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Membrane water transport is critically involved in brain volume
homeostasis and in the pathogenesis of brain edema. The
cDNA encoding aquaporin-4 (AQP4) water channel protein was
recently isolated from rat brain. We used immunocytochemistry
and high-resolution immunogold electron microscopy to iden-
tify the cells and membrane domains that mediate water flux
through AQP4. The AQP4 protein is abundant in glial cells
bordering the subarachnoidal space, ventricles, and blood ves-
sels. AQP4 is also abundant in osmosensory areas, including
the supraoptic nucleus and subfornical organ. Immunogold
analysis demonstrated that AQP4 is restricted to glial mem-

branes and to subpopulations of ependymal cells. AQP4 is
particularly strongly expressed in glial membranes that are in
direct contact with capillaries and pia. The highly polarized
AQP4 expression indicates that these cells are equipped with
specific membrane domains that are specialized for water
transport, thereby mediating the flow of water between glial
cells and the cavities filled with CSF and the intravascular
space.
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Water metabolism is of major importance in a number of physi-
ological processes in the CNS including CSF production and
absorption, fluid transport across neuropil and vascular endothe-
lium, and cell volume regulation (Fitzsimons, 1992; Robertson,
1992). In addition, water transport may serve to compensate for
local changes in osmolality associated with potassium siphoning,
which is essential for synaptic transmission. Alterations in water
distribution in brain and CSF compartments is a common oc-
curence in multiple neuropathological conditions including brain
edema, brain tumors, stroke, hyponatremia, head injuries, and
hydrocephalus. Despite its importance, little is known about the
cellular and molecular mechanisms involved in transmembrane
water movements in brain.
Discovery of aquaporin-1 (Preston et al., 1992) answered the

long-standing biophysical question of how water crosses plasma
membranes (for review, see Agre et al., 1993; Knepper, 1994).
Characterization of aquaporins provided molecular insight into
fundamental processes of normal water balance and disorders of

water balance outside brain (for review, see King and Agre, 1996;
Nielsen et al., 1996). A cDNA for aquaporin-4 (AQP4) water
channel protein was isolated recently from rat brain (Hasegawa et
al., 1994; Jung et al., 1994), and abundant AQP4 was noted in
brain including in cerebellum, hypothalamus, spinal cord, and
ependymal cells lining the ventricles (Jung et al., 1994; Frigeri et
al., 1995). Nevertheless, the cellular and subcellular distributions
of AQP4 in brain remain unknown, and definition of the sites of
AQP4 expression will be essential for understanding its physio-
logical and pathophysiological roles.
Immunocytochemistry and high-resolution immunogold elec-

tron microscopy were used to define the sites of AQP4 in brain.
AQP4 expression is restricted to ependymal cell lining of the
ventricles and glial cell membranes, where the most abundant
expression is in perivascular glial processes. Heavy expression is
also found in highly vascularized areas and areas known to be
involved in osmosensation and regulation of body water balance,
including the subfornical organ and supraoptic nuclei. AQP4 has
a highly polarized organization in the glial membrane with abun-
dant expression in specific membrane domains associated with
brain–blood or brain–liquor interfaces, indicating the presence of
specific domains for water transport at these sites. Together, these
studies implicate AQP4-bearing glial cells as mediators of water
metabolism in brain.

MATERIALS AND METHODS
Animals. Male Wistar rats weighing between 250 and 300 gm (Mølle-
gaard, Ejby, Denmark) were used in this study. The animals were fed and
allowed access to water ad libitum.
Antibodies. Rabbits were immunized with keyhole limpet hemocyanin

conjugated with synthetic peptides corresponding to amino acids 280–296
(LL182) or 251–269 (LL179) of the region near the C terminus of AQP4
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(Jung et al., 1994); the two different antibodies were affinity-purified
separately as described previously (Terris et al., 1995). Affinity-purified
antibodies to the glutamate transporter GLAST (designated A522) were
characterized by Danbolt and colleagues (Chaudhry et al., 1995; Lehre et
al., 1995).
Membrane fractionation, electrophoresis, and immunoblotting. Rat CNS

was divided into regions and membrane fractions were prepared as
described previously (Nielsen et al., 1995b). The membrane samples
solubilized in Laemmli buffer were loaded onto 12% SDS-PAGE gels,
and proteins were transferred to nitrocellulose paper by electroelution.
Immunoblotting was performed as described previously (Marples et al.,
1995; Nielsen et al., 1995b; Terris et al., 1995) with 1.7 mg/ml IgG
(LL182AP) or 2.9 mg/ml IgG (LL179AP).
Immunocytochemistry. Brains were perfusion fixed with 0.1 or 0.5%

glutaraldehyde and 2 or 4% paraformaldehyde in 0.1 M sodium cacody-
late buffer or 0.1 M phosphate buffer and post-fixed overnight. Immuno-
peroxidase or immunogold labeling was performed using semithin (0.9
mm) or ulthrathin (60–80 nm) cryosections obtained with a Reichert–
Jung cryo-ultramicrotome as described previously (Nielsen et al., 1993;
Marples et al., 1995; Terris et al., 1995) using anti-AQP4 (LL182) at 1
mg/ml IgG.
Using ultrathin sections from cryosubstituted and Lowicryl HM20-

embedded tissue (van Lookeren Campagne et al., 1991; Chaudhry et
al., 1995; Matsubara et al., 1996), we cryoprotected the specimens by
immersion in graded concentrations of glycerol (10, 20, and 30%) and
plunged them rapidly into liquid propane (21708C) cooled by liquid
nitrogen in a cryofixation unit (KF 80, Reichert, Wien). The samples
were immersed in 0.5% uranyl acetate dissolved in anhydrous methanol
(2908C, 24 hr) in a cryosubstitution unit (AFS, Reichert). The tem-
perature was raised in steps of 48C/hr from 290 to 2458C. The samples
were washed with anhydrous methanol and infiltrated with Lowicryl
HM20 resin at 2458C with a progressive increase in the ratio of resin
to methanol. Polymerization was carried out with ultraviolet light (360
nm) for 48 hr. Ultrathin sections were treated with a saturated solution
of NaOH in absolute ethanol (2–3 sec), rinsed, and incubated in the
following solutions (at room temperature): (1) 0.1% sodium borohy-
dride and 50 mM glycine in Tris-buffered saline containing 0.1% Triton
X-100 (TBST) for 10 min; (2) 2% human serum albumin (HSA) in
TBST (10 min); (3) primary antibodies against AQP4 (1 mg/ml) or

GLAST (5 mg/ml) in TBST containing 2% HSA for 2 hr; (4) 2% HSA
in TBST (10 min); and (5) gold-conjugated secondary antibody
(GAR15, Nanoprobes, Stony Brook, NY) 1:20 in the TBST containing
2% HSA and polyethyleneglycol (0.5 mg/ml, 2 hr).
Double labeling was carried out as described previously (Ottersen et

al., 1992) using formaldehyde vapor treatment to avoid interference
between the two sequential incubations. AQP4 was visualized by 30 nm
immunogold particles, and GLAST was visualized with 15 nm particles.
Reversal of the antibody sequence did not change the labeling pattern.
Preembedding immunogold labeling for electron microscopy was per-
formed by incubating vibratome sections with anti-AQP4 (LL182, 2 mg/ml
IgG) followed by goat anti-rabbit Fab fragments coupled to 1.4 nm gold
particles (Nanoprobes). The samples were then subjected to a silver
enhancement procedure, treated with OsO4, dehydrated, and embedded
in epoxy resin (Durcopan, Fluka). Preembedding immunoperoxidase
labeling for light microscopy was performed as described previously
(Lehre et al., 1995). The following controls revealed no labeling: (1)
affinity-purified antibodies were preincubated with excess immunizing
peptide; (2) nonspecific rabbit IgG was substituted for primary antibody;
and (3) primary antibody or primary and secondary antibodies were
omitted.

RESULTS
Immunoblot analysis
Membrane fractions prepared from distinct brain regions contain
a major band of ;30 kDa (Fig. 1), the predicted molecular size of
AQP4 (Jung et al., 1994). A second band is visible at;35 kDa and
may represent the M1 splice variant, and higher-molecular-weight
bands may represent incompletely solubilized oligomers of AQP4
(Lu et al., 1996). Consistent with the overall immunocytochemical
labeling patterns (Figs. 2–6), heavy expression is noted in cere-
bellum and spinal cord with low levels in cerebral cortex (Fig. 1A).
Immunolabeling controls using affinity-purified antibody previ-
ously reacted with immunizing peptide were negative (Fig. 1B).
The antibodies raised against peptides from two nonoverlapping

Figure 1. AQP4 immunoblots of membrane fractions from rat brain. A, Membrane fraction (10 mg/lane) of cerebellum (Cer), spinal cord (spin), cerebral
cortex (brc), thalamus (thal; and parts of hypothalamus), and medulla oblongata (m.obl ). The immunoblot was reacted with affinity-purified anti-AQP4
(LL182AP). B, Identical to A except that the blot was reacted with affinity-purified antibody previously reacted overnight with immunizing peptide LL182.
C, Immunoblot of membrane fractions (10 mg/lane) reacted with the second affinity-purified anti-AQP4 antibody (LL179AP). D, Immunoblot of
membrane fractions from rat cerebellum using 4000 3 g (4 ), 17,000 3 g (17 ), and 200,000 3 g (200) membrane pellets. The blot was probed with
anti-AQP4 (LL182). Note that longer exposures to radiographic film of LL182 and LL179 blots revealed the presence of higher-molecular-weight bands
in all lanes that contained the predominant ;30 kDa band (not shown).
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Figure 2. Immunocytochemical localization of AQP4 in rat brain. A, Cryosection of cerebellar cortex. Arrowheads and arrows indicate labeled glial processes
in contact with granule cells and Purkinje cells. Magnification, 10003. B, Control using affinity-purified antibody preabsorbed with excess immunizing peptide
reveals no labeling. Magnification, 4803. C, Cryosection of cerebellum incubated with anti-AQP3 (Ecelbarger et al., 1995) demonstrates no labeling.
Magnification, 4803.D, Vibratome section of the ventral brain surface at the level of the mesencephalon. Labeling is concentrated close to intracerebral vessels
(arrows) and pia but is not associated with vessels in the subarachnoidal space (asterisk) or with arachnoid trabeculae. Magnification, 2703. E, Cryosection of
thalamus demonstrates the predominant labeling of glial processes in the vicinity of vessels (arrowheads). Endothelial cells (arrows) and neurons are unlabeled.
F, Cryosection of subfornical organ. Perivascular glial processes are heavily labeled (arrowheads). Distinct labeling of basolateral plasma membranes of
ependymal cells is also present (arrows). Magnification, 4803. G, Higher magnification of basolateral labeling of ependymal cells (arrows) covering the
subfornical organ and heavy labeling of perivascular glial cells (arrowhead). Magnification, 10003. H, Immunolabeling control. Magnification, 4803. I,
Cryosection from spinal cord reveals strong labeling of glial cells (arrowheads) and perivascular glial processes (arrows). Magnification, 4803.
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regions of the C-terminal sequence of AQP4 gave similar reac-
tions, confirming the specific labeling of AQP4 (Fig. 1C). Using
intracellular vesicle/plasma membrane fractionation methods
from kidney (Terris et al., 1995), we determined that AQP4 is
most abundant in the plasma membrane-enriched fraction
(17,000 3 g) with modest levels in fractions enriched for intracel-
lular vesicles (200,0003 g; Fig. 1D). This distribution is consistent
with our immunocytochemical studies (Figs. 3–6).

Selective expression of AQP4 in astrocytes and
ependymal cells
Immunocytochemical preparations showed that AQP4 is re-
stricted to glial cells with morphological features typical of astro-
cytes (Figs. 2–6) and to subpopulations of ependymal cells (Figs.
2F,G, 6). Glial labeling is found at all levels of the neuraxis,
including thalamus (Fig. 2E), mesencephalon (Fig. 2D), cerebel-
lum (Fig. 2A), and spinal cord (Fig. 2 I). Glial processes in close
vicinity of blood vessels exhibit particularly strong labeling (Figs.
2D,E, 3A). Neurons throughout the brain and spinal cord, includ-
ing Purkinje cells in the cerebellum (Figs. 2A, 3A) and magno-
cellular neurons in the supraoptic nucleus (Fig. 5), were consis-
tently unlabeled. The same was true of the pia and arachnoidea
(Fig. 2D), blood vessels (Figs. 2D, 6A), and fibroblasts associated
with meninges (Figs. 5A, 6A). Controls using antibody previously
reacted with the immunizing peptide showed no labeling (Figs.
2B,H, 3C). AQP1 is present in the choroid plexus (Nielsen et al.,
1993), but immunolabeling of AQP1, AQP2, AQP3, and AQP5
was otherwise negative inside the blood brain barrier of the CNS
(Fig. 2C) (data not shown).

Polarized expression of AQP4 in glial cells
Glial cells exhibit highly differentiated AQP4 immunolabeling
with the predominant signal concentrated in glial processes close
to or in direct contact with blood vessels (Figs. 2D,E, 3, 5D), the
ependymal layer (Fig. 2F,G), and pia (Figs. 4C, 5C). Individual
glial processes show highly polarized expression of AQP4, with a
severalfold higher density of gold particles along the membrane
domains facing capillaries and pia than along membranes facing
the neuropil (Figs. 4A,D, 5C,D). This polarity was confirmed with
preembedding immunocytochemistry (Fig. 4B) and with ultrathin
cryosections (Fig. 4E). As shown previously (Chaudhry et al.,
1995), control experiments showed that the glial glutamate trans-
porter GLAST exhibits the reversed polarity, with the highest
immunogold labeling density in membranes abutting the neuropil
and surrounding excitatory synapses (Fig. 4D). Preembedding
immunogold cytochemistry (Fig. 4B) and immunogold labeling of
ultrathin cryosections (data not shown) demonstrated that AQP4
labeling is restricted to the cytoplasmic aspect of the glial mem-
brane, confirming that the C terminus of the protein is intracel-
lular (Jung et al., 1994). Different categories of synapses are
associated with different levels of AQP4 immunoreactivity. Al-
though weaker than the labeling of glia limitans, the glial pro-
cesses in contact with parallel fiber synapses on Purkinje cell
dendritic spines exhibit clear immunolabeling (Fig. 4C). Glial

processes abutting other types of synapses (exemplified in Fig. 6A,
inset) display only modest levels of AQP4 immunolabeling.

Strong non-neuronal expression in osmosensory areas
AQP4 is heavily expressed in osmosensory areas of brain includ-
ing hypothalamic magnocellular nuclei (Fig. 5) and the subforni-
cal organ (Figs. 2F, 6). As in the rest of the brain, the labeling is
strictly non-neuronal, with most of the immunoreactivity residing
in stacks of glial lamellae (Figs. 5A, 6A). Some AQP4-
immunopositive lamellae are in direct contact with the unlabeled
magnocellular neurons (Fig. 5B); however, these lamellae differ
from glial processes in other areas of brain, because they are
intensely labeled throughout with little or no polarization of
AQP4 distribution. The only exception is at sites of contact with
dendrites or axons, where immunolabeling is reduced (Fig. 6A,
inset). Stretches of glial membranes engaged in desmosomes or
gap junctions were devoid of labeling (Fig. 6A).

Differentiated expression in ependymal
cell membranes
Moderate densities of gold particles are present in the basolateral
membranes of the ependymal cells covering the subfornical organ,
whereas the apical membranes are free of labeling (Figs. 2F,H,
6B). In contrast, the ependyma of the choroid plexus is devoid of
particles along the basolateral as well as the apical surfaces (Fig.
6C). The labeling intensity of the remaining ependymal covering
is intermediate between these two extremes (not shown). All
immunolabeling controls confirmed specificity (Fig. 3) (data not
shown).

DISCUSSION
Aquaporins are a family of integral membrane proteins that
confer high water permeability to the membranes where they
reside (Agre et al., 1993). Aquaporins have been studied most
extensively in kidney (Knepper, 1994; Nielsen et al., 1995), but
they also exist in other tissues where water transport is important,
such as glandular epithelia, anterior chamber of eye, and lung
(Nielsen et al., 1993; Frigeri et al., 1995; Raina et al., 1995; King
et al., 1996).
Control of water flux and cell volume is of critical importance in

the brain, where swelling may be fatal because of the rigid en-
casement within the cranium. As shown for other tissues, insight
into the properties, regulation, and localization of aquaporins in
brain may provide a key to understanding how volume homeosta-
sis is normally achieved and how it might be restored if patholog-
ically perturbed. The first member of the aquaporin family, AQP1,
was found to be present in the brain, but only in the choroid
plexus (Nielsen et al., 1993). AQP4 was identified recently, and
initial localization studies (Hasegawa et al., 1994; Jung et al.,
1994) suggested that the protein may mediate water flux in the
brain at large. Although AQP4 is also found in lung and kidney
(Hasegawa et al., 1994; Jung et al., 1994; Frigeri et al., 1995; Terris
et al., 1995), its predominant site of expression is in brain.
The physiological role of AQP4 in the brain can only be

4

Figure 3. AQP4 in glial processes. Low-magnification electron micrograph showing the distribution of AQP4 immunoreactivity in the Purkinje cell layer
(A) and granule cell layer (B) of the cerebellum. Immunogold particles are present along perivascular glial processes (arrowheads) and on glial processes
apposed to the Purkinje cell (double arrowheads). The frame in A indicates area enlarged in inset. Immunolabeling is abolished by preadsorption with the
peptide used for immunization (C) and by substituting nonimmune IgG for the primary antibody (D); immunolabeling is not reduced after adsorption
with a PKC-g peptide of same length as the immunizing AQP4 peptide (E). Bax, Basket cell axon; P, Purkinje cell. Scale bars: A, 1 mm; E, inset in A, 0.5
mm. B–D are the same magnification as E.
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understood after definition of the cellular and subcellular distri-
bution. Because definition of the membrane distribution of AQP4
is still lacking, we have used high-resolution immunogold labeling
procedures including cryosubstitution and Lowicryl embedding
that had been modified for high sensitivity and optimum preser-
vation of ultrastructure (Matsubara et al., 1996). Standard immu-
nocytochemical procedures with resolution restricted to the cel-
lular level were deemed inadequate, because previous studies of
other tissues demonstrated that aquaporins may exhibit a polar-
ized expression that is directly relevant to their physiological roles
(Nielsen et al., 1995a; Terris et al., 1995).

A key finding in this study was the highly selective concentra-
tion of AQP4 at astrocyte membrane domains facing blood vessels
and pia. This implies that the perivascular glial processes and glia
limitans may be primary sites of water flux. Lower levels of AQP4
expression occurred in the remainder of the glial cell membrane,
with a slight enrichment near certain types of synapse such as the
parallel to Purkinje cell synapse in the cerebellum.
A functional polarization of glial cells has also been described

in relation to K1 flux (Walz, 1989). Investigations of the avascular
retina of amphibia provided evidence that excess extracellular K1

resulting from high neuronal activity in the neuropil layers was

Figure 4. Polarized expression and membrane topology of AQP4 in glial cells. Many immunogold particles are present along glial membranes facing
blood vessels (A, B, D, E) and pia (C), but few particles overlie membranes facing the neuropil (double-headed arrows indicate the two membranes). B,
After preembedding immunogold labeling, silver-intensified immunogold particles localize AQP4 at the cytoplasmic face of the membrane (compare
postembedding labeling in A and D). D, Double labeling with antibodies to AQP4 (30 nm gold particles) and the glutamate transporter GLAST (15 nm)
reveals distribution of the two antigens to membranes at the opposite poles of the cell. Unlike AQP4, GLAST is concentrated along glial membranes
apposed to the neuropil, including those that contact parallel fiber (Pf ) synapses with Purkinje cell spines (S). E, Postembedding immunogold labeling
of cryosection confirms selective labeling of the perivascular glial membrane. End, Endothelium; Gr, granule cell; Pf, parallel fiber terminal; S, Purkinje
cell spines; large asterisk, pial surface; small asterisks, endothelial basal lamina; arrowheads, glial lamellae apposed to parallel fiber synapses. Scale bars:
A–D, 0.5 mm; E, 1 mm.
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Figure 5. AQP4 in glial lamellae but not in neurons of the supraoptic nucleus. A, The ventral glial lamina (arrowhead in inset) associated with the
supraoptic nucleus contains numerous glial lamellae that are heavily decorated with immunogold particles. The fibroblast (Fi) in the subarachnoidal space
(asterisk) is unlabeled. Co, Collagen fibers; Gf, glial filaments. A, Inset, Sagittal vibratome section 1.9 mm lateral to midline after light immunolabeling
for AQP4. The predominant staining lies along the ventral brain surface corresponding to the position of the supraoptic nucleus (including its
retrochiasmatic portion) and in the cerebellum (Cb). Hi, Hippocampus; Ot, optic tract; Th, thalamus. B–D, Immunogold particles identify AQP4 in glial
membranes associated with pia (double-headed arrow in C), blood vessels (double-headed arrow in D), and magnocellular neurons (double arrowheads in
B), but not in neuronal membranes (arrow in inset). End, Endothelial cell; Gf, glial filaments; MN, magnocellular neuron; asterisk, pial surface. Frame in
B shows area enlarged in inset. Scale bars: B, 1 mm; A, C, D, inset in B, 0.5 mm; inset in A, 5 mm.
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Figure 6. Glial and ependymal expression of AQP4 in the subfornical organ. A, Immunogold particles identify AQP4 along the entire glial lamellae
except at the membrane domains engaged in gap or adhaerens type junctions (arrows) or contacting neuronal elements (double-headed arrow in inset).
The vessel (V ) and associated basal laminae (asterisks) are devoid of AQP4 immunolabeling. Co, Collagen; Fi, fibroblast; Gf, glial filaments; PVS,
perivascular space. A, Inset, Unlabeled synapses (arrowheads) sandwiched between glial lamellae. The adjacent glial processes are polarized with respect
to AQP4 expression (double-headed arrow). De, Dendrite. B, AQP4 labeling of lateral but not apical membranes of ependymal cells covering the
subfornical organ (compare Fig. 2). Immunogold particles (double arrowheads) lie between junctional membrane specializations. C, Choroid plexus cells
and microvilli (Mi) do not express AQP4. Arrow, Apical junctional complex. Scale bars: A, C, 1 mm; B, inset in A, 0.5 mm.
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taken up by the Müller glial cells and released through the endfeet
into the corpus vitreum (Newman et al., 1984). In agreement, it
was estimated that up to 95% of the cellular K1 conductance was
concentrated in the endfeet (Newman, 1984). More recent studies
showed that such K1 siphoning is not unique to the specialized
Müller cells but is a property shared by other astrocytes whose
perivascular and subpial processes could be considered function-
ally analogous to the Müller cell endfeet (Newman, 1986; Walz,
1989). The K1 flux must be accompanied by a water flux to
compensate for changes in osmolarity (Walz, 1989; Sykova, 1992).
Thus, an effective K1 siphoning (Newman, 1986; Walz, 1989) or
K1 spatial buffering (Orkand et al., 1966), which is essential for
normal brain function, may be dependent on the presence of
water channels and may require that the expression of AQP4 be
tuned to the K1 fluxing capacity. A high concentration of water
channels at the perivascular endfeet may also be of importance in
brain volume regulation because the endfeet are likely to consti-
tute a primary exit of inorganic as well as organic osmolytes
(Nagelhus et al., 1993; Nagelhus et al., 1996).
An efficient transfer of water can only occur at the interfaces

with the ventricles and blood vessels if the glial aquaporins are
coupled in series with similar molecules in the ependyma or
endothelium. Although some AQP4 was found to be expressed by
ependymal cells associated with the subfornical organ, AQP4 is
weakly expressed in other regions of the ependymal lining and is
absent from the choroid epithelium, which is known to contain
AQP1 (Nielsen et al., 1993). AQP1 is also present in endothelial
cells in a number of organs (Nielsen et al., 1993) but has not been
found in brain vessels, as confirmed in this study. Thus, the
aquaporin responsible for the high water permeability in brain
endothelia remains to be identified.
These results provide strong support for the idea that astrocytes

exhibit functionally specialized membrane domains. It was shown
previously (Chaudhry et al., 1995) and confirmed here that the
glutamate transporter GLAST is more strongly expressed at glial
membranes facing the neuropil than at those facing vessels or pia.
AQP4 displays an even more pronounced polarization at the
opposite membrane, as demonstrated directly in double-labeled
preparations. Taken together, these data suggest that the target-
ing of proteins to the glial cell membrane is precisely regulated.
The possibility should be considered that AQP4 is tethered to the
extracellular matrix proteins associated with the basal laminae of
endothelial cells and pia.
The glial lamellae associated with osmosensory brain regions,

including the supraoptic nucleus and subfornical organ, showed a
unique distribution of AQP4. At these sites, AQP4 was strongly
expressed along the entire glial cell membrane, except at the
membrane stretches engaged in intracellular junctions or facing
neuronal elements. This suggests that AQP4 serves special func-
tions in these cells. The high concentration of AQP4 would allow
the glial lamellae to respond quickly to changes in extracellular
osmolarity. This is interesting because the glial lamellae are
known to be intimately associated with neuronal elements (So-
froniew et al., 1981; Armstrong et al., 1982), including dendrites
and cell bodies of the stretch-sensitive magnocellular neurons
(Oliet et al., 1993). It is likely that the glial lamellae, through an
interaction with these neurons, could act as a transducer or
amplifier in the osmoregulatory response. Although in situ hybrid-
ization studies previously suggested the presence of AQP4 in
osmosensory neurons and Purkinje cells (Jung et al., 1994), no
neurons in the osmosensory areas or in other brain regions dis-
played AQP4 that was detected by our immunocytochemical

studies. Allowing for the possibility that neurons may exhibit an
unrecognized aquaporin, this finding suggests that the regulation
of water flux and volume control in the brain are functions that
depend primarily on glial cells and AQP4.
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