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Cell volume regulation 

and H2O transports 
across the membrane



CELL VOLUME REGULATION

Ê Celle membranes are quite
permeable to H2O

Ê H2O fluxes are determined by
Osmotic Pressure differences: every
misbalance of osmolality intra or
extracellular is followed by H2O
fluxes across cell membranes with
the consequent changes in volume



CONTROLLO DEL VOLUME CELLULARE

Ê Most of the mammals cells are
exposed to extracellular fluids with
constant osmolarity. However
alterations of such osmolarity can be
observed in several
physiopathological conditions.

Ê Cells developed several regulatory
mechanisms of cell volume involving
membrane transports and
metabolism



CELL VOLUME REGULATION

Ê Most cell types are able to
counteract volume
perturbations following a shift
in extra- or intracellular
osmolarity.

Ê Osmotically swollen cells
release KCl, nonessential
organic osmolytes, and cell
water, thereby reducing the
cell volume towards the
original value, the process of
regulatory volume decrease
(RVD).



CELLVOLUME REGULATION

Ê Osmotically shrunken cells
generally initiate a net gain of
KCl and cell water, thereby
increasing cell volume towards
the original value, the process
of regulatory volume increase
(RVI).

Ê RVD is dependent on increases
in the net efflux of Cl, K, and
organic osmolytes, whereas
RVI involves the activation of
Na-K-2Cl cotransport, Na/H
exchange, and nonselective
cation channels.



CELL VOLUME REGULATION
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From Equation 9 it is seen that the intracellular content
of Cl% and organic osmolytes and the net charge of intra-
cellular impermeable macromolecules determine the cell
volume. Thus normally 1) a decrease in the extracellular
osmolarity, 2) a net uptake of osmolytes (amino acids,
Cl%), or 3) an increase in !z! will lead to cell swelling. A
decrease in intracellular pH, which leads to a decrease in
the negative charge of macromolecules (a decrease in !z!)
will, however, lead to cell swelling, due to a redistribution
of Cl% via the anion exchanger (for a discussion, see Ref.
374). The transporters and channels responsible for the
net movement of ions and organic osmolytes across the
plasma membrane during volume regulation are de-
scribed in detail in subsequent sections of this review.

B. Osmotic Behavior Following Osmotic
Perturbation and Subsequent Volume
Regulation

As described above, most mammalian cells have a
very high permeability for water compared with their
permeabilities to Na&, K&, and Cl%. For instance, the
water permeability in Ehrlich ascites tumor (EAT) cells is
105 and 106 times higher than the permeability to sodium/
potassium and chloride, respectively (354, 501). If cells
are transferred from a standard solution with osmotic
pressure #o to a solution with a different osmotic pres-
sure, #, and the molal osmotic coefficient for each solute

is unchanged, the Boyle-van’t Hoff equation (Eq. 6) can be
modified to give the cell volume (V) at the new osmotic
pressure relative to the original cell volume (Vo):

V ! "#o/## ! "Vo $ b# " b

where b is the nonsolvent or osmotically inactive volume
of the cell. It has been estimated that the ratio between
the osmotically active volume and the total cell volume is
in the range of 0.7–0.9 (see Ref. 353).

1. Cell volume regulation

As briefly introduced in section I, most cell types
have the capacity for counteracting volume perturbations,
in the volume recovery processes known as RVD and RVI
(for an in-depth description of these processes, see Refs.
318, 370).

In some cells, an RVI response is only observed
following pretreatment of cells in hypotonic medium,
the so-called RVI-after-RVD protocol (see, e.g., Ref.
360). Figure 1 shows a typical RVI-after-RVD in EAT cells
after a twofold reduction in the extracellular osmolarity
and an ensuing period of volume regulation, followed by
reestablishment of isotonicity, which now leads to os-
motic cell shrinkage followed by an RVI response.
Whereas the initial phases of osmotic water influx/efflux
are rapid in most cells due to the high water permeability,
the duration of the subsequent recovery phases varies
considerably within different cell types (see Ref. 353).
While the difference is less dramatic, the rate of initial

FIG. 1. Regulatory volume decrease
(RVD) and regulatory volume increase
(RVI) in EAT cells. RVD: EAT cells, prein-
cubated in isotonic (300 mosM) medium
for 40 min, were at zero time transferred to
hypotonic medium (150 mosM) and the
cell volume followed with time in a Coulter
counter. Cell volume is given relative to the
initial isotonic volume. [Data from Hoff-
mann (358).] RVI: cells preincubated in hy-
potonic (225 mosM) medium for 10 min
were returned to isotonic medium and cell
volume followed with time (Hoffmann, un-
published). Images were taken by scanning
electron microscopy at time points indi-
cated under the RVD/RVI time trace (A, B,
and C). [Images from Hoffmann (354).]
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AQUAPORINS (AQP)

Ê Our understanding of the
movement of water
through cell membranes
has been greatly advanced
by the discovery of a
family of water-specific,
membrane-channel
proteins —the aquaporins.



AQUAPORINS (AQP)

Ê The existence of proteins that form
water-specific membrane channels
was postulated for several
decades, largely on the basis of
biophysical measurements of
membrane permeability in red
blood cells and in epithelial cells of
the renal proximal tubule.

Ê However, the identity of such
channels remained unknown until
approximately 26 years ago, when
the serendipitous discovery of a
red-blood-cell protein led to the
description of aquaporin-1 (AQP1)
as the first molecular water
channel

collected by trypsinization, washed once with
growth media, once with phosphate-buffered sa-
line, and once with swelling buffer [10 mM Hepes
(pH 7.5), 10 mM KCI, 1.5 mM MgCI2, 0.5 mM
dithiothreitol (DTT), and protease inhibitors]. Cells
were homogenized in swelling buffer (>95% cell
lysis). One-quarter of the cell suspension was
saved as total cell lysate. The remainder was
divided into three portions and layered onto su-
crose (25%) dissolved in swelling buffer. Nuclei
were collected by centrifugation (2000g for 20
min). One portion of the nuclear preparation was
saved. The other two portions were resuspended
in 200 i1l of swelling buffer with 0.5% NP-40, 1 mM
PMSF, and either 100 mM KCI or 500 mM KCI and
incubated at 4°C for 1 hour with gentle shaking.
Nuclei were then centrifuged (13,000g for 5 min),
and the supernatant was collected. An equal
volume of each sample was analyzed by immu-
noblotting. Quantitation was by densitometric
scan of autoradiographs.

11. R. Hancock, A. J. Faber, S. Fakan, Methods Cell.
Biol. 15, 127 (1977). The concentration of Abl
protein in total cell lysate or in the chromatin
preparation was determined by quantitative im-
munoblotting and expressed as arbitrary units of
Abl per milligram of total protein.

12. V. L. J. Tybulewicz et al., Cell 65, 1153 (1991).
13. J. Y. J. Wang, Oncogene Res. 3, 293 (1988).
14. K. Guan and J. E. Dixon, Anal. Biochem. 192, 262

(1991).

15. Immunoprecipitation of active cdc2 kinase from
mitotic 3T3 cells was as previously described in
(4). Seven-eighths of the cdc2 immunoprecipitate
was resuspended in kinase buffer (35 pi) [20 mM
tris (pH 7.5), 10 mM MgCI2, 1 mM DTT, 100 pM
adenosine triphosphate (ATP), and protease in-
hibitors] containing GUS (3.5 pg) and incubated
at room temperature for 2 hours with gentle shak-
ing. The reaction mixture was centrifuged, and the
supernatant was used for immunoblotting and gel
shift assays. The other one-eighth of the cdc2
immunoprecipitate was resuspended in kinase
buffer (5 pl) containing GUS (0.5 PLg) and 1.5 pM
[y-32P]ATP (6000 Ci/mmol, ICN). The 32P-labeled
sample was run on SDS-polyacrylamide gel,
dried, and autoradiographed. The labeled GUS
band was cut out and counted in a scintillation
counter to determine the stoichiometry of phos-
phorylation. Under identical conditions, GST pro-
tein was not phosphorylated by cdc2, thus phos-
phorylation of GUS was in the US peptide derived
from c-Abl.

16. We thank E. T. Fouts who first observed the
binding of the 80-kD Sac-End fragment to DNA-
cellulose, J. McWhirter who prepared the GSE
construct, C. Smythe who contributed protein
phosphatase 2A, and W.-j. Li who prepared the
Sac-End construct. This work was supported by
grant CA 43054 to J.Y.J.W. from NIH.

15 November 1991; accepted 18 February 1992

Appearance of Water Channels in Xenopus
Oocytes Expressing Red Cell CHIP28 Protein

Gregory M. Preston, Tiziana Piazza Carroll,
William B. Guggino, Peter Agre*

Water rapidly crosses the plasma membrane of red blood cells (RBCs) and renal tubules
through specialized channels. Although selective for water, the molecular structure ofthese
channels is unknown. The CHIP28 protein is an abundant integral membrane protein in
mammalian RBCs and renal proximal tubules and belongs to a family of membrane
proteins with unknown functions. Oocytes from Xenopus laevis microinjected with in
vitro-transcribed CHIP28 RNA exhibited increased osmotic water permeability; this was
reversibly inhibited by mercuric chloride, a known inhibitor of water channels. Therefore
it is likely that CHIP28 is a functional unit of membrane water channels.

Water slowly crosses cell membranes by
diffusion through the lipid bilayer. Howev-
er, certain cell types exhibit rapid trans-
membrane passage of water, probably
through specialized water-selective chan-
nels. For example, water channels of mam-
malian RBCs permit cell swelling or shrink-
age in response to small changes in extracel-
lular osmolality (1, 2). Water is reabsorbed
by channels in mammalian renal proximal
convoluted tubules (3) and by vasopressin-
regulated water channels in mammalian col-
lecting ducts (4) and amphibian urinary
bladder (5). Although water channel physi-
ology has been studied extensively (3, 5),
G. M. Preston and P. Agre, Departments of Medicine
and Cell Biology/Anatomy, Johns Hopkins University
School of Medicine, Baltimore, MD 21205.
T. P. Carroll and W. B. Guggino, Department of
Physiology, Johns Hopkins University School of Med-
icine, Baltimore, MD 21205.
*To whom correspondence should be addressed.

the molecular structure of the channel is
unknown (6, 7). The glucose transporter (8)
and band 3, an anion exchanger from RBCs
(2), permit small amounts oftransmembrane
water movement, but neither is a water
channel (9, 10).

The 28-kD integral membrane protein
CHIP28 is abundant in mammalian RBCs
and renal proximal tubules (11). The na-

tive CHIP28 protein is a noncovalent as-

sembly of four subunits (12) and is physi-
cally similar to certain membrane channels
(hence, CHIP28 = channel-forming inte-
gral protein of 28 kD). The cDNA encod-
ing CHIP28 has been isolated (13), and the
deduced amino acid sequence predicts an

integral membrane protein with six bilayer-
spanning domains (Fig. 1A). The CHIP28
protein is related to the major intrinsic
protein from bovine lens, MIP26, a chan-
nel through which lens fiber cells may
absorb interstitial fluid (14). CHIP28
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and MIP26 are members of a family of
bacterial and plant proteins with incom-
pletely defined functions (15). Expression
of one family member is induced in the
roots and shoots of pea plants by water
deprivation (16). Thus we tested whether
CHIP28 is a membrane water channel by
expressing CHIP28 in oocytes from Xenopus
laevis and measuring osmotic water perme-
ability.
We prepared an expression construct by

inserting the CHIP28 coding sequence be-
tween the 5' and 3' untranslated sequences
of the Xenopus P-globin cDNA (17). De-
folliculated oocytes were microinjected
with water (0.05 Ixl) or with up to 10 ng of
in vitro-transcribed CHIP28 RNA (18).
Expression of CHIP28 was monitored by
immunoblot with an antibody to the
COOH-terminal cytoplasmic domain of
CHIP28 (anti-CHIP) (11, 12). A 28-kD
protein was detected with anti-CHIP 24
hours after injection of oocytes with
CHIP28 RNA, and it increased in abun-
dance for up to 72 hours. A 35- to 45-kD
glycosylated form of CHIP28 was also ap-
parent (Fig. 1B).
We determined the osmotic water per-

meability after transfer of oocytes from a
200 to a 70 mosM solution by monitoring
changes in cell volume with videomicros-
copy (19). Control-injected oocytes swelled
minimally and failed to rupture even after
incubations of >1 hour, whereas oocytes
injected with CHIP28 RNA consistently
swelled to 1.3 to 1.5 times their initial
volume and ruptured within 5 min (Fig. 2).
The coefficients of osmotic water perme-
ability (Pf) at 22°C were calculated from the
rates of swelling of control-injected oocytes
[Pf = (26.3 + 16.5) x 10-4 cm/s (+ SD),
N = 18)] and of CHIP28 RNA-injected
oocytes [Pf = (216 + 60) x 10-4 cm/s, N
= 24]. Osmotic water permeability was not
increased by injection of oocytes with
CHIP28 antisense RNA (10 ng) [Pf =

(18.7 + 2.2) x 10-4 cm/s, N = 2]. When
oocyte swelling assays were conducted at
10°C, the osmotic water permeability of the
control-injected oocytes was greatly re-
duced [Pf = (5.2 + 2.8) x 10-4 cm/s, N =

6], whereas that of CHIP28 RNA-injected
oocytes was only modestly reduced [Pf =
(177 + 23) x 10-4 cm/s, N = 3]. The
Arrhenius activation energy (Ea) (20) was
lower in CHIP28 RNA-injected oocytes
(Ea < 3 kcal/mol) than in control-injected
oocytes (Ea > > 10 kcal/mol). These values
are comparable to those reported for water
channels in mammalian RBCs and renal
proximal tubules (Pf = 150 to 200 x 10-4
cm/s; osmotic > diffusional water perme-
ability; and Ea < 4 kcal/mol) (1-3).

Control experiments confirmed the
specificity of the effect of CHIP28 expres-
sion on osmotic water permeability. Expres-

385

B188 sl~~~~~~~~~~~~~eB~~~~~~~s~~~~p~~~~B~~~~~li~~~~~~B81~~~~~~--------------- a tlt

 o
n
 D

e
c
e
m

b
e
r 

1
5
, 
2
0
1
2

w
w

w
.s

c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

collected by trypsinization, washed once with
growth media, once with phosphate-buffered sa-
line, and once with swelling buffer [10 mM Hepes
(pH 7.5), 10 mM KCI, 1.5 mM MgCI2, 0.5 mM
dithiothreitol (DTT), and protease inhibitors]. Cells
were homogenized in swelling buffer (>95% cell
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min). One portion of the nuclear preparation was
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(4). Seven-eighths of the cdc2 immunoprecipitate
was resuspended in kinase buffer (35 pi) [20 mM
tris (pH 7.5), 10 mM MgCI2, 1 mM DTT, 100 pM
adenosine triphosphate (ATP), and protease in-
hibitors] containing GUS (3.5 pg) and incubated
at room temperature for 2 hours with gentle shak-
ing. The reaction mixture was centrifuged, and the
supernatant was used for immunoblotting and gel
shift assays. The other one-eighth of the cdc2
immunoprecipitate was resuspended in kinase
buffer (5 pl) containing GUS (0.5 PLg) and 1.5 pM
[y-32P]ATP (6000 Ci/mmol, ICN). The 32P-labeled
sample was run on SDS-polyacrylamide gel,
dried, and autoradiographed. The labeled GUS
band was cut out and counted in a scintillation
counter to determine the stoichiometry of phos-
phorylation. Under identical conditions, GST pro-
tein was not phosphorylated by cdc2, thus phos-
phorylation of GUS was in the US peptide derived
from c-Abl.
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mammalian RBCs and renal proximal tubules and belongs to a family of membrane
proteins with unknown functions. Oocytes from Xenopus laevis microinjected with in
vitro-transcribed CHIP28 RNA exhibited increased osmotic water permeability; this was
reversibly inhibited by mercuric chloride, a known inhibitor of water channels. Therefore
it is likely that CHIP28 is a functional unit of membrane water channels.

Water slowly crosses cell membranes by
diffusion through the lipid bilayer. Howev-
er, certain cell types exhibit rapid trans-
membrane passage of water, probably
through specialized water-selective chan-
nels. For example, water channels of mam-
malian RBCs permit cell swelling or shrink-
age in response to small changes in extracel-
lular osmolality (1, 2). Water is reabsorbed
by channels in mammalian renal proximal
convoluted tubules (3) and by vasopressin-
regulated water channels in mammalian col-
lecting ducts (4) and amphibian urinary
bladder (5). Although water channel physi-
ology has been studied extensively (3, 5),
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the molecular structure of the channel is
unknown (6, 7). The glucose transporter (8)
and band 3, an anion exchanger from RBCs
(2), permit small amounts oftransmembrane
water movement, but neither is a water
channel (9, 10).

The 28-kD integral membrane protein
CHIP28 is abundant in mammalian RBCs
and renal proximal tubules (11). The na-

tive CHIP28 protein is a noncovalent as-

sembly of four subunits (12) and is physi-
cally similar to certain membrane channels
(hence, CHIP28 = channel-forming inte-
gral protein of 28 kD). The cDNA encod-
ing CHIP28 has been isolated (13), and the
deduced amino acid sequence predicts an

integral membrane protein with six bilayer-
spanning domains (Fig. 1A). The CHIP28
protein is related to the major intrinsic
protein from bovine lens, MIP26, a chan-
nel through which lens fiber cells may
absorb interstitial fluid (14). CHIP28
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and MIP26 are members of a family of
bacterial and plant proteins with incom-
pletely defined functions (15). Expression
of one family member is induced in the
roots and shoots of pea plants by water
deprivation (16). Thus we tested whether
CHIP28 is a membrane water channel by
expressing CHIP28 in oocytes from Xenopus
laevis and measuring osmotic water perme-
ability.
We prepared an expression construct by

inserting the CHIP28 coding sequence be-
tween the 5' and 3' untranslated sequences
of the Xenopus P-globin cDNA (17). De-
folliculated oocytes were microinjected
with water (0.05 Ixl) or with up to 10 ng of
in vitro-transcribed CHIP28 RNA (18).
Expression of CHIP28 was monitored by
immunoblot with an antibody to the
COOH-terminal cytoplasmic domain of
CHIP28 (anti-CHIP) (11, 12). A 28-kD
protein was detected with anti-CHIP 24
hours after injection of oocytes with
CHIP28 RNA, and it increased in abun-
dance for up to 72 hours. A 35- to 45-kD
glycosylated form of CHIP28 was also ap-
parent (Fig. 1B).
We determined the osmotic water per-

meability after transfer of oocytes from a
200 to a 70 mosM solution by monitoring
changes in cell volume with videomicros-
copy (19). Control-injected oocytes swelled
minimally and failed to rupture even after
incubations of >1 hour, whereas oocytes
injected with CHIP28 RNA consistently
swelled to 1.3 to 1.5 times their initial
volume and ruptured within 5 min (Fig. 2).
The coefficients of osmotic water perme-
ability (Pf) at 22°C were calculated from the
rates of swelling of control-injected oocytes
[Pf = (26.3 + 16.5) x 10-4 cm/s (+ SD),
N = 18)] and of CHIP28 RNA-injected
oocytes [Pf = (216 + 60) x 10-4 cm/s, N
= 24]. Osmotic water permeability was not
increased by injection of oocytes with
CHIP28 antisense RNA (10 ng) [Pf =

(18.7 + 2.2) x 10-4 cm/s, N = 2]. When
oocyte swelling assays were conducted at
10°C, the osmotic water permeability of the
control-injected oocytes was greatly re-
duced [Pf = (5.2 + 2.8) x 10-4 cm/s, N =

6], whereas that of CHIP28 RNA-injected
oocytes was only modestly reduced [Pf =
(177 + 23) x 10-4 cm/s, N = 3]. The
Arrhenius activation energy (Ea) (20) was
lower in CHIP28 RNA-injected oocytes
(Ea < 3 kcal/mol) than in control-injected
oocytes (Ea > > 10 kcal/mol). These values
are comparable to those reported for water
channels in mammalian RBCs and renal
proximal tubules (Pf = 150 to 200 x 10-4
cm/s; osmotic > diffusional water perme-
ability; and Ea < 4 kcal/mol) (1-3).

Control experiments confirmed the
specificity of the effect of CHIP28 expres-
sion on osmotic water permeability. Expres-
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AQUAPORINS (AQP)

Ê The 2003 Nobel Prize in
Chemistry was awarded
jointly to Peter Agre for the
discovery of aquaporins and
Roderick MacKinnon for his
work on the structure and
mechanism of potassium
channels

Ê http://www.nobelprize.org/n
obel_prizes/chemistry/laurea
tes/2003/agre-lecture.html

http://en.wikipedia.org/wiki/Nobel_Prize_in_Chemistry
http://en.wikipedia.org/wiki/Roderick_MacKinnon
http://en.wikipedia.org/wiki/Potassium_channel


AQUAPORINS (AQP)
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er, certain cell types exhibit rapid trans-
membrane passage of water, probably
through specialized water-selective chan-
nels. For example, water channels of mam-
malian RBCs permit cell swelling or shrink-
age in response to small changes in extracel-
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the molecular structure of the channel is
unknown (6, 7). The glucose transporter (8)
and band 3, an anion exchanger from RBCs
(2), permit small amounts oftransmembrane
water movement, but neither is a water
channel (9, 10).

The 28-kD integral membrane protein
CHIP28 is abundant in mammalian RBCs
and renal proximal tubules (11). The na-

tive CHIP28 protein is a noncovalent as-

sembly of four subunits (12) and is physi-
cally similar to certain membrane channels
(hence, CHIP28 = channel-forming inte-
gral protein of 28 kD). The cDNA encod-
ing CHIP28 has been isolated (13), and the
deduced amino acid sequence predicts an

integral membrane protein with six bilayer-
spanning domains (Fig. 1A). The CHIP28
protein is related to the major intrinsic
protein from bovine lens, MIP26, a chan-
nel through which lens fiber cells may
absorb interstitial fluid (14). CHIP28
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and MIP26 are members of a family of
bacterial and plant proteins with incom-
pletely defined functions (15). Expression
of one family member is induced in the
roots and shoots of pea plants by water
deprivation (16). Thus we tested whether
CHIP28 is a membrane water channel by
expressing CHIP28 in oocytes from Xenopus
laevis and measuring osmotic water perme-
ability.
We prepared an expression construct by

inserting the CHIP28 coding sequence be-
tween the 5' and 3' untranslated sequences
of the Xenopus P-globin cDNA (17). De-
folliculated oocytes were microinjected
with water (0.05 Ixl) or with up to 10 ng of
in vitro-transcribed CHIP28 RNA (18).
Expression of CHIP28 was monitored by
immunoblot with an antibody to the
COOH-terminal cytoplasmic domain of
CHIP28 (anti-CHIP) (11, 12). A 28-kD
protein was detected with anti-CHIP 24
hours after injection of oocytes with
CHIP28 RNA, and it increased in abun-
dance for up to 72 hours. A 35- to 45-kD
glycosylated form of CHIP28 was also ap-
parent (Fig. 1B).
We determined the osmotic water per-

meability after transfer of oocytes from a
200 to a 70 mosM solution by monitoring
changes in cell volume with videomicros-
copy (19). Control-injected oocytes swelled
minimally and failed to rupture even after
incubations of >1 hour, whereas oocytes
injected with CHIP28 RNA consistently
swelled to 1.3 to 1.5 times their initial
volume and ruptured within 5 min (Fig. 2).
The coefficients of osmotic water perme-
ability (Pf) at 22°C were calculated from the
rates of swelling of control-injected oocytes
[Pf = (26.3 + 16.5) x 10-4 cm/s (+ SD),
N = 18)] and of CHIP28 RNA-injected
oocytes [Pf = (216 + 60) x 10-4 cm/s, N
= 24]. Osmotic water permeability was not
increased by injection of oocytes with
CHIP28 antisense RNA (10 ng) [Pf =

(18.7 + 2.2) x 10-4 cm/s, N = 2]. When
oocyte swelling assays were conducted at
10°C, the osmotic water permeability of the
control-injected oocytes was greatly re-
duced [Pf = (5.2 + 2.8) x 10-4 cm/s, N =

6], whereas that of CHIP28 RNA-injected
oocytes was only modestly reduced [Pf =
(177 + 23) x 10-4 cm/s, N = 3]. The
Arrhenius activation energy (Ea) (20) was
lower in CHIP28 RNA-injected oocytes
(Ea < 3 kcal/mol) than in control-injected
oocytes (Ea > > 10 kcal/mol). These values
are comparable to those reported for water
channels in mammalian RBCs and renal
proximal tubules (Pf = 150 to 200 x 10-4
cm/s; osmotic > diffusional water perme-
ability; and Ea < 4 kcal/mol) (1-3).

Control experiments confirmed the
specificity of the effect of CHIP28 expres-
sion on osmotic water permeability. Expres-
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collected by trypsinization, washed once with
growth media, once with phosphate-buffered sa-
line, and once with swelling buffer [10 mM Hepes
(pH 7.5), 10 mM KCI, 1.5 mM MgCI2, 0.5 mM
dithiothreitol (DTT), and protease inhibitors]. Cells
were homogenized in swelling buffer (>95% cell
lysis). One-quarter of the cell suspension was
saved as total cell lysate. The remainder was
divided into three portions and layered onto su-
crose (25%) dissolved in swelling buffer. Nuclei
were collected by centrifugation (2000g for 20
min). One portion of the nuclear preparation was
saved. The other two portions were resuspended
in 200 i1l of swelling buffer with 0.5% NP-40, 1 mM
PMSF, and either 100 mM KCI or 500 mM KCI and
incubated at 4°C for 1 hour with gentle shaking.
Nuclei were then centrifuged (13,000g for 5 min),
and the supernatant was collected. An equal
volume of each sample was analyzed by immu-
noblotting. Quantitation was by densitometric
scan of autoradiographs.

11. R. Hancock, A. J. Faber, S. Fakan, Methods Cell.
Biol. 15, 127 (1977). The concentration of Abl
protein in total cell lysate or in the chromatin
preparation was determined by quantitative im-
munoblotting and expressed as arbitrary units of
Abl per milligram of total protein.

12. V. L. J. Tybulewicz et al., Cell 65, 1153 (1991).
13. J. Y. J. Wang, Oncogene Res. 3, 293 (1988).
14. K. Guan and J. E. Dixon, Anal. Biochem. 192, 262

(1991).

15. Immunoprecipitation of active cdc2 kinase from
mitotic 3T3 cells was as previously described in
(4). Seven-eighths of the cdc2 immunoprecipitate
was resuspended in kinase buffer (35 pi) [20 mM
tris (pH 7.5), 10 mM MgCI2, 1 mM DTT, 100 pM
adenosine triphosphate (ATP), and protease in-
hibitors] containing GUS (3.5 pg) and incubated
at room temperature for 2 hours with gentle shak-
ing. The reaction mixture was centrifuged, and the
supernatant was used for immunoblotting and gel
shift assays. The other one-eighth of the cdc2
immunoprecipitate was resuspended in kinase
buffer (5 pl) containing GUS (0.5 PLg) and 1.5 pM
[y-32P]ATP (6000 Ci/mmol, ICN). The 32P-labeled
sample was run on SDS-polyacrylamide gel,
dried, and autoradiographed. The labeled GUS
band was cut out and counted in a scintillation
counter to determine the stoichiometry of phos-
phorylation. Under identical conditions, GST pro-
tein was not phosphorylated by cdc2, thus phos-
phorylation of GUS was in the US peptide derived
from c-Abl.
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Appearance of Water Channels in Xenopus
Oocytes Expressing Red Cell CHIP28 Protein

Gregory M. Preston, Tiziana Piazza Carroll,
William B. Guggino, Peter Agre*

Water rapidly crosses the plasma membrane of red blood cells (RBCs) and renal tubules
through specialized channels. Although selective for water, the molecular structure ofthese
channels is unknown. The CHIP28 protein is an abundant integral membrane protein in
mammalian RBCs and renal proximal tubules and belongs to a family of membrane
proteins with unknown functions. Oocytes from Xenopus laevis microinjected with in
vitro-transcribed CHIP28 RNA exhibited increased osmotic water permeability; this was
reversibly inhibited by mercuric chloride, a known inhibitor of water channels. Therefore
it is likely that CHIP28 is a functional unit of membrane water channels.

Water slowly crosses cell membranes by
diffusion through the lipid bilayer. Howev-
er, certain cell types exhibit rapid trans-
membrane passage of water, probably
through specialized water-selective chan-
nels. For example, water channels of mam-
malian RBCs permit cell swelling or shrink-
age in response to small changes in extracel-
lular osmolality (1, 2). Water is reabsorbed
by channels in mammalian renal proximal
convoluted tubules (3) and by vasopressin-
regulated water channels in mammalian col-
lecting ducts (4) and amphibian urinary
bladder (5). Although water channel physi-
ology has been studied extensively (3, 5),
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the molecular structure of the channel is
unknown (6, 7). The glucose transporter (8)
and band 3, an anion exchanger from RBCs
(2), permit small amounts oftransmembrane
water movement, but neither is a water
channel (9, 10).

The 28-kD integral membrane protein
CHIP28 is abundant in mammalian RBCs
and renal proximal tubules (11). The na-

tive CHIP28 protein is a noncovalent as-

sembly of four subunits (12) and is physi-
cally similar to certain membrane channels
(hence, CHIP28 = channel-forming inte-
gral protein of 28 kD). The cDNA encod-
ing CHIP28 has been isolated (13), and the
deduced amino acid sequence predicts an

integral membrane protein with six bilayer-
spanning domains (Fig. 1A). The CHIP28
protein is related to the major intrinsic
protein from bovine lens, MIP26, a chan-
nel through which lens fiber cells may
absorb interstitial fluid (14). CHIP28

SCIENCE * VOL. 256 * 17 APRIL 1992

and MIP26 are members of a family of
bacterial and plant proteins with incom-
pletely defined functions (15). Expression
of one family member is induced in the
roots and shoots of pea plants by water
deprivation (16). Thus we tested whether
CHIP28 is a membrane water channel by
expressing CHIP28 in oocytes from Xenopus
laevis and measuring osmotic water perme-
ability.
We prepared an expression construct by

inserting the CHIP28 coding sequence be-
tween the 5' and 3' untranslated sequences
of the Xenopus P-globin cDNA (17). De-
folliculated oocytes were microinjected
with water (0.05 Ixl) or with up to 10 ng of
in vitro-transcribed CHIP28 RNA (18).
Expression of CHIP28 was monitored by
immunoblot with an antibody to the
COOH-terminal cytoplasmic domain of
CHIP28 (anti-CHIP) (11, 12). A 28-kD
protein was detected with anti-CHIP 24
hours after injection of oocytes with
CHIP28 RNA, and it increased in abun-
dance for up to 72 hours. A 35- to 45-kD
glycosylated form of CHIP28 was also ap-
parent (Fig. 1B).
We determined the osmotic water per-

meability after transfer of oocytes from a
200 to a 70 mosM solution by monitoring
changes in cell volume with videomicros-
copy (19). Control-injected oocytes swelled
minimally and failed to rupture even after
incubations of >1 hour, whereas oocytes
injected with CHIP28 RNA consistently
swelled to 1.3 to 1.5 times their initial
volume and ruptured within 5 min (Fig. 2).
The coefficients of osmotic water perme-
ability (Pf) at 22°C were calculated from the
rates of swelling of control-injected oocytes
[Pf = (26.3 + 16.5) x 10-4 cm/s (+ SD),
N = 18)] and of CHIP28 RNA-injected
oocytes [Pf = (216 + 60) x 10-4 cm/s, N
= 24]. Osmotic water permeability was not
increased by injection of oocytes with
CHIP28 antisense RNA (10 ng) [Pf =

(18.7 + 2.2) x 10-4 cm/s, N = 2]. When
oocyte swelling assays were conducted at
10°C, the osmotic water permeability of the
control-injected oocytes was greatly re-
duced [Pf = (5.2 + 2.8) x 10-4 cm/s, N =

6], whereas that of CHIP28 RNA-injected
oocytes was only modestly reduced [Pf =
(177 + 23) x 10-4 cm/s, N = 3]. The
Arrhenius activation energy (Ea) (20) was
lower in CHIP28 RNA-injected oocytes
(Ea < 3 kcal/mol) than in control-injected
oocytes (Ea > > 10 kcal/mol). These values
are comparable to those reported for water
channels in mammalian RBCs and renal
proximal tubules (Pf = 150 to 200 x 10-4
cm/s; osmotic > diffusional water perme-
ability; and Ea < 4 kcal/mol) (1-3).

Control experiments confirmed the
specificity of the effect of CHIP28 expres-
sion on osmotic water permeability. Expres-
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sion of -y-aminobutyric acid (GABA)
channels in oocytes injected with GABA
channel RNA showed an increase in
GABA-induced membrane conductance
but not osmotic water permeability (21).
Thus osmotic water permeability is not a

general property of membrane channels.
Amphotericin B forms unselective pores
in biomembranes (22) and produced large

membrane conductance and increased os-

motic water permeability (23). In con-

trast, when CHIP28 RNA-injected
oocytes were compared to control-injected
oocytes with a two-electrode voltage
clamp, no newly expressed membrane cur-

rents were detected in oocytes immersed
in Ringer's solution (N = 8), in Barth's
buffer with urea substituted for NaCI (N =

2), or in Barth's buffer diluted with dis-
tilled water to 70% tonicity (N = 3) (23).
Therefore CHIP28 does not appear to
function as an ion channel.

Osmotic water permeability through wa-

ter channels is inhibited by mercurial sulfhy-
dryl reagents and is restored with reducing
agents; diffusion of water through lipid bilay-
ers is unaffected by these reagents (1-3).
Incubation of CHIP28 RNA-injected
oocytes in 0.3 mM HgCI2 reduced the os-

motic water permeability; more complete
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Fig. 1. Potential structure of CHIP28 protein
and expression of CHIP28 in oocytes. (A) Pre-
dicted membrane topology of CHIP28 protein
illustrating the orientation of tandem repeats.
Enclosures represent the first and second re-

peats within the CHIP28 protein. Black circles
each represent an amino acid residue that
corresponds to an identical residue in the other
repeat; gray circles represent conservative
substitutions; white circles represent either ami-
no acids not conserved between the repeats or
those outside of the repeats. Intracellular struc-
tures are represented at the bottom of the
model, and extracellular structures at the top.
This model predicts that repeats 1 and 2 are
oriented 180° to each other (for example, intra-
cellular loop B corresponds to extracellular
loop E). (B) Contact print of an immunoblot of
human RBC membranes and Xenopus oocytes
injected with 0 or 10 ng of in vitro-transcribed
CHIP28 RNA. After incubation for up to 96
hours, the oocytes were homogenized in 1.25%
(w/v) SDS (40 iLI), subjected to electrophoresis
on a 12% SDS-polyacrylamide gel, and trans-
ferred to nitrocellulose. A contact print of an
immunoblot of red cell membranes (0.5 ,pg of
protein) and solubilized oocytes (10 pI) is
shown after incubation with a 1:1000 dilution of
anti-CHIP28 (11, 12) and visualization with 1251-
labeled protein A (27). Positions of CHIP28 and
N-glycosylated CHIP28 (glyCHIP) are shown at
the left.
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Fig. 2. Increased osmotic water permeability of
CHIP28 RNA-injected Xenopus oocytes. After
72 hours, control-injected and CHIP28 RNA-
injected (10 ng) oocytes were transferred from
200 mosM to 70 mosM modified Barth's buffer,
and changes in size were observed by vid-
eomicroscopy (19). (A) Osmotic swelling of
representative control-injected (open circles)
and CHIP28 RNA-injected (filled squares)
oocytes. Time of rupture is denoted (X). (B)
Photos of injected oocytes at indicated times.
Oocytes injected with CHIP28 RNA (3 min) or
control (5 min) are denoted 3/5.
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inhibition resulted from incubation in 3 mM
HgCI2 (Table 1). When the CHIP28 RNA-
injected oocytes were incubated first with
HgCI2 and then with P-mercaptoethanol,
inhibition was reversed, and the oocytes
swelled and ruptured. These reagents did not
alter osmotic water permeability in control-
injected oocytes (Table 1).
We measured the osmotic water perme-

ability in oocytes injected with increasing
amounts of in vitro-transcribed CHIP28
RNA. The quantity of RNA injected pro-
duced corresponding increases in osmotic
water permeability that reflected the quanti-
ty of CHIP28 protein expressed (Table 2).
However, the relative osmotic water perme-
ability calculated per CHIP28 molecule in
normal human RBCs (Pf = 1.6 x 10-13
cm3/s per molecule of CHIP28) is greater
than that in oocytes expressing CHIP28 (Pf
= 10-14 cm3/s per molecule of CHIP28)
(24). This suggests that either some of the
CHIP28 protein expressed in oocytes may be
trapped within intracellular compartments,
the organization of CHIP28 in oocyte extra-
cellular membranes may be suboptimal, reg-
ulatory factors may be required, or the
oocyte cytoskeleton may impede more rapid
swelling.

The characteristics of CHIP28 are also
consistent with other known features of
water channels. For example, (i) the total
number of CHIP28 monomers in human red
cells (2 x 105) (11) is similar to the number
of water channels estimated from biophysical
analyses of human RBCs (2.7 x 105) (2);
(ii) the 28.5-kD molecular size of a CHIP28
monomer (11) is similar to the 30-kD func-

Table 1. Inhibition of osmotic water perme-
ability of CHIP28 RNA-injected oocytes with
HgCI2, and restoration with P-mercaptoethanol
(ME). After 72 hours, control- or CHIP28 RNA-
injected (10 ng) oocytes were treated as indi-
cated. Some oocytes were left in standard
Barth's buffer prior to measurement of osmotic
swelling at 22°C. Other oocytes were incubated
5 min in Barth's buffer containing 0.3 mM or 3
mM HgCI2 prior to osmotic swelling in the
presence of HgCI2. Still other oocytes were
incubated with HgCI2 as described, then re-
moved and incubated for 15 min in 5 mM ME
prior to osmotic swelling in the presence of ME.

Oocyte
RNA treatment Pf SD*

infected (mM) Nt
HgCI2 ME cm/s x 10-4

None 0 0 27.9 18.8 8
0.3 0 20.3 9.2 2
0.3 5 25.4 2.2 2

CHIP28 0 0 210 40.7 10
0.3 0 80.7 3.7 3
3.0 0 34.5 11.2 3
0.3 5 188 50.8 3

*SD, standard deviation. tN, number of experi-
ments.
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sion of -y-aminobutyric acid (GABA)
channels in oocytes injected with GABA
channel RNA showed an increase in
GABA-induced membrane conductance
but not osmotic water permeability (21).
Thus osmotic water permeability is not a

general property of membrane channels.
Amphotericin B forms unselective pores
in biomembranes (22) and produced large

membrane conductance and increased os-

motic water permeability (23). In con-

trast, when CHIP28 RNA-injected
oocytes were compared to control-injected
oocytes with a two-electrode voltage
clamp, no newly expressed membrane cur-

rents were detected in oocytes immersed
in Ringer's solution (N = 8), in Barth's
buffer with urea substituted for NaCI (N =

2), or in Barth's buffer diluted with dis-
tilled water to 70% tonicity (N = 3) (23).
Therefore CHIP28 does not appear to
function as an ion channel.

Osmotic water permeability through wa-

ter channels is inhibited by mercurial sulfhy-
dryl reagents and is restored with reducing
agents; diffusion of water through lipid bilay-
ers is unaffected by these reagents (1-3).
Incubation of CHIP28 RNA-injected
oocytes in 0.3 mM HgCI2 reduced the os-

motic water permeability; more complete
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Fig. 1. Potential structure of CHIP28 protein
and expression of CHIP28 in oocytes. (A) Pre-
dicted membrane topology of CHIP28 protein
illustrating the orientation of tandem repeats.
Enclosures represent the first and second re-

peats within the CHIP28 protein. Black circles
each represent an amino acid residue that
corresponds to an identical residue in the other
repeat; gray circles represent conservative
substitutions; white circles represent either ami-
no acids not conserved between the repeats or
those outside of the repeats. Intracellular struc-
tures are represented at the bottom of the
model, and extracellular structures at the top.
This model predicts that repeats 1 and 2 are
oriented 180° to each other (for example, intra-
cellular loop B corresponds to extracellular
loop E). (B) Contact print of an immunoblot of
human RBC membranes and Xenopus oocytes
injected with 0 or 10 ng of in vitro-transcribed
CHIP28 RNA. After incubation for up to 96
hours, the oocytes were homogenized in 1.25%
(w/v) SDS (40 iLI), subjected to electrophoresis
on a 12% SDS-polyacrylamide gel, and trans-
ferred to nitrocellulose. A contact print of an
immunoblot of red cell membranes (0.5 ,pg of
protein) and solubilized oocytes (10 pI) is
shown after incubation with a 1:1000 dilution of
anti-CHIP28 (11, 12) and visualization with 1251-
labeled protein A (27). Positions of CHIP28 and
N-glycosylated CHIP28 (glyCHIP) are shown at
the left.
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Fig. 2. Increased osmotic water permeability of
CHIP28 RNA-injected Xenopus oocytes. After
72 hours, control-injected and CHIP28 RNA-
injected (10 ng) oocytes were transferred from
200 mosM to 70 mosM modified Barth's buffer,
and changes in size were observed by vid-
eomicroscopy (19). (A) Osmotic swelling of
representative control-injected (open circles)
and CHIP28 RNA-injected (filled squares)
oocytes. Time of rupture is denoted (X). (B)
Photos of injected oocytes at indicated times.
Oocytes injected with CHIP28 RNA (3 min) or
control (5 min) are denoted 3/5.
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inhibition resulted from incubation in 3 mM
HgCI2 (Table 1). When the CHIP28 RNA-
injected oocytes were incubated first with
HgCI2 and then with P-mercaptoethanol,
inhibition was reversed, and the oocytes
swelled and ruptured. These reagents did not
alter osmotic water permeability in control-
injected oocytes (Table 1).
We measured the osmotic water perme-

ability in oocytes injected with increasing
amounts of in vitro-transcribed CHIP28
RNA. The quantity of RNA injected pro-
duced corresponding increases in osmotic
water permeability that reflected the quanti-
ty of CHIP28 protein expressed (Table 2).
However, the relative osmotic water perme-
ability calculated per CHIP28 molecule in
normal human RBCs (Pf = 1.6 x 10-13
cm3/s per molecule of CHIP28) is greater
than that in oocytes expressing CHIP28 (Pf
= 10-14 cm3/s per molecule of CHIP28)
(24). This suggests that either some of the
CHIP28 protein expressed in oocytes may be
trapped within intracellular compartments,
the organization of CHIP28 in oocyte extra-
cellular membranes may be suboptimal, reg-
ulatory factors may be required, or the
oocyte cytoskeleton may impede more rapid
swelling.

The characteristics of CHIP28 are also
consistent with other known features of
water channels. For example, (i) the total
number of CHIP28 monomers in human red
cells (2 x 105) (11) is similar to the number
of water channels estimated from biophysical
analyses of human RBCs (2.7 x 105) (2);
(ii) the 28.5-kD molecular size of a CHIP28
monomer (11) is similar to the 30-kD func-

Table 1. Inhibition of osmotic water perme-
ability of CHIP28 RNA-injected oocytes with
HgCI2, and restoration with P-mercaptoethanol
(ME). After 72 hours, control- or CHIP28 RNA-
injected (10 ng) oocytes were treated as indi-
cated. Some oocytes were left in standard
Barth's buffer prior to measurement of osmotic
swelling at 22°C. Other oocytes were incubated
5 min in Barth's buffer containing 0.3 mM or 3
mM HgCI2 prior to osmotic swelling in the
presence of HgCI2. Still other oocytes were
incubated with HgCI2 as described, then re-
moved and incubated for 15 min in 5 mM ME
prior to osmotic swelling in the presence of ME.

Oocyte
RNA treatment Pf SD*

infected (mM) Nt
HgCI2 ME cm/s x 10-4

None 0 0 27.9 18.8 8
0.3 0 20.3 9.2 2
0.3 5 25.4 2.2 2

CHIP28 0 0 210 40.7 10
0.3 0 80.7 3.7 3
3.0 0 34.5 11.2 3
0.3 5 188 50.8 3

*SD, standard deviation. tN, number of experi-
ments.
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Water can be transported to varying degrees by other
membrane proteins, for example, ion channels or the
Na+/glucose co-transporter.
However, recognition of the unique properties of the
aquaporins led to a paradigm shift in our consideration of
membrane permeability: it is now known that water
transport across the membrane can be regulated
independently of solute transport.



The aquaporin protein family

Ê Eleven mammalian aquaporins have been reported so
far (TABLE 1). Each has a unique cellular and subcellular
distribution, with little overlap between homologues.
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FREEZE–FRACTURE

A technique that allows the
examination of membrane
proteins by first freezing and
then fracturing a tissue to
separate the inner and outer
leaflets of the membrane bilayer.
This technique can be
particularly useful for the
examination of integral
membrane proteins and cell
junctions.
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analysis of residues around the conserved NPA motifs
led to predictions of an ‘hourglass’ structure, with two
loops — the intracellular loop B and the extracellular
loop E — folding into the membrane to form the
pore12 (FIG. 2a). Several recent structural studies —
which include cryo-electron microscopy of human
red-blood-cell AQP1 to 3.8-Å resolution13,14 and X-ray
crystal structures of GlpF15 and bovine AQP1 (REF. 16)

to 2.2-Å and 2.1-Å resolution, respectively — have
confirmed the predicted hourglass structure. In addi-
tion, these studies have greatly advanced our under-
standing of the unique permeability characteristics of
the aquaporins (see below).

Tetramer formation.Aquaporins are present in the mem-
brane as tetramers,but,unlike ion channels, the channel
for water permeability does not reside at the fourfold axis
(the centre of the tetramer). Instead, each monomer
contains a channel12 (FIG. 2b). Structural studies have
provided insights into the apparent requirement for
tetramer formation9. The helices of each AQP1
monomer that are positioned on the outside face of
the tetramer are hydrophobic, whereas those that are
placed towards the centre of the tetramer are
hydrophilic17.

Channel selectivity and gating. Structural studies also
revealed that the restriction of AQP1 permeability to
water — excluding even hydronium (H3O

+) ions —
arises from two principal mechanisms16–19. First, the
channels narrow to a diameter of 2.8 Å approximately
8 Å above the centre of the bilayer, which physically lim-
its the size of molecules that can pass through them. A
highly conserved arginine residue provides a fixed posi-
tive charge at this constriction site in each channel. The
narrowest part of an E. coli GlpF channel is ~1 Å wider
than in AQP1, and this increased diameter is sufficient
to allow glycerol to pass through GlpF channels. Such

permeability characteristics differ among some mem-
bers of the family. The complexity in the regulation of
expression, membrane targeting and permeability
necessitates the existence of more than just a single
water-channel gene. Certainly, we must still expect to
find new and surprising physiological functions for the
aquaporins that require complex patterns of expression
and regulation.

The unique aquaporin structure
Biochemical analyses of AQP1 revealed that the 28-kDa
polypeptide that was evident on immunoblots repre-
sented the monomeric form of the protein, but that
AQP1 (as well as other aquaporins) is present as a
tetramer in the cell membrane9. FREEZE–FRACTURE studies
also highlighted a tetrameric arrangement of the
protein10. Recent studies have greatly enhanced our
insights into the details of the aquaporin structure that
direct this tetrameric arrangement, as well as into those
features that dictate the permeability characteristics of
the water channel.

Monomer structure. The signature sequence motif of
the aquaporins is the three-amino-acid sequence NPA
(Asn-Pro-Ala).One NPA motif is found in the amino-
terminal half of each monomer, and a second NPA
motif is found in the carboxy-terminal half1 (FIG. 2a).
When their amino termini are aligned, the overall per-
centage sequence identity among the aquaporin-fam-
ily members is ~25–40%. However, it is much higher
for the sequences that flank each of the NPA motifs. In
addition to the similarity between the different aqua-
porins, the amino- and carboxy-terminal halves of
AQP1 are related by their sequence, although these
halves are oriented in opposite directions across the
membrane bilayer (FIG. 2a). Hydropathy analysis of
AQP1 indicated the presence of six transmembrane
helices in each monomer11. In addition, mutational

Table 1 | Permeability characteristics and predominant distribution for the known mammalian aquaporin homologues

Aquaporin Permeability Tissue distribution Subcellular distribution*

AQP0 Water (low) Lens Plasma membrane

AQP1 Water (high) Red blood cell, kidney, lung, vascular endothelium, brain, eye Plasma membrane

AQP2 Water (high) Kidney, vas deferens Apical plasma membrane,
intracellular vesicles

AQP3 Water (high), glycerol (high), Kidney, skin, lung, eye, colon Basolateral plasma membrane
urea (moderate)

AQP4 Water (high) Brain, muscle, kidney, lung, stomach, small intestine Basolateral plasma membrane

AQP5 Water (high) Salivary gland, lacrimal gland, sweat gland, lung, cornea Apical plasma membrane

AQP6 Water (low), anions (NO
3
– > Cl–) Kidney Intracellular vesicles

AQP7 Water (high), glycerol (high), Adipose tissue, kidney, testis Plasma membrane
urea (high), arsenite

AQP8‡ Water (high) Testis, kidney, liver, pancreas, small intestine, colon Plasma membrane,
intracellular vesicles

AQP9 Water (low), glycerol (high), Liver, leukocytes, brain, testis Plasma membrane
urea (high), arsenite

AQP10 Water (low), glycerol (high), urea (high) Small intestine Intracellular vesicles

*Homologues that are present primarily in either the apical or basolateral membrane are noted as residing in one of these membranes, whereas homologues that are present
in both of these membranes are described as having a plasma-membrane distribution. ‡AQP8 might be permeated by water and urea. AQP, aquaporin.



The aquaporin protein family

Ê The aquaporin family can
be divided into two groups
on the basis of their
permeability
characteristics, which
generally coincide with
specific amino-acid-
sequence patterns.
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membrane-junction formation stabilizes AQP0 in a
closed conformation21.

AQP3 permeability is reduced by low pH in
oocytes22, and by low pH and nickel in cultured lung
epithelial cells23. A reduction in AQP4 water permeabil-
ity following its activation by protein kinase C (PKC)
has been reported in oocytes24 and in renal epithelial
cells25.However, AQP4 phosphorylation by PKC in pro-
teoliposomes that had been reconstituted with purified
AQP4 had no effect on water permeability (D.K. and
P.A.,unpublished observation). The water and ion per-
meability of AQP6 is activated by low pH and nitrate in
oocytes6 and cultured cells26, and Yool and colleagues
reported that the ion permeability of AQP1 that had
been expressed in oocytes was gated by cyclic GMP27.
However, the number of channels that are activated by
cGMP could be as low as one AQP1 molecule per mil-
lion28, so the physiological implications of this result
remain undefined. Together, though, these observations
indicate that channel gating might allow the rapid alter-
ation of membrane water permeability (and, in select
cases, ion permeability) in specific tissues and condi-
tions, and the structural determinants for gating these
channels are the focus of intense interest.

Nakhoul et al.29 and Cooper and Boron30 reported
that X. laevis oocytes that expressed human AQP1
showed an increase in membrane CO2 permeability of
approximately 40%.Prasad et al. reconstituted AQP1 into
E. coliphospholipids and observed a fourfold increase in
the rate of CO2-induced intracellular acidification31. In all
three studies, the increase in membrane CO2 permeabil-
ity was blocked by the addition of mercurial compounds,
which is consistent with the inhibitory effects of mercury
on AQP1-mediated water permeability. By contrast,Yang
and colleagues examined the CO2 permeability of red
blood cells and the intact lungs of mice that had an Aqp1
deletion, and they observed no differences between wild-
type and Aqp1-null animals32. Fang et al. similarly
observed no difference in the CO2 permeability of intact
lungs from wild-type, Aqp1-null and Aqp5-null mice33.
Methodological differences in these studies remain unre-
solved, as do questions about the potential physiological
implications of these observations for CO2 transport in
mammals34,35. Interestingly, this aspect of AQP-mediated
permeability seems to be less ambiguous in plants.
Uehlein and colleagues36 recently reported that an aqua-
porin in tobacco plants increases CO2 permeability and
facilitates both photosynthesis and leaf growth,particu-
larly when the CO2 gradient is small.

Aquaporin physiology in health and disease
The genetic manipulation of rodents and the identifica-
tion of humans with altered aquaporin genes have pro-
vided considerable insights into aquaporin-related
physiology. The following sections describe the regula-
tion and physiology of aquaporins in several organs in
which they are believed to have fundamental roles.

Aquaporins in the kidney. The mammalian kidney (BOX 1)

is the primary organ that regulates total body-water
balance, and aquaporin-related physiology is most well

channel widening is predicted to occur in all aquaporin
homologues that are permeated by small solutes like
glycerol or urea. The second mechanism involves the
orientation of a pair of DIPOLES at the NPA motifs. These
dipoles interact with individual water molecules and
prevent them from hydrogen bonding to adjacent water
molecules. The functional separation of water mole-
cules eliminates the possibility of H+ transfer through a
channel. The combination of size and charge restric-
tions provides the basis for the unique permeability
characteristics of the aquaporins.

For several members of the aquaporin family, chan-
nel gating might have an important role in regulating
permeability. The bovine form of AQP0, which was
originally identified as major intrinsic protein (MIP)
and is abundant in the lens of the eye, is activated at
pH 6.0 when expressed in Xenopus laevis ooctyes20. A
recent crystal structure of AQP0 highlighted two histi-
dine residues within each pore that probably confer
pH sensitivity21. In contrast to other aquaporins, AQP0
might also fulfil a structural role at the membrane
junction between fibre cells in the lens. In double-layer
AQP0 crystals, which are representative of the
arrangement of AQP0 in the membrane junction, all
of the subunits of a tetramer in one layer interact with
two subunits of a tetramer in the adjacent layer. In this
conformation, the pores were noted to be too narrow
even for the passage of water, which indicates that

DIPOLE

A pair of equal and opposite
electrical charges that are located
only a short distance apart, for
example, at either end of a small
molecule.

Figure 1 | The aquaporin family tree. This phylogenetic tree

shows the relationship of the eleven human aquaporins

(AQP0–AQP10), as well as the Escherichia coli aquaporin

homologues AqpZ and GlpF. The assignments in the

phylogenetic tree roughly correlate with permeability

characteristics — the aquaporins are generally permeated

only by water and the aquaglyceroporins are permeated by

water and small solutes such as glycerol. The scale bar

represents evolutionary distance: 0.1 equals 10 substitutions

per 100 amino-acid residues (including reversions). So, the

evolutionary distance, in terms of amino-acid substitutions,

between two proteins is equal to the total distance along 

the path.
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The aquaporin protein family

Ê Most members of the first
group (aquaporins) are only
permeated by water, and this
group includes AQP0, AQP1,
AQP2, AQP4, AQP5,AQP6
andAQP8.

Ê AQP6 and AQP8 are in this
group on the basis of
sequence analysis, although
AQP6 is permeated by anions
and AQP8 might be
permeated by water and
urea.
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membrane-junction formation stabilizes AQP0 in a
closed conformation21.

AQP3 permeability is reduced by low pH in
oocytes22, and by low pH and nickel in cultured lung
epithelial cells23. A reduction in AQP4 water permeabil-
ity following its activation by protein kinase C (PKC)
has been reported in oocytes24 and in renal epithelial
cells25.However, AQP4 phosphorylation by PKC in pro-
teoliposomes that had been reconstituted with purified
AQP4 had no effect on water permeability (D.K. and
P.A.,unpublished observation). The water and ion per-
meability of AQP6 is activated by low pH and nitrate in
oocytes6 and cultured cells26, and Yool and colleagues
reported that the ion permeability of AQP1 that had
been expressed in oocytes was gated by cyclic GMP27.
However, the number of channels that are activated by
cGMP could be as low as one AQP1 molecule per mil-
lion28, so the physiological implications of this result
remain undefined. Together, though, these observations
indicate that channel gating might allow the rapid alter-
ation of membrane water permeability (and, in select
cases, ion permeability) in specific tissues and condi-
tions, and the structural determinants for gating these
channels are the focus of intense interest.

Nakhoul et al.29 and Cooper and Boron30 reported
that X. laevis oocytes that expressed human AQP1
showed an increase in membrane CO2 permeability of
approximately 40%.Prasad et al. reconstituted AQP1 into
E. coliphospholipids and observed a fourfold increase in
the rate of CO2-induced intracellular acidification31. In all
three studies, the increase in membrane CO2 permeabil-
ity was blocked by the addition of mercurial compounds,
which is consistent with the inhibitory effects of mercury
on AQP1-mediated water permeability. By contrast,Yang
and colleagues examined the CO2 permeability of red
blood cells and the intact lungs of mice that had an Aqp1
deletion, and they observed no differences between wild-
type and Aqp1-null animals32. Fang et al. similarly
observed no difference in the CO2 permeability of intact
lungs from wild-type, Aqp1-null and Aqp5-null mice33.
Methodological differences in these studies remain unre-
solved, as do questions about the potential physiological
implications of these observations for CO2 transport in
mammals34,35. Interestingly, this aspect of AQP-mediated
permeability seems to be less ambiguous in plants.
Uehlein and colleagues36 recently reported that an aqua-
porin in tobacco plants increases CO2 permeability and
facilitates both photosynthesis and leaf growth,particu-
larly when the CO2 gradient is small.

Aquaporin physiology in health and disease
The genetic manipulation of rodents and the identifica-
tion of humans with altered aquaporin genes have pro-
vided considerable insights into aquaporin-related
physiology. The following sections describe the regula-
tion and physiology of aquaporins in several organs in
which they are believed to have fundamental roles.

Aquaporins in the kidney. The mammalian kidney (BOX 1)

is the primary organ that regulates total body-water
balance, and aquaporin-related physiology is most well

channel widening is predicted to occur in all aquaporin
homologues that are permeated by small solutes like
glycerol or urea. The second mechanism involves the
orientation of a pair of DIPOLES at the NPA motifs. These
dipoles interact with individual water molecules and
prevent them from hydrogen bonding to adjacent water
molecules. The functional separation of water mole-
cules eliminates the possibility of H+ transfer through a
channel. The combination of size and charge restric-
tions provides the basis for the unique permeability
characteristics of the aquaporins.

For several members of the aquaporin family, chan-
nel gating might have an important role in regulating
permeability. The bovine form of AQP0, which was
originally identified as major intrinsic protein (MIP)
and is abundant in the lens of the eye, is activated at
pH 6.0 when expressed in Xenopus laevis ooctyes20. A
recent crystal structure of AQP0 highlighted two histi-
dine residues within each pore that probably confer
pH sensitivity21. In contrast to other aquaporins, AQP0
might also fulfil a structural role at the membrane
junction between fibre cells in the lens. In double-layer
AQP0 crystals, which are representative of the
arrangement of AQP0 in the membrane junction, all
of the subunits of a tetramer in one layer interact with
two subunits of a tetramer in the adjacent layer. In this
conformation, the pores were noted to be too narrow
even for the passage of water, which indicates that

DIPOLE

A pair of equal and opposite
electrical charges that are located
only a short distance apart, for
example, at either end of a small
molecule.

Figure 1 | The aquaporin family tree. This phylogenetic tree

shows the relationship of the eleven human aquaporins

(AQP0–AQP10), as well as the Escherichia coli aquaporin

homologues AqpZ and GlpF. The assignments in the

phylogenetic tree roughly correlate with permeability

characteristics — the aquaporins are generally permeated

only by water and the aquaglyceroporins are permeated by

water and small solutes such as glycerol. The scale bar

represents evolutionary distance: 0.1 equals 10 substitutions

per 100 amino-acid residues (including reversions). So, the

evolutionary distance, in terms of amino-acid substitutions,

between two proteins is equal to the total distance along 

the path.
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The aquaporin protein family

Ê Members of the second group
(aquaglyceroporins), which
includes AQP3, AQP7,AQP9
and AQP10, are permeated by
water to varying degrees, but
are also permeated by other
small solutes, in particular,
glycerol.

Ê The bacterium Escherichia coli
provides a model for this
categorization, as it contains
two aquaporin homologues —
AqpZ, which is a water-
permeable channel, and GlpF,
which is a glycerol transporter
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membrane-junction formation stabilizes AQP0 in a
closed conformation21.

AQP3 permeability is reduced by low pH in
oocytes22, and by low pH and nickel in cultured lung
epithelial cells23. A reduction in AQP4 water permeabil-
ity following its activation by protein kinase C (PKC)
has been reported in oocytes24 and in renal epithelial
cells25.However, AQP4 phosphorylation by PKC in pro-
teoliposomes that had been reconstituted with purified
AQP4 had no effect on water permeability (D.K. and
P.A.,unpublished observation). The water and ion per-
meability of AQP6 is activated by low pH and nitrate in
oocytes6 and cultured cells26, and Yool and colleagues
reported that the ion permeability of AQP1 that had
been expressed in oocytes was gated by cyclic GMP27.
However, the number of channels that are activated by
cGMP could be as low as one AQP1 molecule per mil-
lion28, so the physiological implications of this result
remain undefined. Together, though, these observations
indicate that channel gating might allow the rapid alter-
ation of membrane water permeability (and, in select
cases, ion permeability) in specific tissues and condi-
tions, and the structural determinants for gating these
channels are the focus of intense interest.

Nakhoul et al.29 and Cooper and Boron30 reported
that X. laevis oocytes that expressed human AQP1
showed an increase in membrane CO2 permeability of
approximately 40%.Prasad et al. reconstituted AQP1 into
E. coliphospholipids and observed a fourfold increase in
the rate of CO2-induced intracellular acidification31. In all
three studies, the increase in membrane CO2 permeabil-
ity was blocked by the addition of mercurial compounds,
which is consistent with the inhibitory effects of mercury
on AQP1-mediated water permeability. By contrast,Yang
and colleagues examined the CO2 permeability of red
blood cells and the intact lungs of mice that had an Aqp1
deletion, and they observed no differences between wild-
type and Aqp1-null animals32. Fang et al. similarly
observed no difference in the CO2 permeability of intact
lungs from wild-type, Aqp1-null and Aqp5-null mice33.
Methodological differences in these studies remain unre-
solved, as do questions about the potential physiological
implications of these observations for CO2 transport in
mammals34,35. Interestingly, this aspect of AQP-mediated
permeability seems to be less ambiguous in plants.
Uehlein and colleagues36 recently reported that an aqua-
porin in tobacco plants increases CO2 permeability and
facilitates both photosynthesis and leaf growth,particu-
larly when the CO2 gradient is small.

Aquaporin physiology in health and disease
The genetic manipulation of rodents and the identifica-
tion of humans with altered aquaporin genes have pro-
vided considerable insights into aquaporin-related
physiology. The following sections describe the regula-
tion and physiology of aquaporins in several organs in
which they are believed to have fundamental roles.

Aquaporins in the kidney. The mammalian kidney (BOX 1)

is the primary organ that regulates total body-water
balance, and aquaporin-related physiology is most well

channel widening is predicted to occur in all aquaporin
homologues that are permeated by small solutes like
glycerol or urea. The second mechanism involves the
orientation of a pair of DIPOLES at the NPA motifs. These
dipoles interact with individual water molecules and
prevent them from hydrogen bonding to adjacent water
molecules. The functional separation of water mole-
cules eliminates the possibility of H+ transfer through a
channel. The combination of size and charge restric-
tions provides the basis for the unique permeability
characteristics of the aquaporins.

For several members of the aquaporin family, chan-
nel gating might have an important role in regulating
permeability. The bovine form of AQP0, which was
originally identified as major intrinsic protein (MIP)
and is abundant in the lens of the eye, is activated at
pH 6.0 when expressed in Xenopus laevis ooctyes20. A
recent crystal structure of AQP0 highlighted two histi-
dine residues within each pore that probably confer
pH sensitivity21. In contrast to other aquaporins, AQP0
might also fulfil a structural role at the membrane
junction between fibre cells in the lens. In double-layer
AQP0 crystals, which are representative of the
arrangement of AQP0 in the membrane junction, all
of the subunits of a tetramer in one layer interact with
two subunits of a tetramer in the adjacent layer. In this
conformation, the pores were noted to be too narrow
even for the passage of water, which indicates that

DIPOLE

A pair of equal and opposite
electrical charges that are located
only a short distance apart, for
example, at either end of a small
molecule.

Figure 1 | The aquaporin family tree. This phylogenetic tree

shows the relationship of the eleven human aquaporins

(AQP0–AQP10), as well as the Escherichia coli aquaporin

homologues AqpZ and GlpF. The assignments in the

phylogenetic tree roughly correlate with permeability

characteristics — the aquaporins are generally permeated

only by water and the aquaglyceroporins are permeated by

water and small solutes such as glycerol. The scale bar

represents evolutionary distance: 0.1 equals 10 substitutions
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between two proteins is equal to the total distance along 

the path.
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The aquaporin protein family: 
superaquaporins

Ê The structural basis for this dichotomy of
AQPs was challenged by the discovery of
a new group of AQPs highly deviated from
the previous AQPs especially around the
AQP signature sequence, NPA box.

Ê This third subfamily was named
superaquaporin after super-gene family of
AQP family to indicate its very low
homology with the previous two
subfamilies. Interestingly, this subfamily is
absent in single cell organisms and the
plant.

Ê AQP11 and AQP12 localization is
exclusively intracellular. plants.

Ê They may may function as
glyceroporin,aquaporin and peroxiporin,
H2O2 transporter.



The aquaporin protein family

Ê Why do we need so many aquaporins? The answer probably derives
from the diverse requirements in different cells and organs for the
regulation of water homeostasis.

Ê Aquaporins in the collecting duct of the kidney, capillaries in the
lung and secretory cells in salivary glands are all capable of high
rates of water transport. However, across the aquaporin family,
differences have been identified in the transcriptional regulation of
the genes, as well as in the post-translational modification, stability
and polarized distribution of the proteins.

Ê The complexity in the regulation of expression, membrane
targeting and permeability necessitates the existence of more than
just a single water-channel gene.



The unique aquaporin structure

Ê Biochemical analyses of AQP1

revealed that the 28-kDa

polypeptide that was evident

on immunoblots represented

the monomeric form of the

protein, but that AQP1 (as well

as other aquaporins) is present

as a tetramer in the cell

membrane.



Monomer structure

The signature sequence motif of the aquaporins is the three-

amino-acid sequence NPA (Asn-Pro-Ala). One NPA motif is

found in the aminoterminal half of each monomer, and a

second NPA motif is found in the carboxy-terminal half.

When their amino termini are aligned, the overall

percentage sequence identity among the aquaporin-family

members is ~25–40%. However, it is much higher for the

sequences that flank each of the NPA motifs. In addition to

the similarity between the different aquaporins, the amino-

and carboxy-terminal halves of AQP1 are related by their

sequence, although these halves are oriented in opposite

directions across the membrane bilayer.
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no obvious clinical consequences,besides their inability
to tolerate blood transfusions from Colton-positive
donors. So, what does this mean?

To examine the hypothesis that the absence of AQP1
would produce defects in water homeostasis under
stress conditions, renal function was evaluated in two
AQP1-null humans43. Both individuals had normal
urine volumes, and normal indices of baseline renal
function. When deprived of water, the AQP1-null indi-
viduals had normal increases in serum osmolality and
vasopressin levels.However,both had a limited ability to
concentrate urine, with the maximal urine osmolality
being less than half as concentrated as in normal indi-
viduals following overnight water deprivation44.
Although invasive micropuncture testing could not be
carried out in these humans to confirm the segmental
water permeability, measurements of proximal-tubule
fluid reabsorption and the glomerular filtration rate
were normal. This indicates that, in contrast to the
Aqp1-null mice, the primary defect in these rare
AQP1-null humans is not in the proximal tubule, but
rather is in the descending thin limb and/or the
descending vasa recta. Intrinsic differences between
mice and humans with regard to maximal urine-con-
centrating ability are well established — mice can
concentrate urine to greater than 3,000 mosmol kg–1,
whereas humans can maximally concentrate urine to
~1,200 mosmol kg–1. Nonetheless, the manifestations
of an AQP1 deficiency in mice are more severe than in
AQP1-null humans, which indicates significant
species-specific differences in the mechanisms of prox-
imal-tubule water reabsorption. Alternatively, the
extremely low frequency of this AQP1 deficiency in
humans might indicate that these individuals have
some, still unidentified, form of compensation.

Several water-channel proteins are expressed in the
renal collecting duct (FIG. 3). For example, AQP2 is pre-
sent in the water-absorbing principal cells of the renal
collecting duct37,45.Vasopressin is the anti-diuretic hor-
mone that is released from the pituitary gland and that
stimulates urine concentration by increasing the water
permeability of the collecting duct. After vasopressin
binds to its receptor on collecting-duct epithelial cells,
intracellular vesicles that contain AQP2 translocate to
the apical membrane (FIG. 3), which markedly increases
collecting-duct water permeability. These findings
confirmed the classic ‘shuttle-hypothesis’ description
of collecting-duct water permeability46. AQP2 is pre-
dominantly in the apical membrane of collecting-duct
principal cells, but in the renal medulla — the most
hypertonic part of the kidney — it can also be found on
the basolateral membrane. van Balkom and colleagues
showed that the exposure of a renal epithelial
(Madin–Darby canine kidney, MDCK) cell line  to a
hypertonic medium for several days resulted in the
insertion of AQP2 into the basolateral membrane47.
Furthermore, the basolateral-membrane insertion of
Aqp2 was observed in rats following chronic vasopressin
exposure, which indicates that intrinsic targeting signals
in AQP2 are not interpreted in the same way in all cells
or under all conditions.

understood in this organ. Each kidney contains approxi-
mately one million nephrons, and each nephron seg-
ment has a well-defined water permeability that corre-
lates with the presence or absence of different
aquaporins37 (BOX 1; FIG. 3). In the proximal nephron,
AQP1 is abundant in both the apical and basolateral
membranes of the proximal tubule and the descending
thin-limb epithelium, as well as in the endothelium of
the descending vasa recta. AQP7 and AQP8 are also pre-
sent in the proximal-tubule epithelium37.

Recent investigations in both mice and humans
confirmed a functional role for AQP1 in the kidney.
Mice with a targeted knockout of Aqp1 had increased
urine output (polyuria) and a decreased urine-con-
centrating ability, as well as a decreased water perme-
ability of the proximal tubule and the descending vasa
recta. These functional consequences are consistent
with predictions that were made on the basis of the
distribution of this protein38–40. When deprived of
water for 36 hours, Aqp1-null mice became pro-
foundly dehydrated as a result of the urine-concen-
trating defect, and the SERUM OSMOLALITY increased from
the normal value of approximately 310 mosmol kg –1

to nearly 500 mosmol kg –1. The glomerular filtration
rate was also reduced in these animals as a conse-
quence of TUBULOGLOMERULAR FEEDBACK.

An extracellular epitope on AQP1 encodes the minor
blood-group-antigen Colton41, and seven Colton-null
families have been identified worldwide. Individuals in
three of the Colton-null families were found to be
homozygous for distinct mutations in the AQP1 gene
and had a complete absence or marked deficiency of the
AQP1 protein42. Surprisingly, these individuals suffered

SERUM OSMOLALITY

A measure of the solute
concentration in a particular
solution, including biological
solutions such as blood or urine.
The units for osmolality are
milliosmoles of solute per kg of
solvent (mosmol kg–1).

TUBULOGLOMERULAR

FEEDBACK

The process by which increased
fluid and solute delivery out of
the proximal tubule feeds back
to reduce glomerular filtration
and to limit the loss of urine
volume.

Figure 2 | The structure of aquaporin-1. a | The structure of the aquaporin-1 (AQP1) monomer

is shown, with membrane-spanning helices numbered 1–6 and displayed as rods. The amino-

terminal half of the molecule is shown in purple and light blue, and the carboxy-terminal half is

shown in red and pink. Loops B and E, which fold into the membrane to form the pore, are

labelled, as are the conserved NPA motifs (shown in light grey). Portions of loops B and E form 

α-helices, and are therefore shown as rods. The arrow highlights the route taken by water, which

can move in both directions through the channel. b | The AQP1 tetramer, as seen from above.

Asterisks denote the location of the water pore in each subunit. These structures are based on

the Protein Data Bank coordinates 1J4N (REF. 11). C, carboxyl terminus; N, amino terminus.

a b
Extracellular

Intracellular

E

B

C N

6

NPA

APN
5

4

3

1

2

*

*
*

*



Monomer structure

Although superaquaporins are not

much similar with each other, they

have a perfectly conserved cystein

residue downstream of the second

NPA box (arrowed) which is critical

for function.



Monomer structure

Ê Hydropathy analysis of
AQP1 indicated the
presence of six
transmembrane helices in
each monomer.



Monomer structure

Mutational anayses of residues
around the conserved NPA motifs
led to predictions of an ‘hourglass’
structure, with two loops — the
intracellular loop B and the
extracellular loop E — folding into
the membrane to form the pore.
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no obvious clinical consequences,besides their inability
to tolerate blood transfusions from Colton-positive
donors. So, what does this mean?

To examine the hypothesis that the absence of AQP1
would produce defects in water homeostasis under
stress conditions, renal function was evaluated in two
AQP1-null humans43. Both individuals had normal
urine volumes, and normal indices of baseline renal
function. When deprived of water, the AQP1-null indi-
viduals had normal increases in serum osmolality and
vasopressin levels.However,both had a limited ability to
concentrate urine, with the maximal urine osmolality
being less than half as concentrated as in normal indi-
viduals following overnight water deprivation44.
Although invasive micropuncture testing could not be
carried out in these humans to confirm the segmental
water permeability, measurements of proximal-tubule
fluid reabsorption and the glomerular filtration rate
were normal. This indicates that, in contrast to the
Aqp1-null mice, the primary defect in these rare
AQP1-null humans is not in the proximal tubule, but
rather is in the descending thin limb and/or the
descending vasa recta. Intrinsic differences between
mice and humans with regard to maximal urine-con-
centrating ability are well established — mice can
concentrate urine to greater than 3,000 mosmol kg–1,
whereas humans can maximally concentrate urine to
~1,200 mosmol kg–1. Nonetheless, the manifestations
of an AQP1 deficiency in mice are more severe than in
AQP1-null humans, which indicates significant
species-specific differences in the mechanisms of prox-
imal-tubule water reabsorption. Alternatively, the
extremely low frequency of this AQP1 deficiency in
humans might indicate that these individuals have
some, still unidentified, form of compensation.

Several water-channel proteins are expressed in the
renal collecting duct (FIG. 3). For example, AQP2 is pre-
sent in the water-absorbing principal cells of the renal
collecting duct37,45.Vasopressin is the anti-diuretic hor-
mone that is released from the pituitary gland and that
stimulates urine concentration by increasing the water
permeability of the collecting duct. After vasopressin
binds to its receptor on collecting-duct epithelial cells,
intracellular vesicles that contain AQP2 translocate to
the apical membrane (FIG. 3), which markedly increases
collecting-duct water permeability. These findings
confirmed the classic ‘shuttle-hypothesis’ description
of collecting-duct water permeability46. AQP2 is pre-
dominantly in the apical membrane of collecting-duct
principal cells, but in the renal medulla — the most
hypertonic part of the kidney — it can also be found on
the basolateral membrane. van Balkom and colleagues
showed that the exposure of a renal epithelial
(Madin–Darby canine kidney, MDCK) cell line  to a
hypertonic medium for several days resulted in the
insertion of AQP2 into the basolateral membrane47.
Furthermore, the basolateral-membrane insertion of
Aqp2 was observed in rats following chronic vasopressin
exposure, which indicates that intrinsic targeting signals
in AQP2 are not interpreted in the same way in all cells
or under all conditions.

understood in this organ. Each kidney contains approxi-
mately one million nephrons, and each nephron seg-
ment has a well-defined water permeability that corre-
lates with the presence or absence of different
aquaporins37 (BOX 1; FIG. 3). In the proximal nephron,
AQP1 is abundant in both the apical and basolateral
membranes of the proximal tubule and the descending
thin-limb epithelium, as well as in the endothelium of
the descending vasa recta. AQP7 and AQP8 are also pre-
sent in the proximal-tubule epithelium37.

Recent investigations in both mice and humans
confirmed a functional role for AQP1 in the kidney.
Mice with a targeted knockout of Aqp1 had increased
urine output (polyuria) and a decreased urine-con-
centrating ability, as well as a decreased water perme-
ability of the proximal tubule and the descending vasa
recta. These functional consequences are consistent
with predictions that were made on the basis of the
distribution of this protein38–40. When deprived of
water for 36 hours, Aqp1-null mice became pro-
foundly dehydrated as a result of the urine-concen-
trating defect, and the SERUM OSMOLALITY increased from
the normal value of approximately 310 mosmol kg –1

to nearly 500 mosmol kg –1. The glomerular filtration
rate was also reduced in these animals as a conse-
quence of TUBULOGLOMERULAR FEEDBACK.

An extracellular epitope on AQP1 encodes the minor
blood-group-antigen Colton41, and seven Colton-null
families have been identified worldwide. Individuals in
three of the Colton-null families were found to be
homozygous for distinct mutations in the AQP1 gene
and had a complete absence or marked deficiency of the
AQP1 protein42. Surprisingly, these individuals suffered

SERUM OSMOLALITY

A measure of the solute
concentration in a particular
solution, including biological
solutions such as blood or urine.
The units for osmolality are
milliosmoles of solute per kg of
solvent (mosmol kg–1).

TUBULOGLOMERULAR

FEEDBACK

The process by which increased
fluid and solute delivery out of
the proximal tubule feeds back
to reduce glomerular filtration
and to limit the loss of urine
volume.

Figure 2 | The structure of aquaporin-1. a | The structure of the aquaporin-1 (AQP1) monomer

is shown, with membrane-spanning helices numbered 1–6 and displayed as rods. The amino-

terminal half of the molecule is shown in purple and light blue, and the carboxy-terminal half is

shown in red and pink. Loops B and E, which fold into the membrane to form the pore, are

labelled, as are the conserved NPA motifs (shown in light grey). Portions of loops B and E form 

α-helices, and are therefore shown as rods. The arrow highlights the route taken by water, which

can move in both directions through the channel. b | The AQP1 tetramer, as seen from above.

Asterisks denote the location of the water pore in each subunit. These structures are based on

the Protein Data Bank coordinates 1J4N (REF. 11). C, carboxyl terminus; N, amino terminus.
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Tetramer formation

Ê Aquaporins are present in the
membrane as tetramers, but, unlike
ion channels, the channel for water
permeability does not reside at the
fourfold axis (the centre of the
tetramer). Instead, each monomer
contains a channel (FIG. 2b).

Ê Structural studies have provided
insights into the apparent
requirement for tetramer formation.
The helices of each AQP1 monomer
that are positioned on the outside
face of the tetramer are
hydrophobic, whereas those that are
placed towards the center of the
tetramer are hydrophilic
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no obvious clinical consequences,besides their inability
to tolerate blood transfusions from Colton-positive
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To examine the hypothesis that the absence of AQP1
would produce defects in water homeostasis under
stress conditions, renal function was evaluated in two
AQP1-null humans43. Both individuals had normal
urine volumes, and normal indices of baseline renal
function. When deprived of water, the AQP1-null indi-
viduals had normal increases in serum osmolality and
vasopressin levels.However,both had a limited ability to
concentrate urine, with the maximal urine osmolality
being less than half as concentrated as in normal indi-
viduals following overnight water deprivation44.
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water permeability, measurements of proximal-tubule
fluid reabsorption and the glomerular filtration rate
were normal. This indicates that, in contrast to the
Aqp1-null mice, the primary defect in these rare
AQP1-null humans is not in the proximal tubule, but
rather is in the descending thin limb and/or the
descending vasa recta. Intrinsic differences between
mice and humans with regard to maximal urine-con-
centrating ability are well established — mice can
concentrate urine to greater than 3,000 mosmol kg–1,
whereas humans can maximally concentrate urine to
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of an AQP1 deficiency in mice are more severe than in
AQP1-null humans, which indicates significant
species-specific differences in the mechanisms of prox-
imal-tubule water reabsorption. Alternatively, the
extremely low frequency of this AQP1 deficiency in
humans might indicate that these individuals have
some, still unidentified, form of compensation.

Several water-channel proteins are expressed in the
renal collecting duct (FIG. 3). For example, AQP2 is pre-
sent in the water-absorbing principal cells of the renal
collecting duct37,45.Vasopressin is the anti-diuretic hor-
mone that is released from the pituitary gland and that
stimulates urine concentration by increasing the water
permeability of the collecting duct. After vasopressin
binds to its receptor on collecting-duct epithelial cells,
intracellular vesicles that contain AQP2 translocate to
the apical membrane (FIG. 3), which markedly increases
collecting-duct water permeability. These findings
confirmed the classic ‘shuttle-hypothesis’ description
of collecting-duct water permeability46. AQP2 is pre-
dominantly in the apical membrane of collecting-duct
principal cells, but in the renal medulla — the most
hypertonic part of the kidney — it can also be found on
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showed that the exposure of a renal epithelial
(Madin–Darby canine kidney, MDCK) cell line  to a
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Tetramer formation



Channel selectivity and gating

Ê Structural studies also revealed that the restriction of

AQP1 permeability to water — excluding even hydronium

(H3O+) ions — arises from two principal mechanisms.

Ê First, the channels narrow to a diameter of 2.8 Å

approximately 8Å above the centre of the bilayer, which

physically limits the size of molecules that can pass

through them. A highly conserved arginine residue

provides a fixed positive charge at this constriction site in

each channel.

Ê The narrowest part of an E. coli GlpF channel is ~1 Å wider

than in AQP1, and this increased diameter is sufficient to

allow glycerol to pass throughGlpF channels.



Channel selectivity and gating

Ê The second mechanism involves the

orientation of a pair of DIPOLES at the NPA

motifs. These dipoles interact with individual

water molecules and prevent them from

hydrogen bonding to adjacent water

molecules. The functional separation of water

molecules eliminates the possibility of H+

transfer through a channel. The combination of

size and charge restrictions provides the basis

for the unique permeability characteristics of

the aquaporins.



Channel selectivity and gating

Ê For several members of the aquaporin family, channel gating

might have an important role in regulating permeability.

Ê In contrast to other aquaporins, AQP0 might also fulfil a

structural role at the membrane junction between fiber cells in

the lens. In double-layer AQP0 crystals, which are

representative of the arrangement of AQP0 in the membrane

junction, all of the subunits of a tetramer in one layer interact

with two subunits of a tetramer in the adjacent layer. In this

conformation, the pores were noted to be too narrow even for

the passage of water, which indicates that membrane-junction

formation stabilizes AQP0 in a closed conformation
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The lens-specific water pore aquaporin-0 (AQP0) is the only
aquaporin known to formmembrane junctions in vivo1.We show
here that AQP0 from the lens core, containing some carboxy-
terminally cleaved AQP02,3, forms double-layered crystals that
recapitulate in vivo junctions. We present the structure of the
AQP0 membrane junction as determined by electron crystal-
lography. The junction is formed by three localized interactions

between AQP0 molecules in adjoining membranes, mainly
mediated by proline residues conserved in AQP0s from different
species but not present in most other aquaporins. Whereas all
previously determined aquaporin structures show the pore in an
open conformation4–9, the water pore is closed in AQP0 junc-
tions. The water pathway in AQP0 also contains an additional
pore constriction, not seen in other known aquaporin struc-
tures4–9, which may be responsible for pore gating.
AQP0 is a member of the aquaporin family, members of which

form pores that are either highly selective for water (aquaporins) or
also permeable to other small neutral solutes such as glycerol
(aquaglyceroporins) (reviewed in ref. 10). To date, the atomic
structures of three aquaporins have been determined (AQP14–6,
GlpF7,8 and AQPZ9). Sequence alignment shows AQP0 to be closely
related to the pure water channel AQP1 (43.6% identity, 62.6%
similarity). The presence of His 172, a residue conserved only in
aquaporins but substituted in aquaglyceroporins, also suggests that
AQP0 forms a pure water pore. AQP0 water permeability at neutral
pH is approximately 40 times lower than that of AQP111, but AQP0
water conductance doubles under mildly acidic conditions12. In the
case of aquaporins in plant roots, a pH-dependent closure of the
water pores has been reported13. Thus, evidence suggests that
certain aquaporin pores are gated.
AQP0 water pores are considered essential for the lens micro-

circulation system, proposed to supply deeper-lying fibre cells with
nutrients and to clear waste products14,15. Unlike all other aqua-
porins, AQP0 is also present in membrane junctions. It is particu-
larly enriched in the 11–13 nm thin junctions between lens fibre
cells, that feature square AQP0 arrays1. Atomic force microscopy
analysis of in vitro reconstituted AQP0 two-dimensional crystals
demonstrated these crystals to be double-layered16.
Using AQP0 from the core of sheep lenses, where some of the

AQP0 is proteolytically cleaved near the C terminus at various sites
in an age-dependent manner2,3, we reproduced the double-layered
two-dimensional crystals16,17. When core AQP0 was reconstituted at
a lipid-to-protein ratio of 0.25 (w/w), large membrane sheets
formed (.6 mm) that in some cases showed two parallel edges,
revealing them to be double-layered (Fig. 1a). The crystals showing
p422 symmetry had lattice constants of a ¼ b ¼ 65.5 Å and a
thickness of 11 nm (Fig. 2a), the same dimensions as thin junctions
in the lens1. Double-layered AQP0 two-dimensional crystals are
therefore likely to recapitulate thin lens fibre cell junctions.
Electron diffraction analysis of AQP0 crystals (tilted to an angle

of up to 708) produced strong diffraction spots to 3 Å resolution in
all directions (Fig. 1b, c; the electron crystallographic data are
summarized in Table 1). As the crystal structure of the homologous
bovine AQP1 was available5, we determined the structure of the
AQP0membrane junction by molecular replacement, thus avoiding
the cumbersome and time-consuming process of collecting high-
resolution images of tilted specimens. Sequencing of cloned sheep
AQP0 showed an identical amino acid sequence to bovine AQP018,
with the exception of three conservative (S20T, M90V and S240T)
and one non-conservative substitutions (C14F).
Our model (Fig. 2a) shows unique features that enable AQP0 to

form membrane junction interactions. These differ from those
previously suggested based on atomic force microscopy data16.
The extracellular surface of AQP0 is rather flat and the interactions
are mediated by direct contacts of the corresponding loops in the
opposing AQP0 molecules (Fig. 2a). Loop C, connecting a-helices
three and four, is significantly shorter than in AQP1 and GlpF. The
shortened loop C (also seen in AQP2, AQP5, AQP6 and AQP8) is
crucial for the formation of the very tight AQP0 junction, as it
allows three specific interactions to be formed that are mediated
almost exclusively by proline residues.
The most striking interaction involves Pro 38, in extracellular

loop A. The proline residues (Pro 38) from eight symmetry-related
AQP0 molecules in the stacked tetramers come together to form a
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The lens-specific water pore aquaporin-0 (AQP0) is the only
aquaporin known to formmembrane junctions in vivo1.We show
here that AQP0 from the lens core, containing some carboxy-
terminally cleaved AQP02,3, forms double-layered crystals that
recapitulate in vivo junctions. We present the structure of the
AQP0 membrane junction as determined by electron crystal-
lography. The junction is formed by three localized interactions

between AQP0 molecules in adjoining membranes, mainly
mediated by proline residues conserved in AQP0s from different
species but not present in most other aquaporins. Whereas all
previously determined aquaporin structures show the pore in an
open conformation4–9, the water pore is closed in AQP0 junc-
tions. The water pathway in AQP0 also contains an additional
pore constriction, not seen in other known aquaporin struc-
tures4–9, which may be responsible for pore gating.
AQP0 is a member of the aquaporin family, members of which

form pores that are either highly selective for water (aquaporins) or
also permeable to other small neutral solutes such as glycerol
(aquaglyceroporins) (reviewed in ref. 10). To date, the atomic
structures of three aquaporins have been determined (AQP14–6,
GlpF7,8 and AQPZ9). Sequence alignment shows AQP0 to be closely
related to the pure water channel AQP1 (43.6% identity, 62.6%
similarity). The presence of His 172, a residue conserved only in
aquaporins but substituted in aquaglyceroporins, also suggests that
AQP0 forms a pure water pore. AQP0 water permeability at neutral
pH is approximately 40 times lower than that of AQP111, but AQP0
water conductance doubles under mildly acidic conditions12. In the
case of aquaporins in plant roots, a pH-dependent closure of the
water pores has been reported13. Thus, evidence suggests that
certain aquaporin pores are gated.
AQP0 water pores are considered essential for the lens micro-

circulation system, proposed to supply deeper-lying fibre cells with
nutrients and to clear waste products14,15. Unlike all other aqua-
porins, AQP0 is also present in membrane junctions. It is particu-
larly enriched in the 11–13 nm thin junctions between lens fibre
cells, that feature square AQP0 arrays1. Atomic force microscopy
analysis of in vitro reconstituted AQP0 two-dimensional crystals
demonstrated these crystals to be double-layered16.
Using AQP0 from the core of sheep lenses, where some of the

AQP0 is proteolytically cleaved near the C terminus at various sites
in an age-dependent manner2,3, we reproduced the double-layered
two-dimensional crystals16,17. When core AQP0 was reconstituted at
a lipid-to-protein ratio of 0.25 (w/w), large membrane sheets
formed (.6 mm) that in some cases showed two parallel edges,
revealing them to be double-layered (Fig. 1a). The crystals showing
p422 symmetry had lattice constants of a ¼ b ¼ 65.5 Å and a
thickness of 11 nm (Fig. 2a), the same dimensions as thin junctions
in the lens1. Double-layered AQP0 two-dimensional crystals are
therefore likely to recapitulate thin lens fibre cell junctions.
Electron diffraction analysis of AQP0 crystals (tilted to an angle

of up to 708) produced strong diffraction spots to 3 Å resolution in
all directions (Fig. 1b, c; the electron crystallographic data are
summarized in Table 1). As the crystal structure of the homologous
bovine AQP1 was available5, we determined the structure of the
AQP0membrane junction by molecular replacement, thus avoiding
the cumbersome and time-consuming process of collecting high-
resolution images of tilted specimens. Sequencing of cloned sheep
AQP0 showed an identical amino acid sequence to bovine AQP018,
with the exception of three conservative (S20T, M90V and S240T)
and one non-conservative substitutions (C14F).
Our model (Fig. 2a) shows unique features that enable AQP0 to

form membrane junction interactions. These differ from those
previously suggested based on atomic force microscopy data16.
The extracellular surface of AQP0 is rather flat and the interactions
are mediated by direct contacts of the corresponding loops in the
opposing AQP0 molecules (Fig. 2a). Loop C, connecting a-helices
three and four, is significantly shorter than in AQP1 and GlpF. The
shortened loop C (also seen in AQP2, AQP5, AQP6 and AQP8) is
crucial for the formation of the very tight AQP0 junction, as it
allows three specific interactions to be formed that are mediated
almost exclusively by proline residues.
The most striking interaction involves Pro 38, in extracellular

loop A. The proline residues (Pro 38) from eight symmetry-related
AQP0 molecules in the stacked tetramers come together to form a
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Channel selectivity and gating

Ê AQP3 permeability is reduced by low pH in oocytes, and by low pH

and nickel in cultured lung epithelial cells.

Ê The water and ion permeability of AQP6 is activated by low pH and

nitrate in oocytes and cultured cells.

Ê Yool and colleagues reported that the ion permeability of AQP1

that had been expressed in oocytes was gated by cyclic GMP.

However, the number of channels that are activated by cGMP could

be as low as one AQP1 molecule per million, so the physiological

implications of this result remain undefined.



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.
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AQP1 also contribute to changes in protein abundance78.
In cultured lung epithelial cells, tumor necrosis factor-α
reduced AQP5 expression79, whereas both cAMP80

and hypertonicity81 increased AQP5 abundance.
Finally, the pH-dependent gating of AQP3 (REF. 23) is
of great interest given that the normally slightly acidic
surface layer82 of the respiratory tract becomes
markedly more acidic in pathological conditions such
as asthma83.

Several lines of evidence indicate functional roles for
aquaporins in the airways of the lung. Submucosal
glands in the airways contribute significantly to the gen-
eration of a liquid film that lines the airways84. This film
— an aqueous phase that underlies a layer of mucous —
helps to trap inhaled particulate matter and microor-
ganisms, so that they can be swept out of the lung by
cilia on the surface of cells. AQP5 is abundant in the api-
cal membrane of secretory cells in these glands70,71 and,
compared to wild-type mice, Aqp5-null mice have
reduced secretion from their airway submucosal
glands85. Furthermore, Krane and colleagues observed
that, compared to wild-type mice,Aqp5-null mice show
a greater constriction of the airways in response to phar-
macological stimulation with methacholine or acetyl-
choline72 — that is, they are hyperresponsive to such
agents. The mechanisms that underlie this observation
are undefined,but both mechanical86 and biochemical87

links between changes in lumenal or interstitial water
levels and resistance to airflow have been proposed. This
is consistent with potential roles for water channels in
the regulation of airway tone, and the clinical implica-
tions might be substantial given the worldwide preva-
lence of asthma.

Compared to wild-type animals, Aqp1-null mice
have a tenfold decrease in the OSMOTIC WATER PERMEABILITY

and a twofold decrease in the HYDROSTATIC PERMEABILITY

across the lung vasculature88, which is consistent with
Aqp1 being expressed in capillary endothelial cells75,89.
Vascular permeability has recently been examined in
AQP1-null humans, by adapting a technique that was
used by Brown and colleagues to measure OEDEMA

formation around the small airways90. In control indi-
viduals, intravenous infusion of a physiological saline
solution increased the thickness of airway walls by
40–50%, which reflects early oedema formation around
the bronchioles. In marked contrast, the thickness of air-
way walls did not change in AQP1-null individuals after
fluid loading, which indicates that AQP1 contributes to
the water permeability of the vascular membrane89.

Isolated type-I pneumocytes that are expressing
Aqp5 have an extremely high water permeability91, and
Aqp1-null mice and Aqp5-null mice show a 10–30-fold
decrease in the osmotic water permeability across the
lung endothelium92 and the alveolar epithelium93,
respectively. AQP1 and AQP5 levels are reduced in
mouse lungs following adenoviral infection at a time
when lung oedema increases94 and Aqp1 was identified
as one of a limited number of candidate genes in nickel-
induced lung injury95. These observations are consistent
with aquaporins participating in the altered water
homeostasis that is associated with lung injury.

beneath the airway epithelium (submucosal glands). In
human and mouse lungs, AQP5 is also present in the
apical membrane of the surface epithelium (the ciliated
columnar cells). AQP1 is abundant in endothelial cells
of the capillaries and venules that surround the airways
and the alveoli. In the alveolus, APQ5 is present in the
apical membrane of type-I PNEUMOCYTES70,74 and type-II
pneumocytes might express AQP3.

Aquaporins in the respiratory tract are regulated at
several levels. In rats, Aqp1 can be found in the lungs
shortly before birth and its levels increase markedly
during the perinatal period. Aqp3, Aqp4 and Aqp5,
on the other hand, are only detectable after birth75,76.
Corticosteroids induce Aqp1 expression in both the
fetal and adult lungs75, at least in part, through tran-
scriptional activation of the Aqp1 promoter77.
Ubiquitylation-mediated changes in the stability of

PNEUMOCYTES

In common usage, this term is
applied to the two principal
epithelial cell types that line the
alveoli of the lungs. Type-I
pneumocytes are large flat cells,
and type-II pneumocytes are
cuboidal cells.

OSMOTIC WATER PERMEABILITY

The permeability of a
membrane to water in response
to an osmotic gradient across the
membrane.

HYDROSTATIC PERMEABILITY

The permeability of a
membrane in response to a
pressure gradient across the
membrane.

Figure 3 | Aquaporin distribution in the human kidney. A schematic of a nephron showing the

aquaporin distribution in each of the nephron segments. Blood is filtered at the glomerulus, and 

the filtrate is modified as it travels through the nephron to make the final urine. Most of the glomerular

filtrate is resorbed through aquaporin-1 (AQP1) in the proximal tubule and descending thin-limb

epithelial cells, although AQP7 and AQP8 are also present in the proximal-tubule epithelium.

Endothelial cells of the descending vasa recta contain AQP1, which facilitates the removal of water

to maintain hypertonicity in the interstitial space. In the collecting duct, the hormone vasopressin

increases membrane water permeability by stimulating the redistribution of AQP2 from cytoplasmic

vesicles to the apical membrane of principal cells. AQP3 and AQP4 are present on the basolateral

membrane of principal cells. AQP6 is present in intracellular vesicles of the acid-secreting

intercalated cells. This figure is modified with permission from REF. 142 © (2002) Elsevier. 
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Ê The mammalian kidney is the primary organ

that regulates total body-water balance,

and aquaporin-related physiology is most

well understood in this organ.

Ê In the proximal nephron, AQP1 is abundant

in both the apical and basolateral

membranes of the proximal tubule and the

descending thin-limb epithelium, as well as

in the endothelium of the descending vasa

recta. AQP7 and AQP8 are also present in

the proximal-tubule epithelium.



Tubulo Prossimale

• 180L/die plasma filtra nella caps. Di Bowman (300mOsM)
• Nel tubulo prossimale il 70% è riassorbito (54L – 300mOsM)
• Nell’ansa di Henle transitano 18L/die – 100mOsM (90%)
• Nel tubulo distale e dotto collettore 1.5L – 50-1200mOsM (99%)

Ê La funzione principale
del tubulo prossimale
e’ il riassorbimento di
un elevato volume di
liquido isoosmotico



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê Recent investigations in both mice and humans confirmed a functional role for AQP1

in the kidney.

Ê Ma, T. et al. Severely impaired urinary concentrating ability in transgenic mice lacking

aquaporin-1 water channels. J. Biol. Chem. 273, 4296–4299 (1998).

Ê Mice with a targeted knockout of Aqp1 had increased urine output (polyuria) and a

decreased urine-concentrating ability, as well as a decreased water permeability of the

proximal tubule and the descending vasa recta. When deprived of water for 36 hours,

Aqp1-null mice became profoundly dehydrated as a result of the urine-concentrating

defect, and the SERUM OSMOLALITY increased from the normal value of approximately

310 mosmol kg–1 to nearly 500 mosmol kg–1



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê An extracellular epitope on AQP1 encodes the minor blood-group-

antigen Colton, and seven Colton-null families have been identified

worldwide.

Ê Individuals in three of the Colton-null families were found to be

homozygous for distinct mutations in the AQP1 gene and had a

complete absence or marked deficiency of the AQP1 protein.

Surprisingly, these individuals suffered no obvious clinical

consequences

Ê So, what does this mean?



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê To examine the hypothesis that the absence of AQP1 would produce defects in water homeostasis under stress

conditions, renal function was evaluated in two AQP1-null humans.

Ê King, L. S., Choi, M., Fernandez, P. C., Cartron, J. P. & Agre, P. Defective urinary-concentrating ability due to a

complete deficiency of aquaporin-1. N. Engl. J. Med. 345, 175–179 (2001).

Ê Both individuals had normal urine volumes, and normal indices of baseline renal function.

Ê When deprived of water, the AQP1-null individuals had normal increases in serum osmolality and vasopressin levels.

Ê However, both had a limited ability to concentrate urine, with the maximal urine osmolality being less than half as

concentrated as in normal individuals following overnight water deprivation. Measurements of proximal-tubule fluid

reabsorption and the glomerular filtration rate were normal.

Ê This indicates that, in contrast to the Aqp1-null mice, the primary defect in these rare AQP1-null humans is not in the

proximal tubule, but rather is in the descending thin limb and/or the descending vasa recta.



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê Intrinsic differences between mice and humans with regard to maximal urine-

concentrating ability are well established — mice can concentrate urine to

greater than 3,000 mosmol kg–1, whereas humans can maximally concentrate

urine to ~1,200 mosmol kg–1.

Ê Nonetheless, the manifestations of an AQP1 deficiency in mice are more severe

than in AQP1-null humans, which indicates significant species-specific

differences in the mechanisms of proximal- tubule water reabsorption.

Ê Alternatively, the extremely low frequency of this AQP1 deficiency in humans

might indicate that these individuals have some, still unidentified, form of

compensation.



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.
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AQP1 also contribute to changes in protein abundance78.
In cultured lung epithelial cells, tumor necrosis factor-α
reduced AQP5 expression79, whereas both cAMP80

and hypertonicity81 increased AQP5 abundance.
Finally, the pH-dependent gating of AQP3 (REF. 23) is
of great interest given that the normally slightly acidic
surface layer82 of the respiratory tract becomes
markedly more acidic in pathological conditions such
as asthma83.

Several lines of evidence indicate functional roles for
aquaporins in the airways of the lung. Submucosal
glands in the airways contribute significantly to the gen-
eration of a liquid film that lines the airways84. This film
— an aqueous phase that underlies a layer of mucous —
helps to trap inhaled particulate matter and microor-
ganisms, so that they can be swept out of the lung by
cilia on the surface of cells. AQP5 is abundant in the api-
cal membrane of secretory cells in these glands70,71 and,
compared to wild-type mice, Aqp5-null mice have
reduced secretion from their airway submucosal
glands85. Furthermore, Krane and colleagues observed
that, compared to wild-type mice,Aqp5-null mice show
a greater constriction of the airways in response to phar-
macological stimulation with methacholine or acetyl-
choline72 — that is, they are hyperresponsive to such
agents. The mechanisms that underlie this observation
are undefined,but both mechanical86 and biochemical87

links between changes in lumenal or interstitial water
levels and resistance to airflow have been proposed. This
is consistent with potential roles for water channels in
the regulation of airway tone, and the clinical implica-
tions might be substantial given the worldwide preva-
lence of asthma.

Compared to wild-type animals, Aqp1-null mice
have a tenfold decrease in the OSMOTIC WATER PERMEABILITY

and a twofold decrease in the HYDROSTATIC PERMEABILITY

across the lung vasculature88, which is consistent with
Aqp1 being expressed in capillary endothelial cells75,89.
Vascular permeability has recently been examined in
AQP1-null humans, by adapting a technique that was
used by Brown and colleagues to measure OEDEMA

formation around the small airways90. In control indi-
viduals, intravenous infusion of a physiological saline
solution increased the thickness of airway walls by
40–50%, which reflects early oedema formation around
the bronchioles. In marked contrast, the thickness of air-
way walls did not change in AQP1-null individuals after
fluid loading, which indicates that AQP1 contributes to
the water permeability of the vascular membrane89.

Isolated type-I pneumocytes that are expressing
Aqp5 have an extremely high water permeability91, and
Aqp1-null mice and Aqp5-null mice show a 10–30-fold
decrease in the osmotic water permeability across the
lung endothelium92 and the alveolar epithelium93,
respectively. AQP1 and AQP5 levels are reduced in
mouse lungs following adenoviral infection at a time
when lung oedema increases94 and Aqp1 was identified
as one of a limited number of candidate genes in nickel-
induced lung injury95. These observations are consistent
with aquaporins participating in the altered water
homeostasis that is associated with lung injury.

beneath the airway epithelium (submucosal glands). In
human and mouse lungs, AQP5 is also present in the
apical membrane of the surface epithelium (the ciliated
columnar cells). AQP1 is abundant in endothelial cells
of the capillaries and venules that surround the airways
and the alveoli. In the alveolus, APQ5 is present in the
apical membrane of type-I PNEUMOCYTES70,74 and type-II
pneumocytes might express AQP3.

Aquaporins in the respiratory tract are regulated at
several levels. In rats, Aqp1 can be found in the lungs
shortly before birth and its levels increase markedly
during the perinatal period. Aqp3, Aqp4 and Aqp5,
on the other hand, are only detectable after birth75,76.
Corticosteroids induce Aqp1 expression in both the
fetal and adult lungs75, at least in part, through tran-
scriptional activation of the Aqp1 promoter77.
Ubiquitylation-mediated changes in the stability of

PNEUMOCYTES

In common usage, this term is
applied to the two principal
epithelial cell types that line the
alveoli of the lungs. Type-I
pneumocytes are large flat cells,
and type-II pneumocytes are
cuboidal cells.

OSMOTIC WATER PERMEABILITY

The permeability of a
membrane to water in response
to an osmotic gradient across the
membrane.

HYDROSTATIC PERMEABILITY

The permeability of a
membrane in response to a
pressure gradient across the
membrane.

Figure 3 | Aquaporin distribution in the human kidney. A schematic of a nephron showing the

aquaporin distribution in each of the nephron segments. Blood is filtered at the glomerulus, and 

the filtrate is modified as it travels through the nephron to make the final urine. Most of the glomerular

filtrate is resorbed through aquaporin-1 (AQP1) in the proximal tubule and descending thin-limb

epithelial cells, although AQP7 and AQP8 are also present in the proximal-tubule epithelium.

Endothelial cells of the descending vasa recta contain AQP1, which facilitates the removal of water

to maintain hypertonicity in the interstitial space. In the collecting duct, the hormone vasopressin

increases membrane water permeability by stimulating the redistribution of AQP2 from cytoplasmic

vesicles to the apical membrane of principal cells. AQP3 and AQP4 are present on the basolateral

membrane of principal cells. AQP6 is present in intracellular vesicles of the acid-secreting

intercalated cells. This figure is modified with permission from REF. 142 © (2002) Elsevier. 
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Ê Several water-channel proteins are expressed in

the renal collecting duct . For example, AQP2 is

present in the water-absorbing principal cells of

the renal collecting duct. Vasopressin is the anti-

diuretic hormone that is released from the

pituitary gland and that stimulates urine

concentration by increasing the water

permeability of the collecting duct. After

vasopressin binds to its receptor on collecting-

duct epithelial cells, intracellular vesicles that

contain AQP2 translocate to the apical

membrane, which markedly increases

collecting-duct water permeability.



Tubulo distale e dotto collettore

• 180L/die plasma filtra nella caps. Di Bowman (300mOsM)
• Nel tubulo prossimale il 70% è riassorbito (54L – 300mOsM)
• Nell’ansa di Henle transitano 18L/die – 100mOsM 
• Nel tubulo distale e dotto collettore 1.5L – 50-1200mOsM

Ê Regolazione fine del
bilancio idrosalino sotto
il controllo ormonale.

Ê Il riassorbimento e la
secrezione nel tubulo
collettore determinano la
funzione finale e la
concentrazione delle
urine.



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Following the binding of vasopressin to its receptor,

cyclic AMP levels increase and AQP2 is

phosphorylated on Ser256 by protein kinase A.

AQP2-containing vesicles then undergo

microtubule-mediated translocation to the

apical membrane, where specific vesicle-docking

proteins participate in membrane fusion.

Ê Inhibiting Rho kinase led to AQP2 being targeted

to the apical membrane even in the absence of

vasopressin, which indicates that a combination

of positive and negative signals might dictate

vesicle trafficking.



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê The cGMP-mediated targeting

of AQP2 to the plasma

membrane has also been

described.

Ê As was observed for the cAMP

stimulated trafficking of AQP2,

phosphorylation of Ser256 was

required for this cGMP-

stimulated apical membrane

targeting.



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê The first example of a clinically important water channel defect that altered the water

permeability of an organ was provided in 1994.

Ê They identified AQP2 mutations in individuals with hereditary nephrogenic diabetes

insipidus (NDI) — a rare disorder that results in the excretion of large volumes of dilute

urine. Mutations that produce both autosomal-dominant and autosomal-recessive

inheritance patterns have been identified. In general, the autosomal-dominant mutations

in AQP2 produce trafficking defects — heterotetramers, which are composed of mutant

and normal AQP2 monomers, are not transported to the plasma membrane. By contrast,

the autosomal-recessive mutations lead to the misfolding of the mutant monomers,

which are presumably degraded and therefore cannot oligomerize with the normal

monomers. As a result, normal function is retained in heterozygotes.



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê At the other end of the water-imbalance spectrum,

excessively high levels of AQP2 have been described in

conditions of fluid retention, which include congestive heart

failure, cirrhosis and pregnancy. These observations confirm

that AQP2 has a fundamental role in various pathological

disorders of water homeostasis



Aquaporin physiology in health and 
disease: Aquaporins in the kidney.

Ê AQP6 is an intracellular water channel that

resides in the intracellular vesicles of acid-

secreting intercalated cells of the collecting

duct. In these vesicles, AQP6 colocalizes with

the H+-ATPase, a protein that participates in

the secretion of acid into the urine. In contrast

to other aquaporins, AQP6 is permeated by

anions as well as by water, and channel

function is activated by low pH6 and nitrate.

AQP6 probably participates in acid–base

homeostasis by regulating the content of

intercalated-cell vesicles.
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AQP1 also contribute to changes in protein abundance78.
In cultured lung epithelial cells, tumor necrosis factor-α
reduced AQP5 expression79, whereas both cAMP80

and hypertonicity81 increased AQP5 abundance.
Finally, the pH-dependent gating of AQP3 (REF. 23) is
of great interest given that the normally slightly acidic
surface layer82 of the respiratory tract becomes
markedly more acidic in pathological conditions such
as asthma83.

Several lines of evidence indicate functional roles for
aquaporins in the airways of the lung. Submucosal
glands in the airways contribute significantly to the gen-
eration of a liquid film that lines the airways84. This film
— an aqueous phase that underlies a layer of mucous —
helps to trap inhaled particulate matter and microor-
ganisms, so that they can be swept out of the lung by
cilia on the surface of cells. AQP5 is abundant in the api-
cal membrane of secretory cells in these glands70,71 and,
compared to wild-type mice, Aqp5-null mice have
reduced secretion from their airway submucosal
glands85. Furthermore, Krane and colleagues observed
that, compared to wild-type mice,Aqp5-null mice show
a greater constriction of the airways in response to phar-
macological stimulation with methacholine or acetyl-
choline72 — that is, they are hyperresponsive to such
agents. The mechanisms that underlie this observation
are undefined,but both mechanical86 and biochemical87

links between changes in lumenal or interstitial water
levels and resistance to airflow have been proposed. This
is consistent with potential roles for water channels in
the regulation of airway tone, and the clinical implica-
tions might be substantial given the worldwide preva-
lence of asthma.

Compared to wild-type animals, Aqp1-null mice
have a tenfold decrease in the OSMOTIC WATER PERMEABILITY

and a twofold decrease in the HYDROSTATIC PERMEABILITY

across the lung vasculature88, which is consistent with
Aqp1 being expressed in capillary endothelial cells75,89.
Vascular permeability has recently been examined in
AQP1-null humans, by adapting a technique that was
used by Brown and colleagues to measure OEDEMA

formation around the small airways90. In control indi-
viduals, intravenous infusion of a physiological saline
solution increased the thickness of airway walls by
40–50%, which reflects early oedema formation around
the bronchioles. In marked contrast, the thickness of air-
way walls did not change in AQP1-null individuals after
fluid loading, which indicates that AQP1 contributes to
the water permeability of the vascular membrane89.

Isolated type-I pneumocytes that are expressing
Aqp5 have an extremely high water permeability91, and
Aqp1-null mice and Aqp5-null mice show a 10–30-fold
decrease in the osmotic water permeability across the
lung endothelium92 and the alveolar epithelium93,
respectively. AQP1 and AQP5 levels are reduced in
mouse lungs following adenoviral infection at a time
when lung oedema increases94 and Aqp1 was identified
as one of a limited number of candidate genes in nickel-
induced lung injury95. These observations are consistent
with aquaporins participating in the altered water
homeostasis that is associated with lung injury.

beneath the airway epithelium (submucosal glands). In
human and mouse lungs, AQP5 is also present in the
apical membrane of the surface epithelium (the ciliated
columnar cells). AQP1 is abundant in endothelial cells
of the capillaries and venules that surround the airways
and the alveoli. In the alveolus, APQ5 is present in the
apical membrane of type-I PNEUMOCYTES70,74 and type-II
pneumocytes might express AQP3.

Aquaporins in the respiratory tract are regulated at
several levels. In rats, Aqp1 can be found in the lungs
shortly before birth and its levels increase markedly
during the perinatal period. Aqp3, Aqp4 and Aqp5,
on the other hand, are only detectable after birth75,76.
Corticosteroids induce Aqp1 expression in both the
fetal and adult lungs75, at least in part, through tran-
scriptional activation of the Aqp1 promoter77.
Ubiquitylation-mediated changes in the stability of

PNEUMOCYTES

In common usage, this term is
applied to the two principal
epithelial cell types that line the
alveoli of the lungs. Type-I
pneumocytes are large flat cells,
and type-II pneumocytes are
cuboidal cells.

OSMOTIC WATER PERMEABILITY

The permeability of a
membrane to water in response
to an osmotic gradient across the
membrane.

HYDROSTATIC PERMEABILITY

The permeability of a
membrane in response to a
pressure gradient across the
membrane.

Figure 3 | Aquaporin distribution in the human kidney. A schematic of a nephron showing the

aquaporin distribution in each of the nephron segments. Blood is filtered at the glomerulus, and 

the filtrate is modified as it travels through the nephron to make the final urine. Most of the glomerular

filtrate is resorbed through aquaporin-1 (AQP1) in the proximal tubule and descending thin-limb

epithelial cells, although AQP7 and AQP8 are also present in the proximal-tubule epithelium.

Endothelial cells of the descending vasa recta contain AQP1, which facilitates the removal of water

to maintain hypertonicity in the interstitial space. In the collecting duct, the hormone vasopressin

increases membrane water permeability by stimulating the redistribution of AQP2 from cytoplasmic

vesicles to the apical membrane of principal cells. AQP3 and AQP4 are present on the basolateral

membrane of principal cells. AQP6 is present in intracellular vesicles of the acid-secreting

intercalated cells. This figure is modified with permission from REF. 142 © (2002) Elsevier. 
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Aquaporin physiology in health and 
disease: Aquaporins in the lung.

Ê Water homeostasis is a
crucial element of numerous
pathophysiological processes
that occur in the respiratory
tract, and a network of
aquaporins is present in this
tract
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administration and mouse strain might explain the
apparent discrepancy in sweat-gland function.

Krane and colleagues also showed that isolated sali-
vary gland (sublingual and parotid gland) secretory cells
from Aqp5-null mice had a reduced membrane water
permeability, as well as a reduced rate of return to their
original cell volume after a period of swelling that was
induced by hypotonic challenge (a process called regula-
tory-volume decrease)111. Similar observations were
made in vivo in the corneas of Aqp1-null mice103.
Recently, aquaporin levels have been shown to be
dynamically regulated during osmotic stress, by mito-
gen-activated-protein-kinase-mediated signalling81,115

and by changes in ubiquitylation and protein stability78,
which further highlights fundamental roles for aqua-
porins in the cellular response to osmotic stress.

Sjögren’s syndrome is an autoimmune disease, the
principal clinical manifestations of which are dry eyes
and a dry mouth. Expression of AQP5 in salivary and
lacrimal glands indicated a potential role for this
aquaporin in the pathophysiology of Sjögren’s syn-
drome. Steinfeld and colleagues examined the AQP5

deletion have decreased salivation following stimula-
tion with pilocarpine and that the saliva from these
mice was hypertonic (~450 mosmol kg–1)110. Krane
and colleagues also observed a decreased salivation in
Aqp5-null mice following stimulation using pilo-
carpine, although, in these studies, the saliva was
hypotonic (~250 mosmol kg–1)111. The basis for this dif-
ference is not known — pilocarpine dosing was different
in the two studies, but mouse-strain-related differences
in the compensation and response mechanisms would
seem a more probable explanation. The success of
defining functional roles for AQP5 in other secretory
glands using mouse-knockout models has been more
variable. Nejsum and co-workers showed decreased
secretion from forepaw sweat glands in Aqp5-null mice
two minutes after the local administration of pilo-
carpine112. However, Song et al. observed no differences
in sweat-gland secretion in Aqp5-null mice compared
to wild-type mice five and ten minutes after the sys-
temic administration of pilocarpine113. Lacrimal-gland
secretion was also not diminished in this strain of
Aqp5-null mice114. Differences in timing, pilocarpine

Figure 4 | Aquaporin distribution in the human respiratory tract. The epithelium that lines the upper airways contains three

aquaporins. Aquaporin-5 (AQP5) is in the apical membrane of the airway epithelial cells (the ciliated columnar cells), AQP4 is in the

basolateral membrane of these cells, and AQP3 is present in the basal cells of the epithelium. AQP1 is found in the apical and

basolateral membranes of the endothelial cells of the capillaries and venules that surround the airways. Submucosal glands open

onto the airway surface and the secretory cells of these glands have AQP5 in their apical membrane. In the alveoli, or air sacs of the

lung, AQP5 is in the apical membrane of type-I pneumocytes, and AQP1 can be found in capillary endothelial cells. Type-II

pneumocytes might express AQP3.
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Aquaporin physiology in health and 
disease: Aquaporins in the lung.

Ê Several lines of evidence
indicate functional roles for
aquaporins in the airways of the
lung. Submucosal glands in the
airways contribute significantly
to the generation of a liquid film
that lines the airways. This film
— an aqueous phase that
underlies a layer of mucous —
helps to trap inhaled particulate
matter and microorganisms, so
that they can be swept out of
the lung by cilia on the surface of
cells.
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administration and mouse strain might explain the
apparent discrepancy in sweat-gland function.

Krane and colleagues also showed that isolated sali-
vary gland (sublingual and parotid gland) secretory cells
from Aqp5-null mice had a reduced membrane water
permeability, as well as a reduced rate of return to their
original cell volume after a period of swelling that was
induced by hypotonic challenge (a process called regula-
tory-volume decrease)111. Similar observations were
made in vivo in the corneas of Aqp1-null mice103.
Recently, aquaporin levels have been shown to be
dynamically regulated during osmotic stress, by mito-
gen-activated-protein-kinase-mediated signalling81,115

and by changes in ubiquitylation and protein stability78,
which further highlights fundamental roles for aqua-
porins in the cellular response to osmotic stress.

Sjögren’s syndrome is an autoimmune disease, the
principal clinical manifestations of which are dry eyes
and a dry mouth. Expression of AQP5 in salivary and
lacrimal glands indicated a potential role for this
aquaporin in the pathophysiology of Sjögren’s syn-
drome. Steinfeld and colleagues examined the AQP5

deletion have decreased salivation following stimula-
tion with pilocarpine and that the saliva from these
mice was hypertonic (~450 mosmol kg–1)110. Krane
and colleagues also observed a decreased salivation in
Aqp5-null mice following stimulation using pilo-
carpine, although, in these studies, the saliva was
hypotonic (~250 mosmol kg–1)111. The basis for this dif-
ference is not known — pilocarpine dosing was different
in the two studies, but mouse-strain-related differences
in the compensation and response mechanisms would
seem a more probable explanation. The success of
defining functional roles for AQP5 in other secretory
glands using mouse-knockout models has been more
variable. Nejsum and co-workers showed decreased
secretion from forepaw sweat glands in Aqp5-null mice
two minutes after the local administration of pilo-
carpine112. However, Song et al. observed no differences
in sweat-gland secretion in Aqp5-null mice compared
to wild-type mice five and ten minutes after the sys-
temic administration of pilocarpine113. Lacrimal-gland
secretion was also not diminished in this strain of
Aqp5-null mice114. Differences in timing, pilocarpine

Figure 4 | Aquaporin distribution in the human respiratory tract. The epithelium that lines the upper airways contains three

aquaporins. Aquaporin-5 (AQP5) is in the apical membrane of the airway epithelial cells (the ciliated columnar cells), AQP4 is in the

basolateral membrane of these cells, and AQP3 is present in the basal cells of the epithelium. AQP1 is found in the apical and

basolateral membranes of the endothelial cells of the capillaries and venules that surround the airways. Submucosal glands open

onto the airway surface and the secretory cells of these glands have AQP5 in their apical membrane. In the alveoli, or air sacs of the

lung, AQP5 is in the apical membrane of type-I pneumocytes, and AQP1 can be found in capillary endothelial cells. Type-II

pneumocytes might express AQP3.
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Aquaporin physiology in health and 
disease: Aquaporins in the lung.

Ê the apical membrane of secretory cells in

these glands and, compared to wild-type

mice, Aqp5-null mice have reduced

secretion from their airway submucosal

glands. Furthermore, Krane and colleagues

observed that, compared to wild-type

mice, Aqp5-null mice show a greater

constriction of the airways in response to

pharmacological stimulation with

methacholine or acetylcholine — that is,

they are hyperresponsive to such agents
Song Y , Verkman A S J. Biol. Chem. 2001;276:41288-41292



Aquaporin physiology in health and 
disease: Aquaporins in the eye.

Ê Water homeostasis is crucial for the normal

functioning of the eye — for example, for

protecting the epithelium, for regulating intra-

ocular fluid levels and pressure, and for

maintaining the transparency of the pathway

for light. A network of aquaporins in the eye

carry out these functions.

Ê AQP0 constitutes 50% of the total membrane

protein in the fiber cells of the lens. Here, it is

believed to have a structural role as a cell–cell

adhesion molecule, in addition to functioning

as a low-capacity water channel.
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to control subjects109. Interestingly, salivary-gland biop-
sies from these patients were found to have reduced
AQP1 levels in MYOEPITHELIAL CELLS.Despite this complex-
ity, determination of the mechanisms that lead to the
apical targeting of AQP5 in secretory glands might pro-
vide the basis for designing therapies to correct AQP5
transport and to restore gland secretion in a subset of
patients with Sjögren’s syndrome.

Aquaporins in the brain. The tight regulation of intrac-
erebral water content is crucial for brain function, espe-
cially given the rigid physical constraint that is imposed
by the bony cranium.The brain is composed of two main
types of cell — neurons (nerve cells), which receive and
transmit signals in the brain; and glial cells, which carry
out various roles to support the neurons.Aquaporins are
expressed in glial cells at sites that are indicative of a role
for them in water homeostasis in the brain116–118.

Astrocytes, a type of glial cell, form plasma-mem-
brane projections that surround blood vessels in the
brain. They are believed to contribute to the specialized
properties of the blood–brain barrier that limit its per-
meability to water and macromolecules. The astrocyte
projections around the blood vessels, called foot
processes, express AQP4 abundantly117 (FIG. 6).
Furthermore, Amiry-Moghaddam and colleagues
recently showed that brain endothelial cells also express
AQP4 (REF. 119), which is the first description of any
aquaporin in blood vessels in the brain. The polarized
distribution of AQP4 to the astrocyte foot process at
the blood–brain interface is facilitated by the interac-
tion of AQP4 with a large complex of proteins that
connect the cell cytoskeleton to the extracellular
matrix120. Three amino acids at the carboxyl terminus
of AQP4 form a specialized protein-binding domain
called a PDZ domain (PSD95, Discs-large, Zona-occlu-
dens-1 domain)121. The PDZ domain of AQP4 binds to
syntrophin, a component of the protein complex that
tethers AQP4 to the correct location at the blood–brain
barrier120. Studies of AQP4 targeting in epithelial cells
indicate that further sequences in the carboxyl termi-
nus, including a dileucine repeat and a tyrosine-based
motif, might be required for basolateral targeting122.
Syntrophin-null mice have normal levels of AQP4,but
this AQP4 is distributed throughout the astrocyte,
rather than being concentrated in the membrane that is
adjacent to the blood–brain barrier. Another member of
this protein complex — dystrophin — has been associ-
ated with the muscle disease muscular dystrophy that
can produce profound weakness123. In a mouse model
of muscular dystrophy,dystrophin-deficient mice have
reduced AQP4 levels in the astrocyte foot processes and
an increased swelling of perivascular astrocyte
processes124,125. These observations indicate that dis-
rupting the mechanisms that determine the polarized
targeting of AQP4 in astrocytes might contribute to
alterations in water homeostasis in the brain.

Roles for AQP4 in water homeostasis in the brain
were first indicated by studies of Aqp4-null mice, which
had reduced brain oedema compared to wild-type ani-
mals following acute water intoxication or ischaemic

distribution in minor salivary-gland biopsies of control
individuals and those with Sjögren’s syndrome, and
found a decreased labelling for AQP5 in the apical
membrane of salivary-gland secretory cells in the latter
individuals107. Tsubota et al. compared lacrimal-gland
biopsies of individuals with Sjögren’s syndrome with
those of three different control groups108 and, consistent
with the results of Steinfeld and colleagues, found that
individuals with Sjögren’s syndrome had a marked
decrease in AQP5 levels at the apical membrane of
lacrimal secretory cells. Tsubota et al. further showed
that the distribution of the Na+/K+-ATPase in the baso-
lateral membrane and an Na+ channel in the apical
membrane were normal in Sjögren’s syndrome patients,
as was the level of AQP5 production. These studies indi-
cate that some individuals with Sjögren’s syndrome have
an AQP5 transport defect that probably contributes to
the decrease in salivation and lacrimation.

However, Sjögren’s syndrome might prove to be a
heterogeneous disease,because a third group of investi-
gators carried out minor salivary-gland biopsies on a
larger cohort of patients with Sjögren’s syndrome and
found no difference in the AQP5 distribution compared

MYOEPITHELIAL CELLS

Contractile epithelial-like cells
that function like smooth
muscle,but are usually found
between secretory cells and the
basement membrane in glands.
They have long cytoplasmic
extensions, which contain actin
bands that can contract to
facilitate fluid movement out of
the secretory gland.

Figure 5 | Aquaporin distribution in the human eye. AQP0 is present in the fibre cells of the

lens. AQP1 is present in scleral fibroblasts (not shown), in the epithelial cells that cover the lens,

and in the endothelial cells that line the blood vessels at the back of the cornea. It is also present

in the epithelium of the anterior ciliary body and in the trabecular meshwork and canals of

Schlemm, which all contribute to aqueous-humour formation and resorption in the anterior

chamber of the eye. The epithelium covering the outer margins of the eye, called the conjunctiva,

contains AQP3. AQP4 is present in specialized cell types of the retina, called glial cells and Müller

cells, as well as in the epithelium of the anterior ciliary body. AQP5 is present in the secretory cells

of the tear-forming lacrimal glands (not shown), and also in the apical membrane of corneal

epithelial cells. 
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Aquaporin physiology in health and 
disease: Aquaporins in the eye.

Ê The gene that encodes AQP0 has been

identified as the site of two naturally occurring

mutations in mice that produce congenital

bilateral CATARACTS.

Ê Two families with dominantly-inherited

cataracts have been found to contain different

missense mutations in AQP0. These mutations

— Glu134Gly or Thr138Arg — produced

surprisingly distinct phenotypes in

heterozygotes, despite their close proximity in

the protein
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to control subjects109. Interestingly, salivary-gland biop-
sies from these patients were found to have reduced
AQP1 levels in MYOEPITHELIAL CELLS.Despite this complex-
ity, determination of the mechanisms that lead to the
apical targeting of AQP5 in secretory glands might pro-
vide the basis for designing therapies to correct AQP5
transport and to restore gland secretion in a subset of
patients with Sjögren’s syndrome.

Aquaporins in the brain. The tight regulation of intrac-
erebral water content is crucial for brain function, espe-
cially given the rigid physical constraint that is imposed
by the bony cranium.The brain is composed of two main
types of cell — neurons (nerve cells), which receive and
transmit signals in the brain; and glial cells, which carry
out various roles to support the neurons.Aquaporins are
expressed in glial cells at sites that are indicative of a role
for them in water homeostasis in the brain116–118.

Astrocytes, a type of glial cell, form plasma-mem-
brane projections that surround blood vessels in the
brain. They are believed to contribute to the specialized
properties of the blood–brain barrier that limit its per-
meability to water and macromolecules. The astrocyte
projections around the blood vessels, called foot
processes, express AQP4 abundantly117 (FIG. 6).
Furthermore, Amiry-Moghaddam and colleagues
recently showed that brain endothelial cells also express
AQP4 (REF. 119), which is the first description of any
aquaporin in blood vessels in the brain. The polarized
distribution of AQP4 to the astrocyte foot process at
the blood–brain interface is facilitated by the interac-
tion of AQP4 with a large complex of proteins that
connect the cell cytoskeleton to the extracellular
matrix120. Three amino acids at the carboxyl terminus
of AQP4 form a specialized protein-binding domain
called a PDZ domain (PSD95, Discs-large, Zona-occlu-
dens-1 domain)121. The PDZ domain of AQP4 binds to
syntrophin, a component of the protein complex that
tethers AQP4 to the correct location at the blood–brain
barrier120. Studies of AQP4 targeting in epithelial cells
indicate that further sequences in the carboxyl termi-
nus, including a dileucine repeat and a tyrosine-based
motif, might be required for basolateral targeting122.
Syntrophin-null mice have normal levels of AQP4,but
this AQP4 is distributed throughout the astrocyte,
rather than being concentrated in the membrane that is
adjacent to the blood–brain barrier. Another member of
this protein complex — dystrophin — has been associ-
ated with the muscle disease muscular dystrophy that
can produce profound weakness123. In a mouse model
of muscular dystrophy,dystrophin-deficient mice have
reduced AQP4 levels in the astrocyte foot processes and
an increased swelling of perivascular astrocyte
processes124,125. These observations indicate that dis-
rupting the mechanisms that determine the polarized
targeting of AQP4 in astrocytes might contribute to
alterations in water homeostasis in the brain.

Roles for AQP4 in water homeostasis in the brain
were first indicated by studies of Aqp4-null mice, which
had reduced brain oedema compared to wild-type ani-
mals following acute water intoxication or ischaemic
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individuals107. Tsubota et al. compared lacrimal-gland
biopsies of individuals with Sjögren’s syndrome with
those of three different control groups108 and, consistent
with the results of Steinfeld and colleagues, found that
individuals with Sjögren’s syndrome had a marked
decrease in AQP5 levels at the apical membrane of
lacrimal secretory cells. Tsubota et al. further showed
that the distribution of the Na+/K+-ATPase in the baso-
lateral membrane and an Na+ channel in the apical
membrane were normal in Sjögren’s syndrome patients,
as was the level of AQP5 production. These studies indi-
cate that some individuals with Sjögren’s syndrome have
an AQP5 transport defect that probably contributes to
the decrease in salivation and lacrimation.

However, Sjögren’s syndrome might prove to be a
heterogeneous disease,because a third group of investi-
gators carried out minor salivary-gland biopsies on a
larger cohort of patients with Sjögren’s syndrome and
found no difference in the AQP5 distribution compared
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Aquaporin physiology in health and 
disease: Aquaporins in the eye.

Ê The Glu134 and Thr138
residues are highly conserved
among aquaporins. On the
basis of the three-
dimensional structure of
AQP0, both residues are
located in the fourth
transmembrane helix on the
structurally important face
inside each aqueous pore.

Francis P et al. Hum. Mol. Genet. 2000;9:2329-2334



Aquaporin physiology in health and 
disease: Aquaporins in the eye.

Ê When expressed in X. laevis
oocytes, both substitutions
impair AQP0 transport to the
plasma membrane. The
development of cataracts in
heterozygotes for each
mutation indicates that AQP0
might have a structural role
(for example, it might
contribute to cell–cell
adhesion)

Francis P et al. Hum. Mol. Genet. 2000;9:2329-2334



Aquaporin physiology in health and disease:
Aquaporins in secretory glands.

Ê Secretion from salivary
glands, lacrimal (tear) glands
and sweat glands is
differentially regulated.
However, in each gland,
secretions are generated by
coupling active electrolyte
transport to water flow, and
AQP5 can be found at the
apical membrane of secretory
cells in each of these glands

Schematic of AQP expression in human
salivary gland, showing expression of
AQP1 (red) in the capillary endothelium,
AQP3 (green) in the basolateral
membrane of acinar cells and AQP5 (blue)
in the apical membrane of acinar cells and
portions of the duct.



Aquaporin physiology in health and
disease: Aquaporins in secretory glands.

Ê Ma and colleagues showed
that mice with an Aqp5
deletion have decreased
salivation following
stimulation with pilocarpine
and that the saliva from these
mice was hypertonic (~450
mosmol kg–1). Krane and
colleagues also observed a
decreased salivation in Aqp5-
null mice following
stimulation using pilocarpine.

Ma T et al. J. Biol. Chem. 1999;274:20071-20074



Thank you


