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Abstract

Enterochromaffin-like (ECL) cells play a central role in the regulation of gastric acid secretion. Previous studies have shown that proton
pump inhibitors accelerate histamine release from ECL cells through the effects of gastrin. However, direct effects of proton pump inhibitors
on ECL cells have not been demonstrated to date because the indirect effects of gastrin are difficult to suppress. We investigated the direct
effects of proton pump inhibitors medication on ECL cells using an elutriation system. ECL cells were stimulated with gastrin or rabeprazole,
and histamine release from ECL cells was measured. Rabeprazole increased histamine release through a pathway that differed from that of
gastrin. The histamine increase was likely due to an acceleration of vesicular monoamine transporter 2 (VMAT2). Rabeprazole increased
histamine release from ECL cells directly via VMAT2, but did not affect the total amount of histamine in the cells. The results suggest that
patients receiving proton pump inhibitors for extended periods must be monitored extensively because gastric tumor proliferation may be

promoted by increased histamine release from ECL cells.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Histamine H, receptor antagonist, which block hista-
mine receptors on parietal cells, have been used to treat
disorders such as upper gastrointestinal ulcers and gastro-
esophageal reflux disease. Proton pump inhibitors, which
inhibit an H', —~K'-ATPase of parietal cells in the stomach
and suppress the secretion of gastric acid, have also been
used to treat these diseases. Gastrin, acetylcholine, and
histamine stimulate gastric acid secretion from parietal
cells. Histamine, the primary stimulator in humans and
most animals (Hersey and Sachs, 1995), was initially
thought to originate in the mast cells of the gastric
mucosa. However, recent studies have identified entero-
chromaffin-like (ECL) cells as the more likely histamine
source. ECL cells, which are a type of endocrine cell, play
a central role in the regulation of gastric acid secretion
(Lindstrom et al., 2001) and are located in the lower third
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of the gastric gland of the oxyntic mucosa, near the
parietal cells. The ECL cells are 8—10 um in diameter
and have numerous electron-lucent cytoplasmic vesicles
and few electron-dense granules (Hakanson et al., 1994b).
Histamine, which is stored in the vesicles, is secreted by
exocytosis upon stimulation by gastrin released from G-
cells and in turn stimulates parietal cells through the
paracrine pathway.

Proton pump inhibitors cause hypergastrinemia by elim-
inating the acid feedback inhibition of gastrin release,
which results in ECL cell hyperplasia, dysplasia, and even
neoplasia in rats (Chen et al., 1999). It is known that
proton pump inhibitors inhibits H, K'-ATPase (P-type
ATPase). Moreover, there is a report that suggests proton
pump inhibitors inhibit V-type ATPase in osteoclasts
(Misunashi et al., 1993). In ECL cells, V-type ATPase
also plays a role in proton transport into the secretory
vesicles, which contain histamine (Prinz et al., 1999).
Accordingly, it is possible that proton pump inhibitors
cause not only indirect effects of gastrin but also direct
effects to ECL cells.

The aim of the present study was to investigate the direct
effects of proton pump inhibitors medication on histamine
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release from ECL cells using an elutriator system, while
eliminating the indirect effects of gastrin.

2. Materials and methods
2.1. Chemicals

Rat gastrin-17 was purchased from Sigma (St. Louis, MO).
Matrigel was purchased from Becton Dickinson (Bedford,
MA). Reserpine, an inhibitor of vesicular monoamine trans-
porter 2, was purchased from Sigma. Anti-histidine decar-
boxylase was purchased from Euro Diagnostica (Malmo,
Sweden). Sodium rabeprazole was kindly provided by Eisai
Pharmaceuticals (Tokyo, Japan). All other chemical reagents
were of analytical grade.

2.2. Medium

To study ECL cells, all medium of culture, isolation and
secretion was used according to a previous experiment
(Lindstrom and Hakanson, 2001).

2.2.1. Krebs-Ringer-HEPES medium

HEPES (25 mM), pH 7.4, 104 mM NaCl, 5 mM KCl, 1
mM KH2PO4, 1.2 mM MgSO4, 2 mM Caclz, 0.01%
soybean trypsin inhibitor, and 0.2% bovine serum albumin.

2.3. Isolation and primary culture of ECL cells

Three male Sprague—Dawley rats (CREA, Japan),
weighting 250-300 g each, were kept in a cage and fed
ad libitum. ECL cells were purified from the rats using an
elutriator system as described in detail in the previous
study (Prinz et al., 1993; Lindstrdm et al., 1997). We used
a modification of the Lindstrdm method to isolate ECL
cells from rat stomach. The stomach was closed at the
esophageal-gastric junction and the fundus-antrum border
by suturing, everted, and closed further by suturing the
fundus-forestomach. This isolated a sac containing the
acid-producing section of the stomach. The surface of
the sac was rinsed with 0.9% saline and blotted with a
KimWipe ™. Subsequently, 3—-5 ml of 1.0 mg ml~'
pronase was injected into the interior of the stomach sacs
by syringe, and the sacs were incubated for 30 min in
medium A at 37 °C under oxygenated conditions (95%
0,, 5% CO,). Medium A was discarded after 30 min and
the sacs were then incubated in medium B for 10 min at
37 °C. The sacs were again incubated in medium A for 20
min and then in medium B for 10 min with magnetic
stirring. This was followed by an additional incubation in
medium A for 15 min and then in medium B for 10 min
with magnetic stirring. The final incubation included
medium A for 30 min and then in 100 ml medium B
for 20 min with magnetic stirring. We collected the 100-ml
medium B and filtered it through a 15-pm nylon mesh.

This cell suspension was divided into two 50-ml tube and
centrifuged at 175 X g (centrifuge 5800, Kubota, Japan).
The supernatant was removed and cell elements was
resuspended in medium C and adjusted to 1.5 x 107 cells
ml~'. The viability of the cells was assessed by light
microscopy using Trypan Blue exclusion, and was con-
firmed at above 95%.

This cell suspension was used for the elutriation centri-
fugation. Using a peristatic pump (Masterflex model
7521-40, Cole-Palmer, Chicago, IL), we loaded 5 ml of
the cell suspension (7.5 x 107 cells) into the standard
separation chamber of a J6-MC centrifuge (Beckman,
Tokyo, Japan) equipped with a JE-5.0 rotor system. The
initial flow rate was 20 ml min~ ' and rotor velocity was
2500 rpm at that time. A cell size gradient was formed in
the chamber. Four different 50 ml cell fractions were
collected at the following flow rates: 20 ml min~ ' (FO);
26 ml min~ ' (F1); 37 ml min~' (F2); 60 ml min~'
(rotation stopped) (F3). We repeated this procedure and
collected the F2 fraction. Next, the F2 fraction was
centrifuged at 175 X g, resuspended in medium C, and
adjusted to 2 x 10° cells ml~ '. Subsequently, the suspen-
sion was subjected to a second elutriation step using a
Sanderson separation chamber. Ten million cells in 5 ml
were injected at a flow rate of 17 ml min~ ' and rotor
velocity was set at 2000 rpm. Four different 50-ml frac-
tions were collected at the following flow rates: 17 ml
min~ ' (SF0); 21 ml min~ ' (SFI), 28 ml min~ ' (SF2), and
60 ml min~ ' (rotation stopped) (SF3). The SF2 fraction
was centrifuged at 175 X g and resuspended in 3-ml culture
medium to wash the cells. After two washes in the culture
medium, the cells were resuspended in culture medium and
adjusted to 2 X 10° cells ml~'. The cells were cultured in
24-well plates pre-coated with Matrigel (diluted 1:10 with
culture medium) at 10° cells per well. The cells were
incubated in 500 upl culture medium under a humid
atmosphere containing 5% CO, and 95% air at 37 °C
for 48 h. This incubation time elicited an appropriate
gastrin response.

2.4. Secretion studies

After the 48-h cultivation, the culture medium was aspi-
rated and replaced with fresh serum-free and gastrin-free
medium. After equilibration for 2 h, the medium was again
aspirated and replaced with secretion medium plus test
substance and incubated for 1 h. After incubation, the plates
were centrifuged at 220 X g for 1 min. The supernatants were
collected and stored at —20 °C until measurement of
histamine.

2.5. Determination of histamine
Histamine was measured by high-performance liquid

chromatography (HPLC)-fluorometry technique (Yamato-
dani et al., 1985). We collected 50 pl of each culture
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supernatant and diluted the samples with 250 pl of 3%
perchloric acid and 30 pl of 2 M KOH/1 M KH,PO, in
600 ul tubes. The tubes were stirred and incubated at 4
°C for about 15 min. The samples were then centrifuged
at 10,000 rpm for 2 min and 200 pl of each supernatant
was collected. A 50-pl aliquot of this supernatant was
injected directly into a column packed with TSKgel
SP2SW Cation Exchanger (150 X6 mm i.d.) (Tosoh,
Tokyo, Japan). Histamine was eluted with 0.25 M potas-
sium phosphate, at a flow rate of 0.6 ml min '. The
histamine was post-labeled with o-phthalaldehyde under
alkaline conditions and detected fluorometrically in a
F1080 Fluorometer (Hitachi, Tokyo, Japan) using excita-
tion and emission wavelengths of 360 and 450 nm,
respectively. The supernatant histamine concentration
was determined by comparison to a histamine standard
(100 pmol ml™h).

2.6. Determination of intracellular histamine contents

Intracellular histamine contents were measured after
complete evaporation of the supernatant. A 500-pl aliquot
of 3% perchloric acid was added to each well and scraped
by pipette tip. The scraped material was collected in 600-
pl tubes to which we added 50 pl of 2 M KOH/1 M
KH,PO,4. The supernatant was collected and measured by
the method described above.

2.7. Fluorescent staining of histidine decarboxylase

A drop from each SF2 fraction was applied onto pre-
coated glass slides and dried under a stream of nitrogen.

The cell smear was fixed in 4% formalin for 10 min at
room temperature, rinsed with Tris bufferd saline (TBS)
containing 0.01% Tween20, and then incubated with anti-
histidine decarboxylase antibody (1:300 dilution) in phos-
phate-buffered saline (PBS) containing 0.5% BSA and
0.1% NaNj for 1 h at room temperature in a dark room.
After rinsing in TBS containing Tween20, fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit immunoglob-
ulin G (1:40 dilution) was added for 1 h at room
temperature. After rinsing anew, the immunostaining was
examined under a fluorescence microscope (Carl Zeiss,
Axioskop2 plus). Nonspecific binding was blocked by
preincubation with 10% goat serum.

2.8. Determination of intracellular Ca®*

Intracellular Ca® " was measured using highly fluores-
cent indicators (Grynkiewicz et al., 1985). We assayed
intracellular Ca”?" levels in Fura-2/acetoxymethylester
(AM) (Molecular Probes, Eugene, OR)-loaded ECL cells.
In this assay, 0.5 X 10° cells were loaded with 5 uM Fura-
2/AM in Ca®”-free Krebs-Ringer-HEPES medium for 20
min at 37 °C. After washing, the cells were stimulated
with 10~ ® M gastrin or 10~ M rabeprazole at 37 °C.
Fluorescence was quantified by a Perkin-Elmer LS55
luminescence spectrometer. Excitation was performed at
both 340 and 380 nm and emission was determined at 520
nm. Ca>" concentrations were calculated from the ratios of
these values. The peak intracellular Ca®>" concentration
that was transiently achieved was utilized to determine
the agonist concentration dependence of the biological
responses.
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Fig. 1. Histamine concentration in the supernatant of cultured ECL cells was determined by HPLC. Histamine levels induced by 10~ > M rabeprazole were
significantly higher than basal histamine concentrations. Values represent means = S.D. (n=10). *P<0.01 compared to the basal histamine release.
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2.9. Statistical analysis

The results are expressed as mean+ 1 S.D. Statis-
tical significance was calculated using the post-hoc Dun-
nett’s test. Values of P<0.05 were considered to be
significant.

3. Results
3.1. Histamine release

Stimulation time was set at 1 h based on the results of
previous studies (Prinz et al., 1993; Lindstrom et al.,
1997). Histamine released when stimulated only by secre-
tion medium was regarded as basal release. At 10> M,
rabeprazole induced a significant increase in histamine
release from ECL cells compared to the basal levels
(Fig. 1). Histamine levels were monitored upon stimulation
by gastrin or rabeprazole every 10 for 60 min. The time
course revealed that gastrin increased histamine release
immediately, whereas rabeprazole had a more gradual
effect, which peaked at a lower level 30 min after
stimulation (Fig. 2).

3.2. Intracellular Ca*"

ECL cells that were incubated in culture medium for 48
h were used to monitor intracellular Ca® *. Intracellular Ca> "
levels were determined by the ratio of excitation at 340 and
380 nm on a luminescence spectrometer. Gastrin increased
intracellular Ca®>™ concentrations in ECL cells, whereas
rabeprazole did not (Fig. 3).
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Fig. 3. Changes in intracellular calcium levels. (A) Control, (B) stimulation
by gastrin, (C) stimulation by rabeprazole. The ratio of OD value at 340/
380 nm increased in response to gastrin, but not rabeprazole, compared with
control.

3.3. Histidine decarboxylase activity

Histidine decarboxylase immunofluorescence staining
was also monitored in cultured ECL cells to determine the
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Fig. 2. Timeline of histamine levels induced by gastrin or rabeprazole. Histamine concentrations were monitored every 10 min for 1 h. Data are shown after
deducting the basal histamine release. Histamine levels peaked immediately in response to gastrin, whereas the rabeprazole peak was smaller and occurred 30

min after stimulation. Values represent means £+ S.D. (n=5).
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Fig. 4. Histidine decarboxylase immunofluorescence staining. (A) Negative control, (B) basal release, (C) stimulation by rabeprazole, (D) stimulation by
gastrin. Exposure to gastrin increased fluorescence intensity over basal levels, whereas stimulation by rabeprazole had no effect.
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Fig. 5. Total histamine levels. Basal histamine levels released from ECL cells corresponded to about 7% of total intracellular histamine. In contrast, the amount
released in response to gastrin and rabeprazole corresponded to about 24% and 11%, respectively. However, total intracellular histamine levels remained stable.
Values represent means + S.D. (n=5).
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effects of rabeprazole on histidine decarboxylase activity.
ECL cells were stimulated for 6 h by gastrin or rabeprazole
because a previous study demonstrated that histidine decar-
boxylase activity increased slowly and reached a plateau at
6 h upon stimulation with gastrin in vivo (Hakanson et al.,
1994a). Gastrin increased the intensity of histidine decar-
boxylase immunofluorescence staining compared to basal
levels, whereas rabeprazole did not. Goat serum was used as
a negative control (Fig. 4).

3.4. Total amount of histamine
The histamine released from ECL cells under basal

conditions corresponded to approximately 7% of the total
intracellular histamine content. After stimulation by gastrin

and rabeprazole, ECL cells released approximately 24% and
11% of the total, respectively. However, no significant
difference was observed in the total amount of intracellular
histamine under basal conditions or in response to stimula-
tion by gastrin and rabeprazole (Fig. 5).

3.5. Histamine release in response to reserpine

A 6-h preincubation with 10~ ° M reserpine, an inhibitor
of vesicular monoamine transporter 2 (VMAT?2), suppressed
histamine release in response to rabeprazole but had no
effect on basal release or histamine release in response to
gastrin (Fig. 6). A decrease in incubation time or reserpine
concentration did not affect histamine release, although
increased reserpine levels also decreased basal release.
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Fig. 7. Histamine release from ECL cells stimulated by both gastrin and rabeprazole. Values represent means = S.D. (n=10). *P<0.05 compared to the basal

histamine release.
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3.6. Stimulation by rabeprazole under clinical conditions

In clinical situation, when patients are administered
rabeprazole as single oral doses of 20 mg once daily, the
maximum serum concentration of the drug is about 10~ ® M
(Yasuda et al., 1994). In the present study, we monitored the
effects of lower rabeprazole concentrations administered
over a longer period. Gastrin (10~ 8 M) increased histamine
release from ECL cells four-fold over basal levels after 48-
h culture. These results were in agreement with previously
reported data (Lindstrom and Hakanson, 2001; Lindstrom et
al., 1997). However, the addition of rabeprazole to the 48-
h incubation significantly increased the gastrin-induced
histamine peak relative to controls (without rabeprazole)
(Fig. 7). This may result from an increase in histamine levels
in vesicles. However, rabeprazole did not increase histamine
levels in ECL cells during the long-term exposure.

4. Discussion

An increase in the histamine content of the oxyntic
mucosa in response to proton pump inhibitors was initially
attributed to the indirect effects of gastrin on ECL cells
(Nakamura et al., 2000; Tari et al., 2002; Kimura et al.,
1997). No evidence had been previously presented for
direct action of proton pump inhibitors due to numerous
interactions that occur in vivo. Recently, a new method for
collecting highly purified ECL cells using an elutriator
system (Beckman) was developed (Prinz et al., 1993),
which enabled investigation of the direct effects of various
substances on ECL cells by eliminating interactions in
vitro. Previously, histamine release from ECL cells was
assumed to be regulated by inhibition of V-type ATPase in
secretory vesicles in response to proton pump inhibitors.
However, the present study demonstrated that rabeprazole
stimulated histamine release directly from ECL cells. The
histamine release in response to rabeprazole was much
more gradual than that in response to gastrin. The hista-
mine peak in response to gastrin occurred within 10 min,
whereas stimulation by rabeprazole induced a maximum
30—40 min later.

Gastrin is known to stimulate intracellular Ca® " concen-
trations in ECL cells (Prinz et al., 1993; Zanner et al., 2002).
The increase in intracellular Ca® " promotes exocytosis and
histamine release from secretory vesicles in ECL cells
immediately (Prinz et al., 1994). However, histamine re-
lease, which is caused by rabeprazole, may be stimulated by
a different pathway that does not involve an increase in
intracellular Ca®* Indeed, the present study showed that
rabeprazole did not increase intracellular Ca®* levels in
ECL cells but did induce histamine release. Histidine
decarboxylase immunofluorescence was performed to in-
vestigate the participation of rabeprazole in histamine syn-
thesis. Histamine is produced by the decarboxylation of
histidine by histidine decarboxylase in the cytoplasm of

ECL cells, and activation of histidine decarboxylase accel-
erates histamine synthesis. The histidine decarboxylase
staining showed that fluorescence increased over basal
levels in response to gastrin but not rabeprazole. This
demonstrated that rabeprazole was not involved in hista-
mine synthesis.

Lindstrom et al. (1997) reported that 25-30% of intra-
cellular histamine is released from ECL cells upon stimu-
lation by gastrin. The present study confirmed that basal
histamine release accounted for about 7% of intracellular
histamine, and about 24% was released upon stimulation by
gastrin. On the other hand, stimulation by rabeprazole
induced the release of approximately 11% of total hista-
mine. We observed no change in total histamine content
from basal levels upon stimulation by gastrin and rabepra-
zole. The increase in histamine release in response to
rabeprazole was not a result of increased exocytosis or
histamine synthesis but was caused by an increase in
histamine levels in secretory vesicles. We evaluated this
conjecture by examining the response of V-type ATPase to
rabeprazole. However, histamine release was not affected
by the administration of rabeprazole with bafilomycin, an
inhibitor of V-type ATPase (data not shown). This sug-
gested that rabeprazole affects VMAT2 levels in the
vesicles. VMAT2 is a 12 transmembrane domain type
protein, which is present on the membrane of secretory
vesicles. It has the ability to transfer histamine from the
cytoplasm into secretory vesicles in exchange for protons
(Weithe and Eiden, 2000). Rabeprazole could theoretically
promote the transport of histamine into the vesicles by an
interaction with VMAT2. Therefore, we investigated
changes in histamine release in response to stimulation by
rabeprazole and reserpine, a competitive inhibitor of amine
transport in vivo and in vitro (Rudnick et al., 1990; Varoqui
and Erickson, 1997). A 6-h preincubation with 10”7 M
reserpine suppressed histamine release in response to rabe-
prazole but did not affect basal release or stimulation by
gastrin. Accordingly, it was considered that the effects of
rabeprazole participate in VMAT?2.

As mentioned above, the present study demonstrated that
rabeprazole directly affected histamine release from ECL
cells, although this response was not due to increased
intracellular Ca®" levels or histidine decarboxylase activity
but resulted possibly from effects on VMAT2. We found
that omeprazole, another proton pump inhibitors, had sim-
ilar effects, although roxatidine (histamine H, receptor
antagonist) has no direct effect on ECL cells (data not
shown).

The increase in histamine did not significantly influence
gastric acid secretion because proton pump inhibitors block
the final step in this process. However, histamine has
several additional functions in the stomach. For example,
histamine directly affects vascular dilation and general
trophic responses of the oxyntic mucosa (Waldum and
Sandvik, 1989). In particular, histamine has various effects
on tumors such as glioma (Van der Ven et al., 1993),
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bronchogenic carcinoma (Sheehan et al., 1996), renal cell
carcinoma (Kokron et al., 1991), and melanoma (Reynolds
et al., 1996). Histamine is believed to participate in
carcinogenesis by affecting immunological functions in-
cluding lymphocyte adhesion, cytotoxicity, and cytokine
production (Bolton et al., 2000). Histamine may have
similar functions in digestive organs. Colon cancer is
reportedly stimulated by histamine (Adams et al., 1994),
and histamine may play a role in the proliferation of gastric
tumors (Watson et al., 1993). Histamine may not have
systemic effects due to its low levels, but it may have
considerable effects in the stomach because of considerable
numbers of ECL cells in this organ. Patients suffering from
gastroesophageal reflux disease (Van Rensburg et al., 1998;
Laursen et al., 1995) and severe acid peptic disease
(Freston, 1997) receive long-term treatment with proton
pump inhibitors. However, the present study suggests that
histamine release from ECL cells increases in response to
long-term proton pump inhibitors treatment, which neces-
sitates further investigation of the potential development of
gastric tumors.
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