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ABSTRACT The aquaporins transport water through
membranes of numerous tissues, but the molecular mecha-
nisms for sensing changes in extracellular osmolality and
regulating water balance in brain are unknown. We have
isolated a brain aquaporin by homology cloning. Like aqua-
porin 1 (AQP1, also known as CHIP, channel-forming integral
membrane protein of 28 kDa), the deduced polypeptide has six
putative transmembrane domains but lacks cysteines at the
known mercury-sensitive sites. Two initiation sites were iden-
tified encoding polypeptides of 301 and 323 amino acids;
expression of each in Xenopus oocytes conferred a 20-fold
increase in osmotic water permeability not blocked by 1 mM
HgCl,, even after substitution of cysteine at the predicted
mercury-sensitive site. Northern analysis and RNase protection
demonstrated the mRNA to be abundant in mature rat brain
but only weakly detectable in eye, kidney, intestine, and lung.
In situ hybridization of brain localized the mRNA to ependymal
cells lining the aqueduct, glial cells forming the edge of the
cerebral cortex and brainstem, vasopressin-secretory neurons
in supraoptic and paraventricular nuclei of hypothalamus, and
Purkinje cells of cerebellum. Its distinctive expression pattern
implicates this fourth mammalian member of the aquaporin
water channel family (designated gene symbol, AQP4) as the
osmoreceptor which regulates body water balance and medi-
ates water flow within the central nervous system.

The aquaporins are a family of water-selective membrane
channels found in animals, plants, and microorganisms (re-
viewed in refs. 1 and 2). Aquaporin 1 (AQP1, also known as
CHIP, channel-forming integral membrane protein of 28 kDa)
was the first protein shown to function as a molecular water
channel (3) and is naturally expressed in mammalian red
cells, renal proximal tubules (4-6), and other water-
permeable epithelia (7). AQP2 is the vasopressin-regulated
water channel in renal collecting ducts (8, 9) and is the site of
mutations in some forms of nephrogenic diabetes insipidus
(10). AQP3 is the water channel in basolateral membranes of
renal medullary collecting duct (11).

Because of restricted space within the cranium, regulation
of salt and water balance is essential for normal functions of
the mammalian brain (reviewed in ref. 12). Moreover, vaso-
pressin is released by the neurohypophysis in response to
small changes in osmolality around the supraoptic and
paraventricular nuclei (13). AQP1 (CHIP) is abundant in the
choroid plexus, but not elsewhere in brain where molecular
mechanisms responsible for transmembrane water move-
ments and osmoreception are still unknown (7). By homology
cloning we have isolated a cDNA from a rat brain library and
have established its function and distribution. As this work
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was nearing completion, a highly related cDNA was cloned
from rat lung (14); however, discrepancies with our studies
were observed in the initiation site, in the coding and 3’
untranslated sequences, and in the sites of expression and
relative abundance. Thus, additional studies were undertaken
to resolve these differences and further define this aquaporin.*

METHODS

¢DNA Cloning. Nested, degenerate oligonucleotide prim-
ers were designed to correspond to highly conserved se-
quences surrounding the Asn-Pro-Ala (NPA) motifs in the
aquaporins (15): sense primers were MDU-1 (5'-STBGGN-
CAYRTBAGYGGNGCNCA-3’) and MDU-2 (5'GGGATC-
CGCHCAYNTNAAYCCHGYNGTNAC-3'); antisense
primers were MDD-1 (5'-GCDGRNSCVARDGANCGNGC-
NGG-3') and MDD-2 (5'-CGGAATTCGDGCDGGRTT-
NATNSHNSMNCC-3'). Rat brain mRNA (1 ug) was reverse
transcribed and amplified by 30 cycles (94°C, 1 min; 52°C, 1
min; 72°C, 1 min) of polymerase chain reaction (PCR) using
100 pmol of MDU-1 and MDD-1; 10 ul of products was
reamplified with 100 pmol of MDU-2 and MDD-2. PCR
products of =360 bp were subcloned and sequenced by
double-strand dideoxynucleotide termination (United States
Biochemical). A 32P-labeled cDNA probe was prepared by
the random DNA labeling system (Boehringer Mannheim)
and used to screen 4.5 X 10° plaques from a rat brain cDNA
library (AZAP; Stratagene).

Determination of the nucleotide sequence corresponding
to the amino terminus was accomplished by rapid amplifica-
tion of cDNA 5’ ends (5'-RACE) by PCR. Rat brain poly(A)*
RNA (1 ug) was reverse transcribed into cDNA by using an
oligonucleotide primer derived from the 5’-end sequence of
the 1.6-kb clone and a gene-specific primer 1 (GSP-1, §'-
GGCTTGAGTCCAGACGCCTTTGAAAGCCACC-3).
Poly(dA) was added to the 5’ termini of the cDNAs by
terminal deoxynucleotidyltransferase (BRL). The (dA)-tailed
cDNA (5 ul) was amplified by 40 cycles of PCR using Tag
polymerase with an annealing temperature of 45°C, an oli-
go(dT) primer (5'GATGGATCCTGCAGAAGCTTT-
TTTTTTTTTTTTTT-3'), and the GSP-1 primer. The prod-
uct was reamplified with a 5’ anchor primer (5'-GATG-
GATCCTGCAGAAGC-3’') and a second gene-specific
primer (GSP-2, 5'-CGGAATTCCAGGGAGGTCCACACT-
TAC-3’) located just upstream of GSP-1. The coding regions
for M1 (bp —9 to +1310) and M23 (bp +7 to +1310) were
cloned into the Xenopus oocyte expression construct pXBG,

Abbreviations: AQPn, aquaporin n; 5’-RACE, rapid amplification of
cDNA 5’ ends.
*Present address: Department of Physiology, Pusan National Uni-
versity, Korea.
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1The sequence reported in this paper has been deposited in the
GenBank data base (accession no. U14007).
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TACATCACTGCGCAGTGCCTGGGGGCCATCATCGGAGCTGGGATCCTCTACCTGGTCACA
¥ I T A Q C L G A I I GA G I L YL V T
CCCCCCAGCGTGGTGGGAGGATTGGGAGTCACCACGGTTCATGGAAACCTCACTGCTGGC
PPSVVGGLGVTTVEGNTLTAG
CATGGGCTCCTGGTGGAGCTAATAATCACTTTCCAGCTGGTATTCACCATTTTTGCCAGC
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TGTGATTCCAAACGGACTGATGTTACTGGTTCCGTTGCTTTAGCAATTGGGTTTTCCGTT
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CTCAAACGTCGCCTAAAGGAAGCCTTCAGCAAAGCTGCACAGCAGACGAAAGGGAGCTAC
L K RRLEKEA ATFSE KA AAGOQA QTTI KTG S Y
ATGGAGGTGGAGGACAACCGGAGCCAAGTGGAGACAGAAGACTTGATCCTGAAGCCCGGG
M EVEDUNR RSO QVETETDTELTITLTEKTPG
GTGGTGCATGTGATCGACATTGACCGTGGAGACGAGAAGAAGGGGAAGGACTCGTCTGGA
VVHVYIDTIDZRGTDTETE KT KT GTE RTDS S8 G
GAGGTATTATCTTCTGTATGACTAGAGGACAGCACTGAAAACAGAAGAGACTCCCTAGAA
E VL S § V *
CTGGCCTCAGATTTCCTGCCACCCATTAAGGAAACAGATTTGTTATAAATTAGACATATG
CGGGTTTCTTGTTTCACATCTTGTTACACAGCTTAAATAACACATATTTTACTATTATCA
ATGGGGGGGAGAAGCCTATAATTAATATGACATTTTAATGGAAATCTTTTTTAATGTATC
CTCGAAGCARATATTCAGCTACTGTATTGACTTTCCTTTTGTTAGTAATAACTGAAACTA
TGAGCCGAAATCTGATCAAGTCTTACTTAACAGAGCATTGGACATCTCTGTGAGGAAGCT
TGTACTGCCCATCCTCACTTCAAAACTGACACCATTAGATTGATTTARAAATGACARAAT
1372 GCAGCAGATCACCGAATCATGTGCGTTTTAGGAGAAGAAATGTAGTAAGTTCTTCCACAA
1432 GCTATCCCTTACTTATTAACTACCTTGGAGGAGTTAAAAATAGCACTTGCCATTGCTAAT
1492 ATATCATGCGTATTTATATAGCTGACTGTCAGATCCCAACCCCAATTCACTATAATCCTT
1552 CTTCCCCCTCAGCATCCAAGAAACCATAGAGCTAAAAGTCAAAAAAAAARAAAAAAAARA
1612 AAAAARA
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Sequence analysis and predicted topology of AQP4 cDNA. (A) Nucleotide sequence and deduced amino acid sequence of the isolated

clone and determined by 5’-RACE by PCR. Identified are two potential translation initiation sites (double asterisks), presumed membrane
bilayer-spanning domains (underlined), and presumed aqueous hemichannel domains (doubly underlined). (B) Hydropathy analysis of the
deduced amino acid sequence, using a 7-aa window (18). (C) Proposed membrane topology based upon the hourglass model for aquaporins (19,
20), comprising six presumed bilayer-spanning domains and five connecting loops (A-E). Domains with >50% of residues identical to AQP1
are heavy lines (six bilayer-spanning domains; loops B and E); domains and loops with <25% identity are thin lines (amino and carboxyl termini;

loops A, C, and D).

which contains the HindIII-Pst I insert of pSP64T (3) in
pBluescript II KS (Stratagene). The Muta-Gene phagemid in
vitro mutagenesis kit (Bio-Rad) was used with primers A210C
(5'-CAATTATACCGGATGCAGCATGAATCCA-3’) and
H201P (5'-GTTGCAATTGGACCTTTGTTTGCAATC-3'),
and capped RNA transcripts were synthesized (16).

Expression and Functional Studies. Protein synthesis was
performed in a cell-free translation system (Promega) with
[3S]methionine and canine pancreatic microsomes. Defolli-
culated stage V-VI oocytes from Xenopus laevis were in-
jected with 50 nl of water or up to 5 ng of sample cCRNAs, and
a swelling assay was performed (3, 16).

RNA Analyses. RNA from various tissues was size-
separated in formaldehyde/1.2% agarose gels and transferred
to nylon membranes; these Northern blots were hybridized at
high stringency with a 32P-labeled probe (5 X 10° cpm/ml)
corresponding to the coding region of the cDNA. RNase
protection assays were performed with a 32P-labeled PCR-
amplified fragment, corresponding to bp +278 to +626,
hybridized overnight at 45°C with 10 ug of total tissue RNA
and incubated for 45 min at 30°C in digestion buffer contain-
ing RNase A (20 ug/ml) and RNase T; (2 ug/ml). The 348-bp
protected fragments in denaturing 6% polyacrylamide gels
were visualized by autoradiography.

In Situ Hybridization of Brain. Cryosections were cut 12
pm thick from rat brains, fixed with 4% paraformaldehyde in
phosphate-buffered saline, and treated with 0.25% acetic
anhydride/0.1 M triethanolamine for 10 min. [a-[**S]thio]-
UTP-labeled antisense and sense RNA probes were made
with T7 or T3 RNA polymerase from a linearized plasmid
containing the AQP4 cDNA. Sections were hybridized over-
night at 56°C with probe (10° cpm) (17). After RNase treat-
ment, the sections were exposed to autoradiographic film for
1 day and then to photographic emulsion for 4 days.

RESULTS AND DISCUSSION

Brain cDNA. A product obtained by degenerate PCR was
used to isolate plaques from a rat brain cDNA library (see
Methods). The longest insert, 1.6 kb, encodes a methionine
(M23; Fig. 1A) which conforms to the initiation consensus
(21). This precedes an open reading frame encoding 301 aa
and 622 bp of 3’ untranslated sequence ending just after a
polyadenylylation consensus sequence. Analysis of the Gen-
Bank database revealed 95.2% identity with the amino acid
sequence encoded by EST02306, a partial cDNA isolated
from human fetal brain (22), which may be the human
homolog of big brain, a Drosophila neural development gene
(23). Surprisingly, the sequences 5’ to the apparent initiating
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FiG.2. Expression and function of AQP4. (4) Cell-free expression in the presence of microsomes of cRNAs encoding AQP1 or AQP4 with
both (M1) or one (M23) translation initiation sites. (B) Osmotic water permeability (Ps) of oocytes injected with 50 nl of water or 5 ng of the
indicated cRNAs. Bars show mean and SD of three or four determinations for oocytes receiving no further treatment (stippled bars) or oocytes

after 5 min incubation in 1 mM HgCl, (black bars).

methionine of the rat brain cDNA and EST02306 were nearly
identical, suggesting that they are both coding sequences
(Fig. 1A). Therefore, rat brain RN A was used as the template
for 5'-RACE, which identified 15 additional nucleotides and
an upstream methionine (M1) in frame with the second site
(M23), which also conforms to the initiation consensus (21).
Existence of additional 5’ coding sequence similar to that of
big brain (23) cannot be excluded.

Deduced Structure of the Brain Polypeptide. Overlapping
polypeptides of 323 or 301 aa are encoded by the cDNA
beginning at the upstream (M1) or downstream (M23) initi-
ation site. Similar to other aquaporins, hydropathy analysis
of the deduced amino acid sequence revealed six potential
membrane bilayer-spanning domains and five connecting
loops (A-E), of which loops B and E are significantly
hydrophobic (Fig. 1B). Based upon the membrane topology
of AQP1 (19, 20), the brain polypeptide was predicted to have
a cytoplasmic amino terminus containing both potential ini-
tiation sites and a cytoplasmic carboxyl terminus of =70 aa
(Fig. 1C). Loops B and E both contain the NPA amino acid
sequence motif which exists in all aquaporins and homolo-
gous proteins (1, 2). Cysteines were not present at sites G94
and A210, corresponding to the known mercury inhibitory
sites of AQP1 (16, 20), predicting lack of mercurial inhibition
of the aqueous pathway. Three potential N-glycosylation
sites were identified. The first (N153) is in loop C at a site
corresponding to the N-glycosylation sites in renal collecting-
duct homologs AQP2 (8) and AQP3 (11). This location is
consistent with the extracellular location of loop C as pre-
dicted in the six bilayer-spanning topology established for
AQP1 (19). Consistent with this prediction, only the first
consensus site is occupied in other polytopic integral proteins
with multiple potential N-glycosylation sites (24).

Protein synthesis occurs at both initiation sites by cell-free
translation of cCRNAs. In the presence of microsomes, cRNA
containing the downstream site (M23) yielded a single prod-
uct of 30 kDa, corresponding to the 301-aa polypeptide, and
cRNA containing both sites (M1 and M23) yielded a major
product of 32 kDa, corresponding to the 323-aa polypeptide,
and a minor product of 30 kDa (Fig. 2A).

Transport Studies. Functional properties of the brain
cRNAs were evaluated by expression in Xenopus oocytes.
Swelling was monitored after the oocytes were transferred
from 200 mOsm to 70 mOsm modified Barth’s solution, and
coefficients of osmotic water permeability (Pg) were calcu-
lated. Similar to AQP1 (3), Ps values of oocytes injected with

cRNAs encoding the 323- or 301-aa polypeptide increased by
=~20-fold (Fig. 2B). Therefore, polypeptides encoded by the
brain-derived cDNAs represent the fourth known mamma-
lian member of the aquaporin family of water channels (1),
and the Genome Data Base has designated the gene as AQP4.
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FiG. 3. Analysis of AQP4 mRNA. (A) Northern blot of brain
poly(A)* RNA (1 ug) or total RNA (20 ug) from various rat tissues
hybridized with 32P-labeled probe corresponding to nt +7 to +886 of
the AQP4 cDNA. Equivalent amounts of RNA were loaded as
assessed from abundance of 18S and 28S RNAs and Northern
analysis using a chicken B-actin probe (data not shown). (B) Protec-
tion of 10 ug of total RNA isolated from selected tissues incubated
with 32P-labeled RNA probe prior to digestion with RNase (see
Methods). g., Gland.
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F1G. 4. In situ localization of AQP4 mRNA in rat brain. (A-E) Autoradiograms of coronal sections hybridized with antisense probe reveal

intense signal on the ependymal lining of the aqueduct system at the midline (white arrows in B-E) and on the surface of the brainstem (open
arrowheads in C, D, E, H, and I). (F and F’) High-magnification darkfield image and schematic diagram of emulsion-dipped coronal section
corresponding to box in A; F shows hybridization signal over the paraventricular (PV) and supraoptic (SO) nuclei located near the base of the
brain and over a layer of glial cells at the edge of the brain parenchyma (multiple small arrows). (G) Schematic diagram of a sagittal brain section
representing the aqueduct system and levels of the coronal sections (black arrowheads). (H) High magnification of aqueduct (Aq) in a coronal
section corresponding to E. (I) High magnification of sagittal section corresponding to stippled area in G, representing the junction of cerebellum,
superior colliculus (SC), inferior colliculus (IC), and cerebral cortex (Cx). Intense hybridization is seen over the Purkinje cell layer (PCL) of
cerebellum. (J) Hybridization of the section adjacent to I with the sense probe shows only negligible signal.

The AQP1-mediated increase in Psis blocked by treatment
with 1 mM HgCl, (3). Similar treatment of oocytes expressing
AQP1 failed to significantly inhibit P¢ (Fig. 2B). C189 in loop
E is the mercury-sensitive site in AQP1 (16). Substitution of
cysteine for the alanine at the corresponding position of AQP4
(aa 210) did not affect the baseline Ps, nor did it confer mercury
sensitivity, suggesting that the structures of the channel ap-
ertures in AQP4 and AQP1 are not identical (16, 20). As with
AQPI, oocytes expressing AQP4 exhibited no increase in
membrane transport of [“Clurea or [1*C]glycerol over that of

water-injected oocytes, and electrophysiological studies failed
to reveal increased membrane conductance (data not shown).

While these studies were nearing completion, a report
appeared describing an aquaporin cDNA from rat lung re-
ferred to as WCH4 or MIWC (mercury-insensitive water
channel; ref. 14). The coding sequence of MIWC corresponds
to that of the 301-aa AQP4 polypeptide with the exception of
aa 201, which is a proline in MIWC but is a histidine in AQP4
(Fig. 1A), as well as AQP1, AQP2, and MIP. To determine
whether this discrepancy was due to a natural polymorphism,
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the cDNA of the 301-aa AQP4 was mutagenized at this site to
correspond to the reported sequence (H201P). Oocytes in-
Jjected with the H201P cRN A exhibited a Psonly slightly above
that of water-injected control oocytes, indicating that the
sequence reported for MIWC (14) does not encode a fully
active water channel.

Tissue Distribution of AQP4 mRNA. Northern analysis of
total RNA or poly(A)* RNA from rat brain showed a single
band of 5.5 kb, but comparable amounts of total RNA from
mature rat kidney, lung, small intestine, and spleen failed to
react with the AQP4 probe (Fig. 3A). RNase protection
performed with a probe corresponding to nt +278 to +626
provided a more sensitive and quantitative method to detect
RNA in tissues (Fig. 3B). Protection by brain RNA was
>>10-fold above that by RNAs from eye, kidney, intestine,
or lung; no protection signal was even detected with RNA
from spleen or salivary gland.

AQP4 mRNA has a widespread distribution within the
brain. Cerebral cortex, cerebellum, and spinal cord of mature
rats exhibited comparable signals, whereas brain samples
obtained from day 17 fetal rats failed to hybridize (Fig. 34).
The localization in mature rat brain was further defined by in
situ hybridization with AQP4 RNA probes. No signal was
identified in the choroid plexus, where AQP1 is abundant, but
high levels of AQP4 mRNA were located at the pial surface
of the brain, where the brain is in contact with cerebrospinal
fluid in the subarachnoid space (Fig. 4 AE ). The ependymal
lining of the aqueductal system also displayed prominent
staining (Fig. 4 B—E and H). High levels of hybridization were
also detected in the paraventricular and supraoptic nuclei,
and specific hybridization was apparent in several neuronal
cell layers, including the granule cell layer of the dentate
gyrus and the Purkinje cell layer in the cerebellum (Fig. 4 F
and I).

Taken together, these studies indicate that AQP4 mediates
transmembrane water movement in adult brain. Unlike the
homologous gene big brain, which is essential for embryonic
neuronal development in Drosophila (23), AQP4 is not ex-
pressed during fetal brain development in rat (Fig. 34). In
mature rat, AQP4 is expressed prominently in the ependymal
cells lining the aqueductal system and over the surface of the
brain in contact with the subarachnoid space. As cerebro-
spinal fluid fills these structures, AQP4 may facilitate water
balance between brain parenchyma and the fluid compart-
ment. AQP4 is also expressed abundantly in neurons of the
paraventricular and supraoptic nuclei which synthesize va-
sopressin and project axons into the neurohypophysis. Patch-
clamp studies have demonstrated that these magnocellular
neurosecretory cells possess mechanosensitive ion channels
that rapidly respond to swelling or shrinking (25). AQP4 in the
plasma membranes of these neurons could mediate rapid
changes in cell volume in response to local shifts in extra-
cellular osmolality. Lower levels of AQP4 or other, as yet
unidentified aquaporins may contribute to osmotic equilib-
rium throughout the central nervous system. Further inves-
tigation of AQP4 is warranted, as abnormalities in brain
osmotic and volume homeostasis can have severe conse-
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quences in a wide variety of pathological conditions such as
hyperglycemia, uremia, and postischemic swelling.
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