure is done to optimize ther-
apy (7).  However, many of these therapies to
reduce brain swelling were introduced early in
the 20th century and their efficacy is limited (8,
9).  The paucity of effective drugs to be used
against brain edema reflects, among other
things, the incomplete understanding of the
molecular mechanisms involved in the forma-
tion and resolution of brain edema.

Mechanisms of Edema

The volume of the intracranial cavity con-
taining the brain parenchyma, the cerebrospinal
fluid and blood is about 1200 – 1400 mL in hu-
mans (Fig. 2A).  Exchange of fluid between these
compartments occurs at the blood-brain barrier,
ventricular ependyma, choroid plexus, and arach-
noid granulations.  In addition, up to 30 mL of
water is produced daily from glucose metabo-
lism.  Osmotic gradients and hydrostatic pressure
differences are the forces that drive water move-
ment between the intracellular, interstitial, ven-
tricular cerebrospinal fluid (CSF) and vascular
(blood) compartments in the brain (Fig. 2A).

Brain edema is the accumulation of water
in the brain parenchyma.  Because the adult

skull is mechanically rigid, an increase in brain
parenchymal volume results in displacement of
fluid from the low-pressure (~10 mm Hg in
man) CSF, low-pressure (~10 mm Hg) venous,
and high-pressure (~105 mm Hg, mean arterial
pressure) arterial compartments (Monro-Kellie
doctrine).  The ability of the intracranial con-
tents to resist a rise in intracranial pressure
(ICP) as the brain parenchyma volume in-
creases is largely due to the capacity of the
CSF and venous compartments to contract
(Fig. 2B).

Igor Klatzo classified brain edema as vaso-
genic or cytotoxic (10).  Vasogenic edema oc-
curs when the blood-brain barrier becomes
leaky, permitting the entry of plasma fluid into
the brain parenchyma (3, 5).  Brain tumor
edema is an example of vasogenic edema.  Va-
sogenic edema fluid is extracellular and accu-
mulates primarily in white matter, because re-
sistance to fluid flow is less in white than in
grey matter.  Tight junctions in microvascular
endothelia open in vasogenic edema.  The re-
cent discovery of tight-junction-associated pro-
teins (occludin, claudin, JAM, ZO-1, ZO-2,
ZO-3) may provide some clues to the molecular
mechanisms involved in the breakdown of the
blood-brain barrier.  For example, glioblas-
tomas and metastatic brain carcinomas, which
can be associated with marked brain edema,
show abnormal expression of endothelial cell
occludin (11), claudin-1 (12), claudin-5 (12)
and ZO-1 (13).  

Cytotoxic edema consists mainly of intra-
cellular fluid accumulation that occurs during
water intoxication and anoxia-generating con-
ditions such as stroke, trauma and hypoxia.  Cy-
totoxic edema also results as a direct conse-
quence of infections such as cerebral malaria,
which causes microvascular obstruction due to
adherence of Plasmodium falciparum-infected
erythrocytes to cerebral capillaries (1, 2).  It is
believed that the astrocyte is the major cell type
showing swelling after ischemia and trauma
(14).  Astrocyte swelling may be an important
early event predisposing the brain to further
damage, because of the impairment of protec-
tive homeostatic mechanisms.  Astrocytes in
vitro show regulatory volume decrease in re-
sponse to hypoosmotic media, with loss of in-
tracellular ions (mainly K+ and Cl-) and amino
acids (including the excitotoxic amino acid glu-
tamate) (5, 14).  However, it is not clear
whether these astrocyte volume regulatory
mechanisms occur during neuronal damage in
vivo.

Fig 2. A.  Schematic of intracranial fluid compartments (in
boxes) and the directions of water movement between them
(arrows).  Arrows are labeled with barriers separating indi-
cated compartments.  B.  Intracranial pressure (ICP) as a
function of the volume of an expanding intracranial lesion.
As the lesion expands there are compensatory mechanisms
(reduction in CSF and cerebral blood volumes) that main-
tain a normal ICP (high compliance).  Further volume ex-
pansion produces large increases in ICP (low compliance).
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Aquaporin Water Channels

Physiologists recognized long ago that
water crosses the plasma membrane of many
cell types (e.g., erythrocytes, kidney tubules)
substantially faster than can be explained by
simple diffusion.  Over the past decade a family
of related water-transporting proteins, called
aquaporins (AQP), has been identified (15, 16).
At least ten aquaporin water channels have been
cloned from mammals and many more from
amphibians, plants, yeast, bacteria and other
lower organisms.  The aquaporins are small
(~30 kDa) hydrophobic proteins that assemble
in membranes as tetramers.  Each monomer,
consisting of six membrane-spanning tilted α-
helical domains with cytoplasmically oriented
amino and carboxy-termini, contains a distinct
water pore (17, 18).  The aquaporins can be
classified functionally into two groups.  AQP1,
AQP2, AQP4, AQP5 and AQP8 are mainly per-
meable to water.  AQP3, AQP6, AQP7 and
AQP9 are also water permeable, but in addition
have significant permeability to small solutes
such as glycerol (AQP3, AQP7 [aquaglycero-
porins]) and larger neutral solutes (AQP9), and
possibly under some conditions, to ions
(AQP6).

The sites of aquaporin expression suggest a
role in renal water reabsorption, CSF dynamics,
aqueous fluid dynamics, glandular secretion,
and other physiological processes.  Humans
with mutations in AQP2, the vasopressin-regu-
lated water channel in the kidney collecting
ducts, have the rare disease, hereditary nephro-
genic diabetes insipidus, which manifests as se-
vere polyuria (19).  Unfortunately, aquaporin
inhibitors suitable for use in vivo do not exist,
which has made it difficult to define the role of
aquaporins in organ physiology.  However, re-
cent phenotype studies in transgenic mice lack-
ing AQPs 1 – 5 have been very informative (20,
21).  For example, mice lacking AQP1, AQP2
or AQP3 have defective urinary concentrating
ability (22 – 27), mice lacking AQP4 have im-
paired hearing (28), and mice lacking AQP5
have impaired secretion by salivary gland (29)
and airway submucosal glands (30).  The phe-
notype studies suggest that aquaporins are im-
portant for rapid, near-isosmolar fluid transport,
as occurs in kidney proximal tubule and sali-
vary gland, and for water transport when it is
driven by established osmotic gradients, as in
kidney collecting ducts.  The phenotype studies
have also shown that the tissue-specific expres-
sion of an aquaporin does not indicate physio-

logical significance — for example, deletion of
AQP4 in skeletal muscle and gastric parietal
cells does not impair skeletal muscle function
(31) or gastric acid production (32).  The aqua-
porin null mice provide a useful tool for defin-
ing the role of aquaporins in fluid balance in the
central nervous system.

Aquaporin Expression in the Brain

AQP1 and AQP4 are expressed strongly in
the brain.  In normal rat brain, AQP1 transcript
and protein expression is restricted to the ven-
tricular-facing surface of choroid plexus (Fig.
3A) (33, 34).  AQP1 was initially cloned from

Fig 3. A.  Immunofluorescence showing AQP1 protein ex-
pression in the apical surface of choroid plexus cells in rat.
B.  Diagram of a brain microvessel in cross section.  En-
dothelial cells (red) are joined by tight junctions (black) and
surrounded by astrocyte foot processes (blue).  AQP4 water
channels (circles) are expressed at the astrocyte foot
processes.  C.  In normal human brain parenchyma AQP4
immunoreactivity (brown) is seen mainly around the mi-
crovessels.  Bar: 10 mm.  D.  Freeze-fracture electron mi-
crograph (E-face) of rat brain showing AQP4 square arrays
in an astrocyte foot process.  Inset shows arrays in P-face
micrograph (arrows).  E.  Human glioblastoma multiforme
immunostained for AQP4.  AQP4 expression (brown) is not
restricted to the perimicrovessel region, but is massively
upregulated throughout the specimen.  Bar: 10 µm.  F.
Metastatic adenocarcinoma in human brain showing
marked AQP4 immunoreactivity (brown) in peritumoral
brain.  Bar: 10 µm.
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human erythrocytes (35) and shown by several
laboratories in heterologous expression and re-
constitution studies to function as a water-se-
lective transporter.  It has been proposed that
transport of ions (36) and carbon dioxide (37)
through AQP1 occurs under some conditions,
though such transport, if it occurs, is probably
not of physiological significance (38).  AQP1
protein has been visualized directly by freeze-
fracture electron microscopy, as small in-
tramembrane particles with a tetrameric struc-
ture (39).  The expression of AQP1 in choroid
plexus, taken together with the paradigms es-
tablished from the mouse phenotype studies of
non-neural tissues mentioned above, suggests
that AQP1 plays a role in CSF secretion.

AQP4 is expressed in astrocyte foot
processes near blood vessels in rat (40, 41) and
human (42) brain (Figs. 3B, 3C), as well as in
ependymal and pial surfaces in contact with
CSF (41, 43, 44).  This localization suggests that
AQP4 plays a critical role in brain water bal-
ance.  AQP4 was initially cloned from rat lung
(45), and subsequently isoforms from rat brain
(46) and orthologues from human (47) and
mouse (48) were sequenced.  AQP4 appears to
be selective for the passage of water, and is
unique among the aquaporins in its exception-
ally high intrinsic water permeability (49) and
its assembly in membranes in regular square ar-
rays called orthogonal arrays of particles
(OAPs) (Fig. 3D).  The involvement of AQP4 in
OAP formation was originally proposed because
of the expression of AQP4 in tissues known to
contain OAPs (44), and it was later proven in
heterologously expressing cell cultures (50) and
as a result of the absence of OAPs in AQP4 null
mice (51).  Immunogold-label freeze-fracture
electron microscopy confirmed the presence of
AQP4 in OAPs in the brain (40, 41).

Other aquaporins may also be expressed in
the brain, though the evidence is less com-
pelling.  In rats (52) and mice (53), AQP9 pro-
tein has been detected in cells lining the cerebral
ventricles, including ependymal cells and tany-
cytes, and possibly at low levels in astrocytes.
There may be other as yet unidentified aquapor-
ins in the brain, and some non-aquaporin pro-
teins, such as glucose, urea and ion transporters,
may transport small amounts of water.

Indirect Evidence for a Role of Aquaporins
in Brain Edema

A number of studies indicate that the ex-
pression of aquaporins in the brain is sensitive

to brain injury, swelling and other experimental
maneuvers.  In rodents, AQP4 expression in as-
trocytes is upregulated in response to cerebral
edema caused by brain injury (54, 55), focal
brain ischemia (56) and hyponatremia (57).
AQP4 expression is also upregulated in edema-
tous human tumors (Figs. 3E, 3F), where AQP4
loses its polarity and redistributes throughout
the astrocytes.  After middle cerebral artery oc-
clusion in rats, the increase in AQP4 transcript
expression parallels brain edema, as monitored
by magnetic resonance imaging (56).  In rat
models of brain injury (54), increased AQP4
expression occurs in astrocytes at sites where
the blood-brain barrier is disrupted.  Increased
AQP4 expression thus appears to occur in ede-
matous brain regardless of the underlying cause
of edema.  If AQP4 contributes to brain edema,
then its upregulation may be a maladaptive re-
sponse, as is the case for upregulation of AQP2
in the kidney, in some fluid-retaining states.

Expression of AQP1 protein has been re-
ported in endothelial cells in rat models of
glioblastoma and metastatic brain cancer (58).
A microarray study of differential gene expres-
sion has also found increased AQP1 transcript
expression in glioblastoma, which has been
confirmed by AQP1 immunohistochemistry on
tumor samples (59).  AQP1 expression in mi-
crovessels of neoplastic brain may contribute to
increased blood-brain barrier water permeabil-
ity in aggressive brain tumors.  In normal brain,
AQP1 expression in choroid plexus is downreg-
ulated in mice exposed to hypogravity during
spaceflight (34), which may be a compensatory
response to changes in CSF distribution.  It is
not known whether AQP1 expression in choroid
plexus is altered in response to elevated ICP.

After transient focal brain ischemia in mice,
AQP9 protein, which is normally only weakly
expressed in mouse astrocytes, appears to be up-
regulated in astrocytes in peri-infarct areas (53).
Since AQP9 is permeable to water and lactate, it
was proposed that AQP9 may be involved in
reperfusion edema associated with lactic acido-
sis.  However, due to the lack of aquaporin
channel blockers it is unclear whether the in-
creased expression of AQP4, AQP1 and AQP9
in edematous brain is functionally important or
represents an epiphenomenon.

Regulation of Aquaporin Expression

Little is known about the molecular mecha-
nisms involved in regulated aquaporin expres-
sion in brain.  Developmental studies indicate
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that AQP4 protein expression in rat brain is
very low before birth and increases steadily
over the first two weeks post partum (60).
AQP4 expression in astrocytes appears to be
cell cycle-dependent and only expressed in the
G0/G1 phase (61).  The human AQP4 gene, lo-
cated on chromosome 18, encodes proteins of
31 and 34 kDa that are produced by alternative
splicing and separate promoters (62).  Both iso-
forms are expressed in the brain, but the smaller
isoform is the one mainly found in other tissues.
The significance of the different AQP4 iso-
forms is unclear.

Normal brain astrocytes, which are in con-
tact with endothelial cells and neurons, selec-
tively express AQP4 in astrocyte foot processes
adjacent to endothelial cells.  It is thus possible
that the polarized AQP4 expression in astro-
cytes may be regulated by factors released by
neurons and/or endothelial cells.  This hypothe-
sis is supported by the observation that AQP4
expression is not polarized in reactive (42) and
cultured (63) astrocytes, which have no contact
with endothelial cells or neurons.  Protein ki-
nase C has been shown to mildly reduce AQP4
water-transporting activity (64) and transcript
expression (65).  However, no molecular-level
information is available about other potential
regulators of AQP4 expression.

AQP1 is expressed in endothelial cells of
aggressive brain tumors, but not in normal brain
endothelium (58, 59).  AQP1 expression in en-
dothelial cells might be induced by vasogenic
substances, such as vascular endothelial growth
factor and scatter factor/hepatocyte growth fac-
tor, which are released by tumor cells.  The
AQP1 promoter, sequenced from ery-
throleukemia cells (66), contains glucocorticoid
response elements, raising the possibility that
the antiedema action of corticosteroids in brain
tumors may be mediated partly by changes in
AQP1 expression in tumor vasculature.

Direct Evidence for a Role of AQP4 in Brain
Edema

Recently, the hypothesis was tested that
AQP4 plays a role in the accumulation of brain
water in response to two established neurologi-
cal insults: acute water intoxication (producing
hyponatremia) and ischemic stroke (producing
brain edema by a combination of vasogenic and
cytotoxic factors) (67).  Experiments were done
on AQP4 null mice, which are grossly pheno-
typically normal and do not manifest neurolog-
ical abnormalities, altered blood-brain barrier

properties, or impaired osmoregulation (67,
68).  Brains from AQP4 null mice show reduced
osmotic water permeability, as measured in iso-
lated membrane vesicles (68) and brain slices
(69).  AQP4 deletion in mice conferred remark-
able protection from brain edema.  The survival
of AQP4 null mice after water intoxication was
greatly improved (Fig. 4A), which corre-
sponded to significantly reduced brain swelling,
particularly in astrocytic foot processes.  In ad-
dition, at 24 hours after brain ischemia pro-
duced by permanent middle cerebral artery oc-
clusion, there was improved clinical outcome
and much less brain swelling (Fig. 4B).

These experiments provided the first direct
evidence that AQP4 is important in the formation
of brain edema.  It has been proposed that AQP4
is a potential target for drug discovery (70).
AQP4 inhibitors might slow the accumulation of

Fig 4.  Reduced brain edema in AQP4 null mice after acute
water intoxication and ischemic stroke.  A.  Survival of
wild-type vs. AQP4 knockout mice after acute water intox-
ication produced by intraperitoneal water injection.  B.
(top) Brain sections of mice at 24 hours after ischemic
stroke produced by permanent middle cerebral artery oc-
clusion.  Note midline shift and marked edema in brain
from wild-type mice.  (bottom) Average hemispheric en-
largement expressed as a percentage determined by image
analysis of brain sections.  (Adapted, with permission, from
ref. 67).
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brain water, thereby reducing the morbidity and
mortality of patients with neurological disorders.

Future Directions

Additional direct evidence supporting the in-
volvement of aquaporins in brain edema is
needed; in the immediate future, such evidence is
likely to come from studies using aquaporin null
mice.  The postulated role of AQP1 in CSF pro-
duction requires direct experimental verification.
Although an important role for AQP4 in brain
edema caused by water intoxication and focal
brain ischemia has been demonstrated (67), the
role of AQP4 in brain edema resulting from head
injury, brain tumor and peripheral organ failure
has not yet been explored.  Kinetic measurements
are needed to determine whether AQP4 deletion
exacerbates brain edema early following head in-
jury, and perhaps impairs the reabsorption of
brain water later.  Aquaporin inhibitors, which are
likely to be identified by high-throughput screen-
ing or other approaches, may thus be indicated in
the early phases of brain swelling.  Finally, fur-
ther work is needed to obtain molecular-level in-
formation about mechanisms involved in the reg-
ulation of brain aquaporin expression in tumor
and other edema-inducing conditions.
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