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SUMMARY

It was shown recently that water channel homologs MIWC
(mercurial insensitive water channel) and GLIP (glycerol
intrinsic protein) colocalized in basolateral membranes of
kidney collecting duct, tracheal and colonic epithelia, and
in brain pia mater. Wereport here an extensiveimmunolo-
calization study of MIWC and GLIP in non-epithelial and
glandular epithelial tissues in rat. Immunogold electron
microscopy confirmed colocalization of MIWC and GLIP
in basolateral membrane of principal cells in kidney col-
lecting duct. However, in other epithelia, MIWC but not
GLIP was expressed in basolateral membrane of parietal
cells in stomach, and in excretory tubules of salivary and
lacrimal glands, GLIP but not MIWC was expressed in
transitional epithelium of urinary bladder and skin
epidermis. In the central nervous system, MIWC was
strongly expressed in the ependymal layer lining the aque-
ductal system, and in astrocytesthroughout the spinal cord
and in selected regions of brain. MIWC was also expressed

in a plasma membrane pattern in skeletal, but not smooth
or cardiac muscle. Neither protein was expressed in small
intestine, testis, liver, spleen and nerve. The tissue-specific
expression of MIWC suggests a role in fluid transport
and/or cell volume regulation in stomach and glandular
epithdia. The functional role of MIWC expression in the
neuromuscular system and of GLIP expression in skin and
urinary bladder is uncertain. The specific cellular sites of
MIWC expression (astrocytes, trachea, sarcolemma,
gastric parietal cellsand kidney principal cells) correspond
exactly to siteswhereorthogonal arraysof particles (OAPS)
have been visualized by freeze-fracture electron
microscopy, suggesting that MIWC may be the OAP
protein.
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INTRODUCTION

A family of related water transporting proteins (aguaporins)
expressed in mammalian tissues has been identified recently.
The first such protein was CHIP28 (Preston et al., 1991), a
small hydrophobic protein that forms selective water channel
when expressed in Xenopus oocytes (Preston et a., 1992;
Zhang et a., 1993) and mammalian cells (Ma et a., 1993b),
or when reconstituted into proteoliposomes (Van Hoek and
Verkman, 1992). CHIP28 is expressed widely in various
epithelia and capillary endothelia, including proximal tubule
and thin descending limb in kidney (Sabolic et a., 1992;
Hasegawa et a., 1993, 1994a; Nielsen et a., 1993ab; Bondy
et a., 1993). A second water channel expressed selectively in
kidney collecting duct apical membrane was identified
(Fushimi et a., 1993), which was proven to be the vasopressin-
inducible water channel by its mutation in congenital nephro-
genic diabetesinsipidus (Deen et al., 1994) and its vasopressin-
dependent membrane targeting (DiGiovanni et a., 1994;
Sabolic et a., 1995). A third family member, MIWC, was the
first mercurial-insensitive water channel identified (Hasegawa

et a., 1994b) and was expressed in multiple tissues, including
the basolateral membrane of kidney collecting duct (Frigeri et
al., 1995). An unusual feature of MIWC was the ti ssue-specific
expression of a spliced transcript in which exon 2 was deleted.
Recently, another family member given the names GLIP
(glycerol intrinsic protein) and AQP-3 was cloned by 3 labo-
ratories (Ishibashi et al., 1994; Ma et al., 1994; Echavarria et
a., 1994). Initial immunolocalization studies indicated
expression in basolateral membrane of kidney collecting duct
(Ishibashi et al., 1994; Maet al., 1994); all groups reported that
GLIP (AQP-3) transported glycerol when expressed in
Xenopus oocytes; however, our laboratory (Ma et al., 1994)
found little or no increase in osmotic water permeability.
Recently, another related water transporting protein (AQP-5;
Raina et al., 1995) was identified with expression in salivary
gland, lacrimal gland and lung. These proteins are members of
the MIP superfamily of small ‘channel-forming’ proteins
(Reizer et a., 1993; Verkman, 1993) which include proteins
from plants, bacteria, Drosophila and yeast. An initial
immunolocalization study focusing on epithelial tissues
demonstrated that MIWC and GLIP proteins were coexpressed
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on the same plasma membrane in several tissues, including
basolateral membrane of principal cells in kidney collecting
duct, basolateral membrane of tracheal and colonic villus
epithelium, and ependymal/meningea cells lining the ventri-
cles and surface of brain (Frigeri et al., 1995). In addition,
expression of MIWC but not GLIP was reported in lung (in
bronchial epithelium), and eye (in ciliary body epithelium) and
the nuclear layer of retina. These studies suggested a role for
MIWC and GLIP in the urinary concentrating mechanism, in
cerebrospinal fluid absorption, and in pulmonary fluid balance.

Severd lines of evidence have suggested a relationship
between orthogonal arrays of intramembrane particles (OAPs),
observed by freeze-fracture electron microscopy, and MIP
family members or water channels (Verbavatz et al., 1994).
OAPs were identified in lens and shown to consist of MIP
protein (Zampighi et a., 1989). OAPs of similar appearance
were reported in astroglia cells (Landis and Reese, 1974),
gastric parietal cells(Bordi et a., 1986), sarcolemma (Ellisman
et a., 1976), kidney collecting duct basolateral membrane
(Orci et a., 1981; Nakamura and Nagano, 1985), ciliary epi-
thelium (Hirsch et al., 1988), intestine (Staehelin, 1972;
Neutra, 1979), and trachea (Widdicombe et al., 1987), where
MIP isabsent. Recently, an antibody raised against muscle sar-
colemmal vesicles enriched in OAPs was shown to stain
kidney collecting duct basolateral membrane and astrocytes
(Verbavatz et a., 1994). OAPs have also been associated with
the vasopressin-inducible water channel in frog urinary bladder
(Chevalier et al., 1974; Brown et ., 1983) and collecting duct
apical membrane (Harmanci et al., 1978). The identity and
function of OAPs in the basolatera membrane of collecting
duct and in non-renal tissues has not been established. CHIP28
also forms characteristic intramembrane particles (IMPs) in
native membranes and reconstituted proteoliposomes, although
they do not assemble into orthogonal arrays (Verbavatz et al.,
1993).

The purpose of this study was to investigate the expression
of MIWC and GLIP in non-epithelial tissues and in glandular
epithelia not examined in our initia study. Immunogold
electron microscopy confirmed the surprising observation by
light microscopy that MIWC and GLIP colocalized at the baso-
lateral membrane in kidney collecting duct. Based on northern
blot and PCR/Southern blot analyses (Hasegawa et al., 1994;
Yang et a., 1995) attention was focused on tissues of the neu-
romuscular, gastrointestinal and genitourinary systems, and
glandular epithelia. MIWC was strongly expressed in the neu-
romuscular system, at the plasma membrane in astrocytes in
brain and spina cord, and in the sarcolemma of skeletal
muscle. In addition, MIWC was expressed on the basolateral
membrane of gastric parietal cells and in excretory ducts in
salivary and lacrimal glands. Interestingly, this tissue distribu-
tion corresponded exactly with the cellular sitesin which OAPs
have been identified. In contrast, GLIP was not expressed in
these tissues, but was found in skin epidermis and transitional
epithelium in urinary bladder.

MATERIALS AND METHODS
Immunohistochemistry

Polyclonal antibodies against C terminus synthetic peptides (MIWC,
amino acids 287-301, EKGKDSSGEVLSSV; GLIP amino acids 270-

285, EAENVKLAHMKHKEQI) were raised in rabbit (MIWC) and
mouse (GLIP) as described previoudly (Frigeri et a., 1995). Anti-
bodies were purified by affinity chromatography (ImmunoPure
Ag/Ab purification kit #2, Pierce) according to manufacturer's
instructions. Briefly, antibodies were affinity purified utilizing an
iodoacetil-crosslinked agarose resin conjugated with each synthetic
peptide. Antibodies were eluted at pH 2.5 and pH 11.5, titrated to pH
8, and dialyzed against PBS containing 0.02% sodium azide. There
was no cross-reactivity between MIWC and GLIP antibodies.

Rat tissues were perfused with PBS and fixed in situ with PBS con-
taining 4% paraformaldehyde. Organs were removed, sliced and post-
fixed for 4 hours, cryoprotected overnight with PBS containing 30%
sucrose, embedded in OCT compound, and frozen in liquid Na.
Cryostat sections (4-6 pm) were mounted on Superfrost/Plus micro-
scope dides (Fisher). Slides were incubated for 10 minutes with PBS
containing 1% BSA and then with purified MIWC or GLIP antibodies
(0.3-0.5 pg/ml) for 1 hour at 23°C in PBS containing 1% BSA.
Control experiments were performed using the purified antibodies
preadsorbed with excess (>10:1 molar ratio) synthetic peptide. Slides
were rinsed with 2.7% NaCl and then with PBS. Antibody-incubated
slides were incubated for 30 minutes with peroxidase-conjugated
sheep anti-rabbit or mouse F(ab'), fragment (1:100, Amersham). Per-
oxidase activity was visualized by reaction with diaminobenzidine
(0.5 mg/ml DAB in 0.01 M Tris buffer, pH 7.6, containing 0.3%
H202) for 20 minutes. Slides were counterstained with hematoxylin
and photographed using Kodak Gold 100 film on a Nikon Optiphot
mi croscope.

Immunoblot analysis

Organs from Sprague-Dawley rats were removed and homogenized
in 200 mM sucrose, 10 mM Tris-HCI, pH 7.4, containing 1 pg/mi
leupeptin, 1 pg/ml pepstatin A and 4 pg/ml antipain. After hom-
ogenization in a Potter Elvehjem apparatus and centrifugation at
3,000 g for 10 minutes, a high speed pellet was prepared by centrifu-
gation at 100,000 g for 60 minutes. Membraneswere dissolved in SDS
loading buffer, heated to 65°C for 5 minutes, and resolved on a 13%
polyacrylamide gel. PVDF membranes containing blotted proteins
were blocked with 2% BSA in PBS for 1 hour at room temperature
and incubated overnight with immune serum (1:500). Sites of antigen-
antibody reaction were visualized by incubation with 125|-Protein A
(2 pCi/ml in PBS for 2 hours at 10°C; 1 Ci = 37 GBq) (ICN Bio-
chemicals), followed by 3 washes in PBS and overnight autoradiog-
raphy at —80°C.

Immunoelectron microscopy

Kidneys from Sprague-Dawley rats were perfused in situ with Hanks'
balanced salt solution for 2-3 minutes and then with a fixative con-
taining 3% paraformaldehyde, 0.1% glutaraldehyde, 5% sucrose in
PBS for 10 minutes. Organs were removed, dliced, and stored
overnight in the samefixative at 4°C, and washed with PBS. Ultrathin
frozen sections were prepared and stained using the immunogold
procedure as previously described (Tokuyasu, 1986; Verbavatz et d.,
1994). Small blocks of fixed kidney tissue were infiltrated with 2.3 M
sucrose overnight and frozen in liquid N2. Sections (60 nm) were cut
on a Reichert FC4D ultramicrotome and mounted on
carbon/Parlodion-coated copper grids. The grids were preincubated
with 0.1% BSA in PBS for 10 minutes, and then incubated with
purified MIWC or GLIP antibodies for 60 minutes at 23°C. The grids
were washed in PBS, and incubated with Protein A-gold or goat anti-
mouse 1gG-gold complexes (8 nm gold particles) for 60 minutes.
After three washes in PBS, the samples on the grid were further fixed
with 1% glutaraldehyde (in PBS) for 5 minutes, washed with water
twice for 5 minutes, and stained with 2% uranyl acetate (in water) for
5 minutes. The grids were placed on a drop of 2% methyl cellulose
for ~20 seconds, removed with a bacteria wire loop and excess
methyl cellulose was blotted. The grids were air dried and viewed on
a Philips CM10 electron microscope. This embedding procedure



prevents shrinkage artifacts as the sections dry. For quantification of
MIWC and GLIP immunogold labeling, apical and basolateral plasma
membranes of collecting duct cells were identified at low magnifica-
tion on the electron microscope, and higher magnification micro-
graphs (x45,000) were used for counting. The number of gold
particles per micron of membrane length was counted from the prints.
The length of the membrane was measured by planar morphometry
using a graphics tablet interfaced to a Macintosh [1vx computer via a
pressure-sensitive pen. The plasma membrane was highlighted with a
marker of width of 5-6 gold particle diameters and all particlesfalling
within this line were taken to represent membrane staining. Results
were expressed as the number of gold particles per micron of
membrane length.

RNase protection assay

RNase protection assays were performed by a modification of the
method of Roller et a. (1989). Probes consisted of fragments of rat
MIWC (bp 223-579), rat GLIP (bp 208-611) and rat -actin (bp 2682-
2779). The linearized plasmids containing the indicated fragments
were transcribed with Sp6 RNA polymerase in the presence of
[32P]CTP; 30 ug of total RNA from each tissue was hybridized with
the 32P-labeled cRNA probes at 45°C overnight, and then digested
with a mixture of RNase A and RNase T1. Protected fragments were
resolved on a 5% polyacrylamide-8 M urea gel, blotted onto paper
filter and autoradiographed at room temperature overnight. The rat -
actin was used as a control in each lane.

RESULTS

Fig. 1 shows localization of GLIP (Fig. 1A) and MIWC (Fig.
1B) proteins in kidney by immunogold electron microscopy.
Specific gold particle labeling was seen at the basolateral
plasma membrane of principal cells. In measurements from 10
photographs, the linear density of gold particles (number per
pm of membrane) for MIWC immunogold labeling was (mean
+ se): 1.59+0.27 (basolateral membrane of principal cells),

Fig. 1. Immunogold electron microscopy
of MIWC and GLIP in kidney papilla. v
(A) Ultrathin frozen section showing the v Y
basolateral plasma membrane domain of a o -
collecting duct principal cell from the inner :
stripe of rat kidney, stained with anti-GLIP
antibodies followed by goat anti-mouse

1gG-gold. The gold particle labeling is

restricted to the basolateral plasma A
membrane, and most of the particles are

oriented towards the cytoplasmic side of

the membrane. No intracellular staining of
vesiclesis detectable. (B) Staining of a

similar section with anti-MIWC antibodies
followed by Protein A-gold. Labeling is
lessintense than with anti-GLIP (A),and | -
often appears as small groups or clusters of k&;
particles, whereas the anti-GLIP staining is

more evenly distributed along the

membrane. Bar, 0.5 pm. B
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0.092+0.032 (apical membrane of principal cells) and
0.082+0.016 (basolateral membrane of intercalated cells). For
GLIP immunogold labeling, the corresponding densities were
2.95+0.40, 0.11+0.04 and 0.073+0.03, respectively. Principal
cell apical membranes were thus not stained above background
levels, and intercalated cells were not stained. No other kidney
cell type was stained (not shown). Both antibodies produced a
labeling pattern that appeared to lie predominantly on the
cystolic side of the plasma membrane, indicating that an
internal epitope was labeled. Under the conditions used,
staining with GL1P was heavier than that obtained with MIWC
antibodies. Double labeling by indirect immunofluorescence of
1 um sections revealed complete overlap of staining patterns
with the two antibodies (not shown). Little or no intracellular
labeling was detected, consistent with the constitutive pattern
of membrane insertion of these proteins.

Expression of MIWC in brain is shown in Fig. 2. MIWC
was not expressed in choroid plexus (Fig. 2A) but was
expressed in ependymal cells lining the brain ventricles and
aqueductal system (Fig. 2B and C). The low magnification
view (Fig. 2B) showed expression also on glia cells at the
brain surface. Control dides utilizing a peptide depleted
antibody were negative (not shown). A high magnification
micrograph of the ependymal cell layer showed strong MIWC
expression in ependymal cells without staining of cilia (Fig.
2D). MIWC was observed throughout the brain parenchyma.
A section through the third ventricle showed staining of astro-
cytes in the median eminence of the hypothalamus (Fig. 2E).
At higher magnification (Fig. 2F), individual stained astrocyte
cell bodies were observed with a plasma membrane staining
pattern. The corresponding control dide (Fig. 2H) showed no
specific staining. In addition to staining of astrocytes within
brain parenchyma, there was also strong staining of astrocyte
end-foot processes adjacent to blood vessels (Fig. 2G, seel for
control).

W s o

=



2996 A. Frigeri and others

Fig. 2. Localization of MIWC in rat brain.

(A) MIWC immunostaining in ependymal cell
layer. Note that ependymal cells forming the
choroid plexus (cp) are unstained. (B) Low
magnification showing the localization on the
brain surface. (C) MIWC expression in
ependymal cells (e) of the third ventricle (v).
(D) High magnification of ependymal cells
lining the ventricle with basolateral membrane
staining; cilia (c) are unstained. (E) Staining of
astrocytesin the ventral portion of the median
eminence (me). (F) High magnification of E
showing stained astrocytes (a) identified by
their star-like shape. (G) Staining of
perivascular foot processes of an astrocyte
which cover most of the basement membrane
of ablood vessel (bv). (H and I) Control
sections corresponding to F and G utilizing
immunodepleted antibodies. Bars:
A,C.E,GH,, 70 ym; B, 370 um; D,F, 12 um.

MIWC was also expressed in astrocytes throughout the
spinal cord (Fig. 3). At low magnification, there was extensive
expression throughout the gray matter (Fig. 3A). High magni-
fication of the intermediate zone joining the gray and white
matter (Fig. 3B) showed MIWC expression in astrocytes, but
not in adjacent neuron cell bodies. High magnification of the
white matter (Fig. 3C), which is composed primarily of axons,

Fig. 3. Localization of MIWC in spinal
cord. (A) Low magnification showing
dense staining in gray matter (gm).
Weaker staining is visible in white matter
(wm). (B) High magnification of the
gray-white transition zone. The strong
staining in the gray matter corresponds to
the numerous glia cells whose long and
highly branched processes occupy most
of the interneurona space. (C) In white
matter, staining was limited to the fibrous
astrocytes, and neurons (n) are unstained.
(D) Immunodepleted control. Bars: A,
370 um; B,D, 35 um; C, 12 pm.

showed expression of MIWC in astrocytes and their exten-
sions, without expression on axons or neurons. There was no
MIWC immunostaining of sciatic nerve (not shown). A control
section (Fig. 3D) showing thejunction of white and gray matter
was hegative. As reported previously, GLIP was localized on
meningea cells lining the pia mater (Frigeri et a., 1995), but
unlike MIWC, was not found elsewhere in brain parenchyma.
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Fig. 4. Expression of MIWC in skeletal muscle.

(A) Staining of the sarcolemmal membrane of
intercostal muscle. (B) Immunodepleted control. No
staining was observed in myocardium (C), urinary
bladder smooth muscle (D), or elastic aorta (E). ti,
tunicaintima; tm, tunica media; ue, urinary
epithelium; sm, smooth muscle; v, blood vessel; m,
musclefiber. Bars: A,B,C, 18 um; D,E, 35 pm.

In muscle, MIWC antibody staining was observed at the sar-
colemma membrane of skeletal muscle (Fig. 4A, see B for
control). A similar pattern was found in skeletal muscle from
both fast and slow twitch fibers aswell asin central and periph-
eral muscles. In contrast, there was no MIWC antibody
staining of cardiac muscle (Fig. 4C) and smooth muscle, as
demonstrated in urinary bladder (Fig. 4D) and elastic aorta
(Fig. 4E).

In stomach, MIWC was hot expressed at the surface epi-

Fig. 5. Immunolocalization of MIWC in stomach
and GLIP in urinary bladder. (A) Specific
staining in the oxyntic glands (g). No staining
was detected on mucosa surface epithelium (se),
submucosa (s), longitudinal layer of muscle (Im)
or muscularis mucosa (mm). (B) At higher
magnification, staining was localized to the
basolateral membrane of parietal cells (pc). Note
that peptic cells (pi) are unstained. (C) Control
section. (D) Localization of GLIP to transitional
epithelium in urinary bladder; ue, urinary
epithelium. (E) Immunodepleted control. Bars:
A,C, 70 um; D,E, 18 um; B, 7 um.

thelium (Fig. 5A), but was found in the parietal cellsin oxyntic
glands. Deeper layers of the stomach, including smooth
muscle, were not labeled. At high magnification (Fig. 5B),
MIWC was detected selectively at the basolateral membrane
of parietal cells without staining of the apical membrane of
parietal cells or membranes in adjacent peptic cells. A control
section of stomach (Fig. 5C) was negative. GLIP staining was
not observed in any cell type in stomach. However, GLIP
immunostaining was found in urinary bladder transitiona
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Fig. 6. Immunoperoxidase localization of MIWC
in salivary and lacrimal glands. (A) Low
magnification showing two excretory ducts (€)
labeled in parotid gland. The secretory glands (g)
were unstained. (B) High magnification of the two
excretory ducts shown in A. The basolateral
membrane of the stratified cuboidal epitheliumis
intensely stained. (C) Immunodepleted control.
(D) Excretory duct of an intraorbital lacrimal
gland stained with MIWC antibodies showing duct -
staining. ct, connective tissue. Bars: A, 35 um; B,
12 um; C,D,E, 8 um.

epithelium (Fig. 5D, see E for control), with no staining by
MIWC antibody (not shown). Smooth muscle was not labeled
by either antibody. Neither MIWC nor GLIP were present in
small intestine; however, as reported previously, both proteins
were expressed at the basolateral membrane of colonic villus
epithelium.

In salivary gland, MIWC was localized to epithelia cellsin
the excretory duct (Fig. 6A) and not in secretory |obules where
anew water channel has been identified recently (Rainaet al.,
1995). At higher magnification, the basolatera membrane of
excretory duct epithelium was primarily stained (Fig. 6B, see
C for control). In lacrimal gland, a smilar pattern of MIWC
localization to the excretory duct was found (Fig. 6D, see E for
control). GLIP immunostaining was not detected in these
glandular tissues.

Fig. 7 shows strong expression of GLIP in epidermal cells
of skin with staining of adjacent sebaceous glands (Fig. 7A,
see C for control). At high magnification (Fig. 7B), staining
was mainly localized to epidermal cells just beneath the
cornified cell layer. MIWC was not found in skin.

The RNase protection assay was used to confirm expression
of MIWC and GLIP transcripts in tissues where the proteins
were identified by immunostaining (Fig. 8A). The MIWC tran-
script was strongly expressed in brain, with lesser expression
in muscle, kidney, lung and stomach. MIWC expression was
absent in liver. Band intensities corresponding to the control
probe, B-actin, were similar in each lane. The GLIP transcript
was strongly expressed in eye, with lesser expression in
bladder, kidney and skin and no expression in liver.

Immunoblot analysis of MIWC isshownin Fig. 8B. A major
band of M; 30 kDa was detected by the MIWC antibody in

kidney, stomach and trachea. An additional band of 32 kDa
was present in brain homogenate, suggesting that both of the
2 possible trandation initiation codonsin brain MIWC mRNA
are utilized. Thisfinding is consistent with cell-free trandation
data showing MIWC protein at 30 and 32 kDa (Jung et al.,
1994). In contrast, immunobl ot of muscle showed asingle band
at 25-26 kDa and no band at 30 kDa. No bands were observed
for liver and heart. Control lanes blotted with pre-immune
serum were negative. As reported previously (Frigeri et al.,
1995), the 30 kDa band in kidney was absent using presb-
sorbed antibodies. We were unable to obtain quality
immunoblot data for GLIP in tissues other than kidney, which
was reported previously.

DISCUSSION

Table 1 summarizes the tissue distributions of MIP family
members in mammalian tissues. MIP is expressed only in lens
fibers in eye. The vasopressin-inducible water channel (AQP-
CD) and an homologous protein (WCH-3; Ma et al., 1993a)
are expressed exclusively in kidney. CHIP28, MIWC, GLIP
and AQP-5 are expressed is multiple tissues. Except for colo-
calization of CHIP28 and MIWC in ciliary body in eye, MIWC
or GLIP were not detected in cells which express CHIP28. In
contrast, MIWC and GLIP colocalized at the same membranes
in certain cells of kidney, colon, trachea and brain, but not in
others. MIWC, but not GLIP, was expressed in stomach, small
airways, astrocytes, and glandular epithelia, whereas GLIP, but
not MIWC, was expressed in epidermis and bladder epi-
thelium. As discussed below, the specific tissue distributions



Fig. 7. Expression of GLIPin epidermis. (A) Low magnification of a
transverse section of skin showing staining of the entire epidermal
layer (ein B). Sebaceous gland (sg) near ahair fallicle (hf) are also
stained. (B) Higher magnification of epidermis showing a membrane
staining pattern. c, cornified layer of the epidermis.

(C) Immunodepleted control. Bars: A,C, 35 um; B, 12 um.

of these proteins suggest participation in transcellular or trans-
membrane fluid transport.

Of particular interest was the colocalization of MIWC and
GLIP at the basolateral membrane of principal cellsin kidney
collecting duct, demonstrated here by immunogold electron
microscopy. This membraneis constitutively water permeable,
and contributes to the high transcellular water permesability in
collecting duct principal cells after vasopressin stimulation of
apica membrane water permeability. The need for 2 different
congtitutively active water channels in the same membrane, if
indeed GLIP functions as a water channel, is unclear: there
may be differential regulation of MIWC and GLIP expression
and/or function, MIWC and GLIP may serve different
functions, or MIWC and GLIP may interact at the molecular
level such asin the formation of heterotetramers. The quanti-
tative contributions of MIWC and GLIP to collecting duct
water permeability need to be established.

Our initial immunolocalization report demonstrated strong
expression of MIWC and GLIP in ependymal cells in the
central nervous system (Frigeri et a., 1995). MIWC was found
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Fig. 8. RNase protection assay and immunoblot analysis of rat
tissues. (A) RNase protection assay using probes for MIWC, GLIP
and (-actin (see Materials and Methods). Liver isincluded asa
negative control. (B) Immunoblot analysis. Membrane proteins (50
po/lane) were resolved by SDS-PAGE (12% acrylamide gel) and
immunoblotted with anti-MIWC antiserum (first 7 lanes) or pre-
immune serum (last 2 lanes at right). Note the 30 kDa band in
kidney, stomach and trachea (arrowhead), the two bands in brain,
and the 25-26 kDa band in muscle (double arrowhead).

in this study to be expressed throughout the neuromuscular
system. MIWC immunostaining was localized to ependymal
cellslining the intracerebral ventricles and aqueductal system,
and to pia mater, suggesting arole in cerebrospinal fluid reab-
sorption. The choroid plexus, where cerebrospinal fluid is
formed and which contains specialized ependymal cells
expressing CHIP28 (Nielsen et al., 1993a; Hasagawa et al.,
19944a,b), did not express MIWC. The membranes of astrocytes
throughout the brain stained strongly for MIWC. Staining was
particularly evident in astrocyte foot processes apposed to per-
icapillary basement membranes in the median eminence of the
hypothalamus. Astrocytes function as structural supportive
cells and are thought to be involved in the uptake of chemical
transmitters released by neurons and possibly in supplying
nutrients to neurons. A recent in situ hybridization study
reported MIWC mRNA expression in the area of the supraop-
tic and paraventricular nuclei of rat brain (Jung et al., 1994);
our immunostaining results are in agreement with this finding
and show a plasma membrane expression of the MIWC
protein. Based on recent physiological studies of mechano-
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Table 1. Tissue distribution of MIP family membersin rat

Nervous system
Brain  Choroid plexus: CHIP (g,i); ependymal cells: MIWC (k,u),
AQP4* (n)
Piamater: MIWC (k,u), GLIP (m)
Supraoptic and paraventricular nuclei: MIWC (u), AQP4* (n)
Astrocytes: MIWC (u)
Spinal  Astrocytes: MIWC (u)
Eye Iris epithelium: CHIP (e,i), MIWC (k); ciliary body: CHIP (e,i),
MIWC (k)
Retina: nuclear layer - MIWC (k, j)
Cornea: endothelium - CHIP (e,i); epithelium - AQP5* (0)
Conjuntiva: GLIP (k); lens epithelium: CHIP (e,i); lensfiber: MIP
Lacrimal gland: excretory duct - MIWC (u); secretory lobule -
AQP5* (0)
Musculoskeletal system
Skeletal muscle sarcolemma: MIWC (u)
Respiratory system
Tracheal epithelium: CHIP* (i), AQP5 * (0), GLIP (k),
MIWC (k)
Bronchia epithelium: MIWC (k); aveolar epithelium:
CHIP (p,d*)
Cardiovascular system
Myocardium: CHIP (i**, q); capillary endothelium: CHIP (e,i)
Digestive system
Salivary gland: excretory duct - MIWC (u) ; secretory lobule -
AQP5* (0)
Stomach: gastric parietal cells- MIWC (u)
Colon: crypt epithelium - CHIP (e,d); villus epithelium -
MIWC (k), GLIP (k)
Pancreas: CHIP (€); gallbladder CHIP (e,i)
Genitourinary system
Kidney WCH-3** (h)
Proximal tubule and thin descending limb of Henle: CHIP (a,c,d)
Collecting duct apical membrane: WCH-CD (b)
Collecting duct basolateral membrane: MIWC (k,u) and
GLIP (k,u, I,r*)
Urinary bladder transitional epithelium - GLIP (u)
Reproductive system
Testis efferent ductules, seminal vesicles, prostate: CHIP (f)
Uterus: CHIP (t); placenta: CHIP (i)

Other
Liver: interlobular bile duct - CHIP (e)
Hematopoietic: spleen red pulp - CHIP (d*,g); erythrocytes -
CHIP (s,0)
Skin: epidermis - GLIP (u); sweat gland - CHIP (i)

*In situ hybridization only; **northern blot analysis only.

References: () Sabolic et al., 1992; (b) Fushimi et al., 1993; (c) Nielsen et
al., 1993b; (d) Hasegawa et a., 1993; (e) Nielsen et a., 1993z; (f) Brown et
al., 1993; (g) Nielsen et al., 1993b; (h) Maet a., 19933; (i) Hasegawaet al.,
19944; (j) Hasegawa et al., 1994b; (k) Frigeri et al., 1995; (1) Ishibashi et al.,
1994; (m) Maet a., 1994; (n) Jung et a., 1994; (0) Rainaet a., 1995; (p)
Folkessen et ., 1994; (q) Bondy et al., 1993; (r) Echevarriaet al., 1994; ()
Preston et al., 1991; (t) Li et al., 1994; (u) present paper.

receptor function in superoptic neurons (Oliet and Bourque,
1993), MIWC may also play arole in osmoreceptor function
inbrain. In spinal cord, MIWC was strongly expressed in astro-
cytes as observed by diffuse staining of gray matter. Neurons,
axon bundles and nerve roots were unstained. Because of the
intimate relationship between glial cells and neurons, MIWC
may be involved in neuronal support as described above.

We report the first evidence for water channels in skeletal
muscle. Initial screening for MIWC in a number of tissues by
northern blot showed the highest transcript expression in brain
and skeleta muscle (Yang et a., 1995). MIWC transcript
expression in skeletal muscle was confirmed by RNase pro-
tection assay datain Fig. 8A. By immunostaining, MIWC was

expressed on sarcolemmal plasma membranes in skeleta
muscle. No immunostaining was observed in cardiac muscle
or in smooth muscle from avariety of tissuesincluding urinary
bladder, intestine and arteries. Interestingly, immunoblot
analysis showed expression of MIWC antibody-reactive
proteins at ~30 kDain brain, kidney, trachea and stomach, but
a 25-26 kDa in muscle. Only the 25-26 kDa band was
observed in multiple preparations of muscle and in fraction-
ated muscle homogenates. PCR amplification of muscle cDNA
(data not shown) with primers flanking the MIWC coding
sequence gave a single band with a sequence identical to that
reported for MIWC in lung (Hasegawa et al., 1994). It is not
known whether the apparently smaller fragment of 25-26 kDa,
which should contain the immunoreactive MIWC C terminus,
represents trandation of a spliced MIWC transcript, a post-
trandlational modification of MIWC, or a closely related
protein. The functional role of the various isoforms of MIWC
observed in muscle and brain remain unknown.

In the digestive tract, it was reported that MIWC and GLIP
are present in the basolateral membrane of colonic villus
epithelium (Frigeri et al., 1995). Other gastrointestinal organs
were examined here. In salivary gland, MIWC was localized
to the excretory duct epithelial layer, but was not seen in
glandular cells, where AQP-5 was recently identified (Raina et
a., 1995). These findings suggest that water is reabsorbed
along the excretory duct to modify the water volume of saliva.
A similar staining pattern for MIWC was found in lacrimal
gland tissue. In stomach, MIWC localized to the basolateral
membrane of parietal cells without apical membrane staining.
Studies in isolated membrane vesicles have shown that the
apical plasmamembrane of gastric parietal cells haslow water
permeability (Priver et al., 1993). No information is available
about the permeability of the contralateral basolateral
membrane. If indeed the apical membrane of parietal cellsis
water-impermeable in vivo, then the presence of a basolateral
membrane water channel may be important in cell volume reg-
ulation. A water permeable basolateral membrane and imper-
meabl e apical membrane would stabilize cell volume and intra-
cellular osmolality during rapid changes in the osmolality of
gastric contents.

An unexpected finding was the strong GLIP immunostain-
ing of epidermis and urinary bladder transitional epithelium.
Unlike the amphibian urinary bladder, the mammalian bladder
is thought to function as a simple storage compartment con-
taining a water-tight epithelium. Chang et al. (1994) recently
reported low water permeability in the apical membrane of
mammalian bladder epithelium. Similarly, the epidermis has
been assumed to serve primarily a barrier function, preventing
loss of sat and fluid. Further information about GLIP
function(s) is required to address its role in bladder and skin
physiology in terms of solute transport or cell volume regula-
tion.

The tissue-specific distribution of MIWC suggests that
MIWC may be aprincipal component of OAPs. Except inlens,
where OAPs are comprised of MIP, tissues known to contain
OAPs (astrocytes, sarcolemma, trachea, ciliary body, intestine,
basolateral membranes of gastric parietal cells, kidney
principal cells) were found to express MIWC. It is unclear
whether the crystalline arrangement of intramembrane
particlesin OAPs has any functional significance or whether it
is a consequence of the natural tendency of MIP family



members to form 2-dimensional crystals. Definitive identifica-
tion of MIWC in OAPs will require label-fracture electron
microscopy, and determination of whether MIWC can by itself
assembleinto OAPswill require freeze-fracture studies on pro-
teoliposomes reconstituted with purified MIWC protein.

Supported by grants DK 35124, HL 42368, HL51854 and DK 38452
from the National Institutes of Health, grant R613 from the National
Cystic Fibrosis Foundation and a Y oung Investigator award to M.G.
from the Foundation for Anesthesia Education and Research. Dr
Frigeri was supported in part by a fellowship from the National
Kidney Foundation of California.
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