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o test the involvement of the water channel aquaporin
(AQP)-4 in gastric acid physiology, the human gastric
cell line (HGT)-1 was stably transfected with rat

AQP4. AQP4 was immunolocalized to the basolateral
membrane of transfected HGT-1 cells, like in native parietal
cells. Expression of AQP4 in transfected cells increased the

 

osmotic water permeability coefficient (

 

P

 

f

 

) from 2.02 

 

�

 

0.3 

 

�

 

 10

 

�

 

4

 

 to 16.37 

 

�

 

 0.5 

 

�

 

 10

 

�

 

4

 

 cm/s at 20

 

�

 

C.

 

 

 

Freeze-
fracture EM showed distinct orthogonal arrays of particles
(OAPs), the morphological signature of AQP4, on the
plasma membrane of AQP4-expressing cells. Quantitative
morphometry showed that the density of OAPs was 2.5 

 

�

T

 

0.3% under basal condition and decreased by 50% to 1.2 

 

�

 

0.3% after 20 min of histamine stimulation, mainly due to

 

a significant decrease of the OAPs number. Concomitantly,

 

P

 

f

 

 decreased by 

 

�

 

35% in 20-min histamine-stimulated
cells. Both 

 

P

 

f

 

 and OAPs density were not modified after 10
min of histamine exposure, time at which the maximal
hormonal response is observed. Cell surface biotinylation
experiments confirmed that AQP4 is internalized after 20
min of histamine exposure, which may account for the
downregulation of water transport. This is the first evidence
for short term rearrangement of OAPs in an established
AQP4-expressing cell line.

 

Introduction

 

The general assumption in the gastrointestinal tract is that
water transport occurs as a result of active ion transport,
which creates the osmotic driving force for water movement.
In the stomach, gastric juice is secreted mainly by fundic
glands containing mucus cells, chief cells, and parietal
cells, producing mucus, pepsinogen, and hydrochloric
acid, respectively. Gastric juice is a solution consisting
mainly of H

 

�

 

, Cl

 

�

 

, K

 

�

 

, HCO

 

3

 

�

 

, and water secreted at a rate
of 

 

�

 

2 liters per day (Koyama et al., 1999; Ma and Verkman,
1999). However, the pathway for water transport driven by
activation of acid secretion is still undefined. Activation of
acid secretion is accompanied by extensive morphological
changes in parietal cells. In resting parietal cells, the enzyme

 

responsible for gastric acid secretion, H

 

�

 

/K

 

�

 

-ATPase, is -1.
Stimulation of parietal cells causes a cytoskeletal reorgani-

zation and a fusion of tubulovesicles thus recruiting func-

tional pumps to the expanded microvillar surface. The gas-
tric juice has a low pH and a widely varying osmolality, yet
the epithelial cells lining the stomach must maintain a rela-
tively constant intracellular osmolality and pH. These con-
siderations suggest that the gastric apical membrane must
maintain a low permeability to water so that the gastric
epithelial cell is afforded some protection against abrupt
changes in cell volume. The gastric apical membrane is rela-
tively water-tight and exhibits low permeability to water
(Priver et al., 1993). These properties are likely to be essen-
tial to the ability of this membrane to perform its barrier
function. The stomach is a tight epithelium, which predicts
a low paracellular water permeability. On the other hand,
the identification of a member of the AQP family in the
stomach would suggest a transcellular water movement
through the gastric epithelium. The water channel AQP4 is
so far the only AQP identified in the stomach. Rat AQP4

 

was immunolocalized to the basolateral membranes of
gastric parietal cells (Frigeri et al., 1995). A human AQP4
homologue was cloned from stomach and immunolocalized
to both parietal cells and chief cells (Misaka et al., 1996).
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AQP4 have been detected only in parietal cells located at the
base of the gastric pit in human, mouse, and rat stomach
(Frigeri et al., 1995; Misaka et al., 1996; Wang et al., 2000).
It has been suggested that this particular spatial location of
AQP4 would be consistent with a specialization of parietal
cell functions during their lifespan (Karam, 1993; Kressin,
1996). The parietal cells located at the base of the gastric pit
would secrete less acid and more water. Although the evi-
dence for the expression of an AQP itself does not prove
functionally significant, the presence of AQP4 supports a
role of AQPs in gastric fluid transport. In cultured rabbit pa-
rietal cells, Sonnentag et al

 

.

 

 (2000) observed volume changes
during stimulation of acid secretion followed by regulatory
volume increase, which is predominantly mediated by Na

 

�

 

/
H

 

�

 

 and Cl

 

�

 

/HCO

 

3

 

�

 

 exchangers. This finding suggests that
water intake into parietal cells is necessary or at least concur-
rent with stimulation of acid secretion. On the other hand, a
recent finding from AQP4 knockout mice (Wang et al.,
2000) showed that AQP4 deletion was not associated with
changes in the rates of basal or stimulated acid or fluid secre-
tion. However, these data do not rule out the possibility that
other compensatory mechanisms might be responsible for
the absence of obvious defects in overall gastric acid produc-
tion in AQP4 knockout mice.

The goal of this study was to determine whether stimula-
tion of acid secretion might directly or indirectly regulate
the AQP4 water channel in gastric parietal cells. To this end,
we exploited HGT-1, the cell line derived from a human
gastric adenocarcinoma. The HGT-1 cell line is similar to

parietal cells in that it possesses functional histamine H

 

2

 

 re-
ceptor (Laboisse et al., 1982), the principal receptor in-
volved in the stimulation of acid secretion. In a recent study
(Carmosino et al., 2000), we extended the characterization
of HGT-1 cells as a culture model of gastric parietal cells,
demonstrating that HGT-1 cells express a functional hista-
mine-regulated H

 

�

 

/K

 

�

 

-ATPase and the principal transport-
ers involved in the regulation of acid secretion such as the
Na

 

�

 

/H

 

�

 

 and Cl

 

�

 

/HCO

 

3

 

�

 

 exchangers. HGT-1 cells were
stably transfected with the coding sequence of rat AQP4.
Freeze-fracture EM revealed the presence of orthogonal ar-
rays of particles (OAPs),* the morphological feature of
AQP4 (Yang et al., 1996), in the basolateral plasma mem-
brane of transfected cells. The OAPs visible in AQP4-trans-
fected cells were morphologically undistinguable from those
observed in other tissues (Rash et al., 1974; Orci et al.,
1981; Hatton and Ellisman, 1982; Hirsch et al., 1988;
Zampighi et al., 1989).

Here, we show that a deep modification of AQP4 assem-
bly in OAPs at the basolateral membrane occurs after 20
min of histamine stimulation, which is associated with a par-
allel decrease of water transport. Of note, in HGT-1 cells it
has been shown that the histamine effect declines after a 20–
30-min exposure (Prost et al., 1984) due to an attenuation

 

*Abbreviations used in this paper: AQP, aquaporin; b-AQP, biotinylated
AQP; HGT, human gastric tumor cell line; IBMX, 3-isobutyl-1-meth-
ylxanthine; IMP, intramembrane particle; OAPs, orthogonal arrays of
particles; PAO, phenylarsine oxide; TIR, total internal reflection.

Figure 1. Immunofluorescence localiza-
tion of AQP4 in frozen section of rat 
stomach. (a) AQP4 was found in the 
basal region of fundic glands (S, serosa; 
L, lumen). (b) As shown at higher magni-
fication, AQP4 was detected selectively 
at the basolateral membrane of the cells. 
(b, inset) Double immunolabeling using 
AQP4 antibody (green signal) and a 
monoclonal antibody for H�/K�-ATPase 
(red signal) confirmed the selective
expression of AQP4 in parietal cells. 
(c) In transfected cells (clone 10C1), 
AQP4 was located on the basolateral 
membrane. (d) No labeling with AQP4 
antibodies was observed in wild-type 
HGT-1 cells. Bars: (a) 20 �m; (b) 10 �m; 
(c and d) 8 �m.
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of the receptor responsiveness, whereas the maximal hor-
monal effect occurs at early time points (5–10 min).

Beside the observation of OAPs absence or the marked de-
crease in a variety of hereditary and acquired diseases (Hat-
ton and Ellisman, 1984; Suzuki et al., 1984; Wakayama et
al., 1989; Neuhaus et al., 1990), this is the first evidence for
a short term rearrangement of OAPs in an established
AQP4-expressing cell line.

 

Results

 

Expression of AQP4 in rat stomach and in 
transfected cells

 

Immunofluorescence localization of AQP4 in rat stomach
was carried out using a polyclonal antibody directed against
a peptide corresponding to the COOH terminus of the rat
AQP4. A strong signal was found along the glandular base
region of the fundic gland but not in the epithelial region
facing the gastric lumen or in the neck region (Fig. 1 a). The

 

cells positive for the AQP4 protein were parietal cells, as as-
sessed by double labeling with H

 

�

 

/K

 

�

 

-ATPase (Fig. 1 b, in-
set). This pattern of staining was similar to that found in hu-
man (Misaka et al., 1996) and in mouse (Wang et al., 2000)
stomach, consistent with the theory that parietal cells in the
base of the gastric pits have a major role in water transport
compared with the more superficial parietal cells.

HGT-1 cells stably transfected with the cDNA corre-
sponding to the encoding region of rat AQP4 were analyzed
for AQP4 expression, localization, and function. A selected
clone, referred to as 10C1 clone, was used for all the experi-
ments. Clonal cells expressing AQP4 had identical growth
characteristics and morphology to untransfected cells. The
localization of AQP4 in 10C1 cells was examined by immu-
nofluorescence. Expressed AQP4 protein was confined at
the basolateral membrane (Fig. 1 c) thus displaying a similar
distribution to that in native parietal cells in the rat stomach
(Fig. 1, a and b). Untransfected wild-type HGT-1 cells were
neither stained with the immune (Fig. 1 d) nor with the pre-
immune serum (unpublished data).

Immunoblot analysis demonstrated that the anti-AQP4 an-
tibody stained a single nonglycosylated band of 30 kD in
10C1 cell homogenate similar to native rat brain membranes
used as a positive control (Fig. 2). No bands were detected
when wild-type HGT-1 cell homogenate was probed with im-
mune serum (Fig. 2). Subcellular fractionation of 10C1 cells
was carried out to confirm the plasma membrane expression of
AQP4. Immunoblot analysis showed prominent expression of
AQP4 in the fraction enriched in plasma membranes (17,000 

 

g

 

pellet) compared with the expression in the fraction enriched
in intracellular vesicles (200,000 

 

g 

 

pellet) (Fig. 2), consistent
with a predominant plasma membrane expression of AQP4.

To examine the osmotic permeability properties of trans-
fected cells, functional analysis were carried out on cells
grown on glass coverslips. Fig. 3 A shows the time course
of cell swelling in response to changes in perfusate osmola-
lity measured by a phase–contrast technique. Cells were
subjected to a 200-mOsm inwardly direct gradient of
NaCl. The gradient caused cell swelling, which produced a
decrease in transmitted light intensity. The experiments
were performed at 20

 

�

 

C to reduce the contribution of dif-
fusional water permeability. The rate of cell swelling was

Figure 2. Immunoblot of cell homogenate and membrane 
fractions from rat brain or AQP4-transfected cells. Each lane was 
loaded with 60 �g proteins. A single band of 30 kD without glyco-
sylation was detected in AQP4-trasfected cell homogenate and in 
native rat brain membranes, the positive control. A prominent 
expression of AQP4 in the fraction enriched in plasma membrane 
(17,000 g pellet) was observed compared with the expression in the 
fraction enriched in intracellular vesicles (200,000 g pellet).

Figure 3. Osmotic water permeability properties 
of wild-type HGT-1 cells and 10C1 cells measured 
by phase–contrast technique. (A) Time course of a 
cell swelling in response to the change in
perfusate osmolality (top). Mean value � SE of 
osmotic permeability coefficient Pf of HGT-1 and 
10C1 cells (bottom). (B) Temperature dependence 
of HGT-1 and 10C1 osmotic water permeability 
coefficient.
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significantly different in wild-type and transfected 10C1
clonal cells (Fig. 3 A). Calculated osmotic water permeabil-
ity coefficient 

 

P

 

f 

 

in 10C1 cells was eightfold that obtained
from wild-type HGT-1 cells (from 2.02 

 

�

 

 0.3 

 

�

 

 10

 

�

 

4

 

 to
16.37 

 

�

 

 0.5 

 

�

 

 10

 

�

 

4

 

 cm/s; Fig. 3 A). These results are con-
sistent with the expression of functional AQP4 water chan-
nels in 10C1 cells. The effect of temperature on the 

 

P

 

f 

 

in
wild-type and transfected cells was determined at 10, 23,
and 37

 

�

 

C. No significant temperature dependence was ob-
served in 10C1 cells, suggesting a channel-mediated water
transport (Fig. 3 B).

 

Histamine stimulation induces rearrangements of 
OAPs in AQP4-transfected cells

 

Freeze-fracture EM of AQP4-transfected cells revealed OAPs
on the cytoplasmic leaflet (P-face) (Fig. 4, CTR) typical of
AQP4 (Yang et al., 1996). OAPs were never observed on
wild-type HGT1 cells (Fig. 4, WT).

The center-to-center spacing of the P-face grooves was 

 

�

 

8
nm, as also reported in other heterologous systems express-
ing AQP4 water channels (Yang et al., 1996).

We next analyzed the effect of forskolin (10 min, 100

 

�

 

M), and histamine (10 or 20 min, 100 

 

�

 

M) stimulation
on OAPs organization in AQP4-transfected cells. Quantita-
tive morphometry was carried out on 

 

�

 

10 separate cells
from each experimental condition. Total OAPs surface area
and total OAPs number obtained from the examination of
the total cell surface area (CTR, 260 

 

�

 

m

 

2

 

; FK, 10 min, 252

 

�

 

m

 

2

 

; HIST 10 min, 259 

 

�

 

m

 

2

 

; HIST 20 min, 249 

 

�

 

m

 

2

 

) are
reported in the top part of the Table I (raw data).

The calculated OAPs density (surface area occupied by
OAPs expressed as the percentage of the total surface area
examined) was 2.5 

 

�

 

 0.3% under basal condition (Table I;
processed data). The OAPs density (

 

P

 

 

 

	

 

 0.004) decreased
significantly by 

 

�

 

50% to 1.2 

 

�

 

 0.3% after 20 min hista-
mine stimulation due to a significant decrease in OAPs
number per 

 

�

 

m

 

2 

 

together with a decrease in average OAPs
size (Table I; Fig. 4, HIST 20 min). Compared with the
control, no significant modification either in the density or
in the number of OAPs was observed after 10 min of hista-
mine treatment (Table I; processed data).

Forskolin treatment did not significantly modify the
OAPs density (Table I; processed data, 2.1 

 

�

 

 0.4%), al-
though in several cells a tendency to have an increase in the
average size of OAPs was observed in this experimental con-
dition (Table I; processed data).

Figure 4. Freeze-fracture electron micrographs of the plasma 
membrane of wild-type (WT), control (CTR), and histamine-
stimulated 10C1 cells (HIST 20 min). Typical OAPs were visible 
in the plasma membrane of control 10C1 cells (CTR). After 20 
min of histamine stimulation, the density and number of OAPs 
decreased compared with control (HIST 20 min). Bars, 100 nm.

 

Table I. 

 

Quantitative morphometry of AQP4-transfected cells, clone 10C1

Raw data CTR FK 10 min HIST 10 min HIST 20 min

 

n 

 

	

 

 10 n 

 

	

 

 10 n 

 

	

 

 14 n 

 

	

 

 10 

 

Surface area examined (

 

�

 

m

 

2

 

) 260 252 259 249
Total OAPs surface area (

 

�

 

m

 

2

 

) 6.70 5.38 5.99 2.80
Total number of OAPs 202 131 194 103

 

Processed data CTR FK 10 min HIST 10 min HIST 20 min

 

OPAs density (%) 2.5 �0.3 2.1 � 0.4 2.9 � 0.9 1.2 � 0.3a

Number of OAPs per �m2 0.75 � 0.08 0.53 � 0.09 0.90 � 0.22 0.43 � 0.1b

OAPs size (�m2) 0.034 � 0.003 0.040 � 0.004 0.032 � 0.004 0.028 � 0.003

aP 	 0.004 compared to control (Student’s t test for unpaired data).
bP 	 0.02 compared to control (Student’s t test for unpaired data).
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These results suggest that a regulation of AQP4 assembly
in the basolateral membrane occurs after 20 min of exposure
to histamine. The dramatic reduction (50%) in OAPs den-
sity observed after 20 min of histamine stimulation might re-
sult from AQP4 endocytosis in an intracellular compart-
ment. An alternative explanation is that AQP4 disassemble
into discrete intramembrane particles (IMPs). In an attempt
to answer this question, the number of IMPs was calculated
in 10 different cells (total surface examined was 1.52 �m2)
after 20 min of histamine stimulation and compared with
both wild-type (n 	 9, total surface examined was 1.37 �m2)
and control-transfected cells (n 	 10, total surface examined
was 1.52 �m2). Table II summarizes the obtained results. No
difference in the number of IMPs was observed in either ex-
perimental condition. Although these results rather favor the
possibility that AQP4 is internalized after 20 min of hista-
mine stimulation, it has to be pointed out that the high den-
sity of IMPs found in wild-type cells might mask the appear-
ance of a new population of IMPs deriving from OAPs
disassembly, and this method might not have the sufficient
resolution to give an unequivocal explanation of the real
mechanism involved. Therefore, cell surface biotinylation
was carried out to semiquantitate the expression levels of
AQP4 in the basolateral membrane in control and hista-
mine-stimulated cells. Biotinylated proteins were visualized
by fluorescence staining using avidin-FITC under basal con-
ditions (Fig. 5 A, ctr), after stimulation with histamine 100
�M for 20 min (Fig. 5 A, hist 20 min), or after stimulation
with histamine in cells preincubated with 80 �M phenylar-
sine oxide (PAO), an inhibitor of several cell surface receptor
endocytosis including histamine H2 receptors (Hertel et al.,
1985; Feldman et al., 1986; Garland et al., 1994: Smit et al.,
1995). A clear staining lining the basolateral membrane was
observed in control cells without any apparent intracellular
labeling, indicating that sulfo-NHS-biotin did not enter the
cells. In contrast, a considerable decrease of the cell surface
staining was observed in cells exposed to histamine for 20
min, indicating that cell surface protein endocytosis occurs
after this period time. In addition, some intracellular punc-
tate staining was observed beneath the cell surface in this ex-
perimental condition likely matching protein endocytosis
(Fig. 5 A, hist 20 min). No apparent intracellular labeling
was observed in cells stimulated with histamine after a prein-
cubation with the inhibitor of receptor endocytosis PAO.
These results suggest that surface biotinylated proteins are
internailzed at long time histamine exposure (20 min).

Fig. 5 B shows a representative experiment of cell surface
biotinytation. Biotinylated proteins were immunoblotted
and probed with AQP4 antibody. Band intensities of bio-
tinylated AQP4 (b-AQP4) were semiquantitated by densito-
metric analysis and reported as the percentage of the inten-

Figure 5. Cell surface biotinylation. (A) Cells grown on coverslips 
were incubated with sulfo-NHS-biotin as described in Materials and 
methods. Then, cells were either left under basal conditions (ctr), stimu-
lated with histamine 100 �M for 20 min (hist 20 min), or stimulated 
with histamine after a 10-min preincubation with 80 �M PAO, an 
inhibitor of the H2 receptor endocytosis (Smit et al., 1995). For visual-
ization of biotinylated proteins, cells were fixed in methanol and 
stained with avidin-FITC (1:200). A clear staining lining the basolateral 
membrane was observed in control cells without any apparent intracel-
lular labeling. In contrast, most of the cell surface staining disappeared 
in cells exposed to histamine for 20 min. Some intracellular punctate 
staining was observed beneath the cell surface. No apparent intracellu-
lar labeling was observed in cells stimulated with histamine after a 
preincubation with the inhibitor of receptor endocytosis PAO.
(B) Representative experiment of cell surface biotinytation. Cells grown 
on Petri dishes were incubated with sulfo-NHS-biotin as described in 
Materials and methods. Biotinylated proteins were immunoblotted and 
probed with AQP4 antibody. Band intensities of b-AQP4 were semi-
quantitated by densitometric analysis and reported as the percentage of 
the intensity of the band detected in the control sample (right). After 20 
min of histamine stimulation, the amount of b-AQP4 decreased by 
41% � 2.02 (P 	 0.004, n 	 3, Student’s t test for paired data). No 
significant reduction of b-AQP4 was observed in the PAO-treated sam-
ple. Coomassie blue staining of biotinylated proteins confirmed the 
presence of comparable amounts of proteins in all samples. Western 
blot analysis of equal amounts of the solubilized starting material (cell 
lysates after biotinylation) from each condition confirmed the presence 
of comparable amount of AQP4 in all samples.

Table II. Comparison of P-face IMP density

Cell type Density of IMP Surface area

(IMPs/�m2) (�m2)

wt HGT-1 2591 � 161 (9) 1.37
10C1 ctr 2367 � 138 (10) 1.52
10C1 hist 2269 � 95 (10) 1.52

IMPs were measured on cell plasma membranes. Values are mean � SE,
with the number of cell in parentheses.
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sity of the band detected in the control sample (Fig. 5 B,
right). After 20 min of histamine stimulation, the amount of
b-AQP4 decreased by 41% � 2.02 (means � SE; P 	
0.004, Student’s t test for paired data). No significant reduc-
tion of b-AQP4 was observed in PAO-treated samples. No
bands were detected in cells treated identically without the
addition of biotin during the biotinylation step (unpub-
lished data). Coomassie blue staining of biotinylated pro-
teins confirmed the presence of comparable amounts of pro-
teins in all samples. Western blot analysis of equal amounts
of the solubilized starting material (cell lysates after biotin-
ylation) from each condition confirmed the presence of
comparable amount of AQP4 in all samples.

Together, these findings indicate that AQP4 internaliza-
tion is the actual mechanism, explaining the OAPs reduc-
tion after 20 min of histamine stimulation. If less AQP4 is
present on the basolateral membrane after 20 min of hista-
mine exposure, we would expect a parallel reduction in the
osmotic water permeability coefficient (Pf). Functional anal-
ysis of water permeability was conducted on control and his-
tamine-stimulated AQP4-transfected cells. Fig. 6 A reports a
representative time course of cell swelling in response to
changes in perfusate osmolality measured by total internal
reflction (TIR) microfluorimetry. Relative to control (CTR),
the osmotic water permeability coefficient Pf was significant
inhibited by 35.6% � 6.54 (means � SE; P 	 0.02, Stu-
dent’s t test for unpaired data) after 20 min of treatment
(Fig. 6 B, HIST 20 min). No significant modification of the
Pf was observed in AQP4-transfected cells treated with either
histamine or forskolin for 10 min (unpublished data).

Discussion
We have demonstrated recently that HGT-1 cells share sev-
eral physiological features with gastric parietal cells (Car-
mosino et al., 2000). HGT-1 cell monolayers were able to
secrete H� when stimulated with histamine, and intracellu-
lar pH (pHi) measurements demonstrated the expression

of a functional omeprazole-sensitive H�/K�-ATPase (Car-
mosino et al., 2000).

Together, those observations validate HGT-1 cells as an in-
teresting cell culture model for studying the regulatory mech-
anisms involved in acid secretion. To this end, HGT-1 cells
were stably transfected with AQP4, and OAPs, the morpho-
logical feature of the AQP4 water channel were quantitatively
assessed after stimulation of acid secretion with histamine.

The major finding of this work was the observation of a
marked (50%) decrease in the density of OAPs in histamine-
stimulated transfected cells. The effect was observed after 20
min of histamine stimulation, a time point at which expo-
sure of cells to the agonist results in attenuation (desensitiza-
tion) of the subsequent cellular response (Prost et al., 1984).
Consistent with this observation, functional studies demon-
strated nearly a 35% decrease in the osmotic water perme-
ability coefficient after 20 min of histamine stimulation
(Fig. 6). These findings support the hypothesis that activa-
tion of the H2 receptor in the basolateral membrane leads
eventually to a rearrangement of the AQP4 assembly in the
basolateral membrane of gastric parietal cells.

A possible explanation for this effect is that AQP4 might
switch from an assembled (OAPs) to a disassembled (discrete
IMPs) state, which might reflect a different functional state
of the water channel. Recent finding by van Hoek et al.
(2000) would support this possibility. In mouse kidney, the
authors found a strong immunofluorescence AQP4 labeling
in epithelial cells of the S3 segment, whereas freeze-fracture
analysis revealed the presence of a small number of OAPs
(van Hoek et al., 2000). As van Hoek et al. (2000) suggested,
these data raise the possibility that AQP4 has less tendency to
form OAPs in the proximal tubule and might be present also
as discrete IMPs, either monomers or tetramers.

Attempts to estimate the number of single particles rep-
resenting AQP4 showed no obvious increase in the num-
ber of IMPs after 20 min of histamine stimulation (Table
II), although this method might not have the sufficient res-
olution to give an unequivocal answer. Therefore, we ex-
ploited an alternative strategy of semiquantitatation of the
amount of AQP4 on the cell surface by cell surface biotin-
ylation (either assembled in OAPs or existing as a “single
particle”) and allowing to distinguish between an aggrega-
tion/disaggregation model or AQP4 endocytosis. Indeed,
biotinylation studies confirmed that 20 min of histamine
exposure induces a nearly 40% reduction of cell surface
b-AQP4, and this effect is accompanied with internaliza-
tion of surface-biotinylated proteins.

We might speculate that AQP4 is internalized together or
concomitantly with the H2 receptor after 20 min of hista-
mine stimulation. Our finding, demonstrating that after a
20-min stimulation with histamine in cells preincubated
with PAO, an inhibitor of several cell surface receptor en-
docytosis, including histamine H2 receptors (Hertel et al.,
1985; Feldman et al., 1986; Garland et al., 1994: Smit et al.,
1995), would support this hypothesis. Several observations
by other authors would also favor this possibility. First, in
HGT-1 cells it has been demonstrated that short term treat-
ment of cells with histamine produced a progressive decline
in the subsequent efficacy of histamine on H2 receptor activ-
ity, and after only 20 min the response was reduced to 50%

Figure 6. Effect of 20 min of histamine stimulation on the 
osmotic water permeability coefficient Pf. (A) Representative TIR 
fluorescence time course of control (CTR) and histamine-stimulated 
(HIST 20 min) transfected cells in response to a 200 mOsm 
inwardly directed NaCl gradient at 20�C. (B) Means � SE of Pf values 
calculated as percentage where 100% represents the Pf of control 
cells. Histamine stimulation (100 �M, 37�C, 20 min), determined 
a significant (35.6% � 6.5, P 	 0.02) decrease of the Pf compared 
with control cells (number of determinations in parentheses).
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of the control response (Prost et al., 1984). This effect was
not related to cAMP levels nor to adenylate cyclase activity,
suggesting that the decrease in histamine H2 receptor activ-
ity may be produced by uncoupling of the receptor to the
adenylate cyclase or receptor internalization into a compart-
ment inaccessible to agonists acting at the plasma mem-
brane. Several guanine nucleotide-binding protein-coupled
receptors have been reported to be internalized (Prost et al.,
1984; Arima et al., 1993; Fukushima et al., 1993, 1996;
Smit et al., 1994). The likely mechanism for the decrease in
histamine H2 receptor activity is the receptor internalization.
In fact, in COS7 cells transfected with canine H2 receptor
(Fukushima et al., 1997) the amount of cell surface H2 re-
ceptor detected with antibody binding decreased by �30%
after a 30-min incubation with histamine. Second, in HEK-
293 cells transfected with the H2 receptor a 1-h treatment
with histamine resulted in an almost complete disappearance
of H2 receptor immunoreactivity, whereas a 1-h incubation
with forskolin did not lead to important changes of mem-
brane-localized H2 immunoreactivity (Smit et al., 1995).
This indicates that histamine causes H2 receptor internaliza-
tion via a cAMP-independent pathway. Of note, forskolin
stimulation of AQP4-transfected cells did not cause any sig-
nificant modification both in the density and in the number
of OAPs compared with the control condition. If AQP4 is
internalized in a cAMP-independent manner, forskolin ex-
posure of cells is not expected to induce any modification of
the OAPs at the basolateral membrane.

Third, by freeze-fracture EM Bordi et al. (1986) described
OAPs reduction (nearly 50%) in native gastric parietal cells
of rat stomach after pentagastrin and metiamide treatment.
Since these findings were obtained in native parietal cells,
this supports our hypothesis that the arrays can be modu-
lated by parietal cell function. Moreover, the apparent dis-
crepancy found by authors regarding the reduction in OAPs
both in response to exposure of cells to treatments that stim-
ulate (pentagastrin, which in turn activates histamine re-
lease) or inhibit (metiamide, an H2 receptor antagonist)
gastric secretion might be explained again by OAPs internal-
ization concurrent to H2 receptor internalization. In fact,
disappearance of histamine receptor activity was also ob-
served with the H2 receptor antagonist SKF 93479 (Prost et
al., 1984), thus suggesting that occupancy of the H2 receptor
is the key event triggering the inactivation.

Based on these considerations, we may speculate that tight
control of signaling via H2 receptor activation/internaliza-
tion associated with regulation of OAPs appearance (possi-
bly recycling) on the membrane would in turn regulate gas-
tric secretion.

A working model hypothesizing a transcellular water trans-
port would imply that subsequent to activation of acid secretion
water could enter through AQP4 at the basolateral membrane
by simple osmosis. At early time points (10 min), histamine or
forskolin treatments did not induce significant modifications to
the density or number of OAPs, nor to the Pf, and thus the con-
stitutive water permeability of the basolateral membrane of gas-
tric parietal cells would not represent a limiting barrier for water
transport. Longer histamine exposure (20 min) eventually leads
to a downregulation of water transport through AQP4 internal-
ization concomitantly to the H2 receptor.

A transcellular pathway for water secretion implies that
water must leave the apical membrane for the formation of
gastric juice. So far, no water channel has been detected in
the apical membrane (Koyama et al., 1999). However, one
possible pathway for water to exit is through apical cotrans-
port protein (Zeuthen, 1994; Zeuthen and Stein, 1994) in
an otherwise impermeable membrane (Priver et al., 1993).
Alternatively, other unknown AQPs may mediate water exit
from the apical membrane.

To conclude, this study demonstrates that in AQP4-trans-
fected gastric cells, endocytosis of the water channel AQP4,
matched by 50% OAPs reduction, occurs after 20 min of
histamine exposure. This effect is paralleled by a reduction
of the osmotic water permeability coefficient Pf and coin-
cides with the 50% attenuation of the hormonal response
observed in those cells (Prost et al., 1984), likely due to his-
tamine receptor internalization (Fukushima et al., 1997). Al-
though the exact relationship between the secretory activity
and biochemical events examined here is complex, we pro-
pose that the parallel downregulation of histamine response
and cell surface AQP4 expression evidenced in AQP4-trans-
fected cells could be involved in the physiological control of
gastric cell function.

Materials and methods
Materials
Polyclonal antibodies specific for rat AQP4 were raised against the syn-
thetic peptide corresponding to the 15 COOH-terminal amino acids of rat
AQP4 (amino acides 278–301, EKGKDSSGEVLSSV) as described previ-
ously (Valenti et al., 1996). The monoclonal antibody 2AG11 against the

-subunit of H�/K�-ATPase was a gift from Dr. Forte (Department of Mo-
lecular and Cell Biology, University of California, Berkeley, CA). Anti–rab-
bit IgG FITC conjugate and anti–mouse IgG Cy3 conjugate were obtained
from Sigma-Aldrich. Chemicals were obtained from the following sources:
histamine, 3-isobutyl-1-methylxanthine (IBMX), and forskolin were pur-
chased from Sigma-Aldrich, lipofectin and geneticin were purchased from
Life Technologies, and sulfo-NHS-biotin and streptoavidin-agarose beads
were purchased from Pierce Chemical Co.

Cell culture
HGT-1 cells derive from a poorly differentiated human gastric adenocarci-
noma (Laboisse et al., 1982) and display the characteristic of gastric pari-
etal cells (Laboisse et al., 1982; Sandle et al., 1993). Cells were cultured at
37�C under a humidified atmosphere of 5% CO2-95% air in DME (high
glucose) supplemented with 20 mM sodium bicarbonate, 20 mM Hepes,
and 10% FCS without antibiotics.

Plasmid construction and transfection
The cDNA coding for rat lung AQP4 cDNA was amplified by PCR and li-
gated into expression vector pcDNA3 containing the cytomegalovirus pro-
moter and the gene for resistance to geneticin.

The primers (sense, 5�-GCTGATCATGGTGGCTTTCAAAGGC-3�; anti-
sense, 5�-GCTCTAGATACAGAAGATAATACCTC-3�) were engineered
with BclI (5�) and XbaI (3�) restriction sites. The BclI and XbaI fragment
was ligated into the vector at BamHI and XbaI restriction sites and propa-
gated in Escherichia coli. Transfection was performed by use of lipofec-
tin. HGT-1 (wild-type) cells were grown at 37�C under a humidified at-
mosphere of 5% CO2-95% air in DME supplemented with 20 mM
sodium bicarbonate, 20 mM Hepes, and 10% FCS without antibiotics.
Cells were plated into 45-mm dishes for 15 h before transfection. Cells
were washed with serum-free medium and then incubated for 12 h at 37�C
with 2 ml of serum-free medium containing 20 �g of lipofectin and 5 �g
of recombinant plasmid. Cells were washed and then grown for 48 h in
DME supplemented with 10% FCS. Cells were trypsinized and plated on
140 mm-diameter dishes. A selection of cells containing transfected
DNA was obtained with a medium containing geneticin (500 �g/ml) for
10–15 d. Resistant clones were isolated and transferred to separate cul-
ture dishes for expansion and analysis.



1242 The Journal of Cell Biology | Volume 154, Number 6, 2001

Subcellular fractionation
Cells grown on a 25-cm2 flask to confluency were scraped with a police-
man, pelleted, and resuspended in 30 �l of lysis buffer (50 mM Tris, pH 8,
110 mM NaCl, 0.5% Triton X-100, 0.5% Nonidet P-40, 2 mM PMSF, 2 �g/
ml leupetin and pepstatin), vortexed vigorously, and incubated at 4�C for
60 min. The cell lysate was clarified with a brief centrifugation and resus-
pended in Laemmli buffer. For the preparation of the low speed pellet en-
riched in plasma membranes (LSP) and the high speed pellet enriched in
intracellular vesicles (HPS), the cells were washed in PBS and homoge-
nized with a glass/Teflon homogenizer in ice-cold buffer containing 250
mM sucrose and 10 mM Tris, pH 7.5. Cell suspension was centrifuged at
700 g for 10 min at 4�C. The supernatant was centrifuged at 17,000 g for
45 min at 4�C. The LSP was recovered in PBS, and the supernatant was
spun at 200,000 g in a Beckman Coulter Rotor 50 2Ti for 60 min at 4�C.
The final pellet (HSP) was recovered in PBS. Cell membranes were stored
at �20�C until used for immunoblotting studies. For brain crude mem-
brane preparation, rat brains were removed, cut into small slices, and ho-
mogenized in ice-cold buffer containing 300 mM mannitol and 12 mM
Hepes-Tris, pH 7.4. All subsequent steps were performed at 4�C. The sus-
pension was centrifuged at 2,500 g for 15 min to discard nuclei and unbro-
ken cells. The supernatant was spun down at 47,000 g for 45 min, and the
pellet was resuspended in homogenizing buffer.

Immunoblot analysis
Membranes or cell homogenates were solubilized in Laemmli buffer,
heated to 60�C for 10 min, and subjected to 13% SDS-PAGE. Gels were
transferred to Immobilon-P membrane (Millipore), blocked in blotting
buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.4, and 1% Triton X-100)
containing 5% nonfat dry milk for 1 h. The membranes were incubated
with the AQP4 polyclonal antibody (1:400 dilution) for 2 h at room tem-
perature in blotting buffer and washed in several changes of the same blot-
ting buffer. The membranes were incubated with goat rabbit IgG (1:5,000
dilution; Sigma-Aldrich) and revealed with anti–mouse alkaline-phos-
phatase using the substrates 0.56 mM 5-bromo-4-chloro-3-indolyl phos-
phate and 0.48 mM nitro blue tetrazolium in 10 mM Tris-HCl, pH 9.5.

Cell surface biotinylation
To semiquantify the expression levels of AQP4 in the basolateral mem-
brane, cell surface biotinylation experiments were performed. AQP4-trans-
fected cells were grown on 4-cm Petri dishes, washed with PBS-Ca2�/
Mg2�, and either left untreated or stimulated with histamine 100 �M plus
IBMX 100 �M for 20 min at 37�C, or stimulated with histamine after a 10-
min preincubation with 80 �M PAO, an inhibitor of several cell surface re-
ceptor endocytosis including histamine H2 receptors (Hertel et al., 1985;
Feldman et al., 1986; Garland et al., 1994; Smit et al., 1995). Cells were
then washed with ice-cold PBS-Ca2�/Mg2� and incubated with 1 mg/ml
sulfo-NHS-biotin in PBS Ca2�/Mg2� for 30 min at 4�C. Free sulfo-NHS-
biotin was blocked by washing cells twice at 4�C with 0.1 M glycine in
PBS-Ca2�/Mg2� and then with ice-cold PBS-Ca2�/Mg2�. Cells were lysed in
lysis buffer (110 mM NaCl, 50 mM Tris, 0.5% Triton X-100, 0.5% Igepal,
pH 8, 1 mM phenylmethylsulfonyl fluoride, 1 �g/ml pepstatin, and 1 �g/
ml leupeptin), and extracts were clarified by centrifugation (13,000 g for
10 min). An equal volume of Streptavidin-agarose beads was added to the
lysates (400 �g of proteins), and the mixture was incubated with gentle
mixing at 4�C overnight. Streptavidin-bound complexes were pelletted and
washed three times with 500 �l lysis buffer. Biotinylated proteins were
eluted in Laemmli buffer by boiling for 10 min, resolved by SDS-PAGE,
elettroblotted onto Immobilon-P, and immunoblotted with the AQP4 anti-
body (1:400 dilution). Band intensities were quantitated by densitometric
analysis using National Institutes of Health Image software.

Light microscopy immunocytochemistry
Cells grown on glass coverslips were fixed in ice-cold methanol for 5 min.
After blocking in 0.1% gelatin in PBS for 5 min, cells were incubated at
room temperature for 2 h with the primary antibody (IS AQP4, dilution
1:200). After washing three times for 5 min with 0.1% gelatin, cells were
incubated for 1 h with FITC-conjugated secondary antibodies, and then
were sequentially washed twice for 1 min in 2.7% NaCl (high salt PBS)
and twice in regular PBS. Coverslips were mounted in 50% glycerol in
0.2 M Tris-HCl, pH 8.0, containing 2.5% n-propyl gallate as an antiquench-
ing agent. For the immunofluorescence study on the rat stomach, small
samples of rat stomach were fixed in a fixative containing 2% paraformal-
dehyde, 10 mM sodium periodate, and 75 mM lysine (PLP) at 4�C over-
night. The samples were then infiltrated in 30% sucrose for 3 h and
mounted in OCT medium (Miles), frozen in liquid nitrogen, and sectioned
at 4-�m thickness on a Reichert Frigocut cryostat. Sections were placed on

Superfrost/plus microscope slides (Fisher Scientific) and subjected to im-
munofluorescence as described above. For double immunolabeling of AQP4
and H�/K�-ATPase in rat stomach, sections were incubated sequentially with
the monoclonal antibody against the 
-subunit of H�/K�-ATPase (1:200)
and the polyclonal antibody against AQP4 (1:200). Anti–mouse Cy3-con-
jugated IgG (1:200) and anti–rabbit FITC-conjugated IgG (1:100) were
used, respectively, as secondary antibodies. For fluorescence visualization
of biotinylated proteins, cells grown on coverslips were incubated with
sulfo-NHS-biotin (1 mg/ml in PBS-Ca2�/Mg2� for 30 min at 4�C). Free
sulfo-NHS-biotin was blocked by washing cells twice at 4�C with 0.1 M
glycine in PBS-Ca2�/Mg2� and then with ice-cold PBS-Ca2�/Mg2�. Then,
cells were either left under basal conditions, stimulated with histamine
100 �M plus IBMX 100 �M for 20 min at 37�C, and in parallel stimulated
with histamine after a 10-min preincubation with 80 �M PAO, an inhibitor
of H2 receptor endocytosis (Smit et al., 1995). Cells were fixed in methanol
and stained with avidin-FITC (1:200 dilution).

The slides were examined with a Leica photomicroscope equipped for
epifluorescence, and digital images were obtained by a cooled CCD cam-
era interfaced to the microscope (Princeton Instruments).

Water transport assay
Water permeability in adherent cells was measured by a phase–contrast
technique based on volume-dependent changes in optical path length of
light passing through a cell monolayer (Farinas et al., 1997). Cells were
grown to confluence on 18-mm glass coverslips and then mounted in a
specific chamber. Cells were illuminated and visualized using a 20� ob-
jective. Transmitted light was collected and focused onto a photomulti-
plier. The osmotic water permeability was determined from the time
course of the interference signal in response to osmotic gradients. Alterna-
tively, cell volume changes on adherent cells were measured by TIR fluo-
rimetry as described previously (Valenti et al., 1996). Experimental condi-
tions included control cells (CTR) and 100 �M histamine plus 100 �M
IBMX for 20 min at 37�C (HIST 20 min). The osmotic water permeability
coefficient (Pf) was calculated from the exponential time constant � by the
relation Pf 	 [� (A/V)0 Vw 0]�1, where (A/V)0 is the initial cell surface-to-
volume ratio, Vw is the partial molar volume of water (18 cm3/mol), and 0

is the initial perfusate osmolality. Cell surface-to-volume ratio was calcu-
lated from serial confocal images of calcein-loaded cells by the MRC-1024
Bio-Rad Laboratories confocal microscope equipped with a krypton-
argon–mixed gas laser. A specific software (Imaris 2.7; Bitplane) was used
for acquisition and processing of confocal images.

Freeze-fracture EM
Cells grown on 25-cm2 flasks were left under basal conditions or stimu-
lated with either 100 �M histamine (10 or 20 min) or 100 �M forskolin (15
min) in the presence of 100 �M IMBX. Then, cell monolayers were fixed
for 20 min with 2% glutaraldehyde, rinsed, and stored in PBS-NaN3.
Monolayers were scraped and cryoprotected in 30% glycerol. Cells sus-
pension were deposited on freeze-fracture supports  and frozen by immer-
sion in Freon 22 cooled with liquid nitrogen. Specimens were fractured at
�130�C in a Balzers freeze-fracture device and were shadowed by depos-
iting platinum at an angle of 45� followed by carbon at 90%. Replicas
were cleaned in bleach and distilled water. Replicas were collected on EM
grids and examined and photographed using a Philips EM400 electron mi-
croscope. Experimental conditions included: control cells (CTR), 100 �M
histamine plus 100 �M IBMX for 10 min at 37�C (HIST 10 min), 100 �M
histamine plus 100 �M IBMX for 20 min at 37�C (HIST 20 min), and 100
�M forskolin plus 100 �M IBMX for 10 min at 37�C (FK).
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