
Introduction
The regulation of acid secretion has been divided into
cephalic and peripheral (gastric and intestinal) phases
(1). The cephalic phase of gastric acid secretion origi-
nates in the central nervous system and impacts the
hypothalamus; signals travel via the vagus nerve to the
myenteric plexuses of the gastric mucosa. In the suc-
ceeding neural network, a variety of secondary neurons
signal the gastric fundic and antral epithelia to influence
gastric acid secretion by either primary or secondary
action, namely, direct effects on parietal cells or gastric
epithelial endocrine cells. The peripheral phase of acid
secretion regulation involves local signaling within a
variety of endocrine cells, transmitting regulatory infor-
mation to the secretory cells of the gastric mucosa; the
peripheral phase is more limited than the cephalic phase
in terms of the possible mediators involved (2). Studies
of isolated gastric endocrine cells have proved useful in
defining the interactions of various signals in the regu-
lation of gastric acid secretion, but such studies must be
placed in context when considering their physiological
implications. The isolated rabbit gastric gland is a more
integrated model than that provided by isolated cells.

With the isolation and purification (to between 85%
and 95%) of functional enterochromaffin-like (ECL) cells

from the rat gastric mucosa, a variety of receptors has
been defined on this cell type. This has been done by
measurement of calcium signals under superfusion con-
ditions using video microscopy, and by histamine or
pancreostatin release by radioimmunoassay under stat-
ic conditions (3–5). When histamine release is measured
in a static system, cross-talk is a problem. Superfusion of
isolated, enriched ECL cells while measuring responses
of intracellular calcium [Ca2+]i eliminates cross-talk
between possible contaminating gastric endocrine cells.
Nevertheless, few (if any) inconsistencies have been
found between the results of video-imaging and release
measurements in this particular preparation. In this
preparation, there are less than 2% D cells, and the addi-
tion of somatostatin antibody has not affected either cal-
cium signaling or histamine release in response to a vari-
ety of agonists (3, 4).

Histamine, released from ECL cells, is the most impor-
tant direct stimulant of acid secretion, as shown by the
broad efficacy of histamine-2 receptor antagonists as full
inhibitors of gastrin and partial inhibitors of vagally
stimulated acid secretion (6). The involvement of ECL
cells in mediation of the cephalic (neural) phase of gas-
tric acid secretion has been less clear. The atropine sen-
sitivity of cephalic stimulation of acid secretion pointed
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to a major role for muscarinic receptors in this pathway.
The parietal cell possesses M3 muscarinic receptors, and
yet M1-selective antagonists were the most effective in
suppressing acid secretion (7). Only a few isolated, puri-
fied ECL cells have responded to carbachol with changes
of [Ca2+]i. Carbachol stimulation of histamine release has
not been observed. The ECL cell, if it plays a role in the
neural pathway after the cephalic phase of secretion, is
not responsive to the release of acetylcholine from
cholinergic nerve fibers (4, 5). On the other hand, about
60% of centrally stimulated acid secretion in the rat is
blocked by histamine-2 antagonism (6), suggesting that
a neural mediator of ECL cell function must be present
to explain this effect of histamine-2 antagonists.

Pituitary adenylate cyclase-activating polypeptides
(PACAP-27 and PACAP-38), the most recently described
members of the family of peptide hormones that
includes secretin, vasoactive intestinal polypeptide (VIP),
and glucagon (8), are present in the enteric nervous sys-
tem and in gastric nerve fibers (9). The PACAP type I
receptor (PAC1) has been cloned, and 4 splice variants
have been described, coupled to both cAMP and phos-
pholipase C, with similar potencies (10–15). PAC1
belongs to a family of receptors that includes the VIP
receptors VPAC1 and VPAC2, as well as secretin and
glucagon receptors. Although VIP and PACAP have
almost the same potency at VPAC, VIP is 1,000-fold less
potent than PAC1, enabling functional distinction
between PAC and the VPAC group of receptors (14, 15).
The presence of the PAC1 splice variants, their coupling
mechanisms for activation of ECL cell histamine release,
and their consequent effects on parietal cell function
have not been described previously.

Central injection of PACAP stimulates acid secretion
(16). Preliminary reports have shown that not only is
PACAP a potent and effective stimulant of histamine
release from ECL cells (5, 17), but that it also results in
both transient and steady-state elevations of [Ca2+]i (17).
Peripheral injection has been variously reported to either
have no effect or to inhibit gastrin-stimulated acid secre-
tion. This makes its candidacy as a mediator of stimula-
tion of gastric acid secretion questionable (18, 19). Like
gastrin, PACAP stimulates growth of ECL cells in vitro
(20). We are therefore faced with the paradox of an effec-
tive in vitro stimulant of gastric ECL cell function acting
as an inhibitor of acid secretion in vivo (18, 19).

The studies discussed here show that PACAP is an effec-
tive ligand on PAC1 of isolated ECL cells (and of ECL cells
in gastric glands) in terms of calcium signaling and his-
tamine release. The histamine released in glands stimu-
lates calcium signaling in parietal cells, demonstrating
coupling of ECL and parietal cells in an in vitro model.
PACAP can also stimulate somatostatin release from iso-
lated D cells by interaction with VPAC. To reconcile these
in vitro data with previous reports showing lack of acid
secretion stimulation, acid secretion was monitored in
fistula rats in the absence or presence of a neutralizing
anti-somatostatin antibody. Stimulation of acid secretion
was observed in these experiments; hence PACAP is
apparently able to stimulate ECL cells, as well as D cells,
in vivo. With cholinergic stimulation, there is also inhi-
bition of D-cell function (4). The outcome of neural

release of PACAP is probably determined by a balance
between activation and inhibition of the regulatory path-
ways of acid secretion, depending on when and where
PACAP and acetylcholine are released from gastric nerves.

Methods
Isolation and purification of ECL cells. Rat gastric ECL cells
were isolated by a combination of elutriation and densi-
ty gradient centrifugation as described previously. Briefly,
approximately 5 rat stomachs were digested to yield
approximately 106 cells after elutriation and density gra-
dient centrifugation (3, 4). Cell viability was determined
using trypan blue exclusion. Cellular purity for each
experiment was determined by immunostaining with
anti–histidine decarboxylase antibody and anti-histamine
antibody, and by using the fluorescent dye acridine
orange, which accumulates in histamine-containing vac-
uoles. With use of these techniques, the freshly isolated
cell population consisted of approximately 65% ECL cells.
These isolated ECL cells were rinsed by gentle centrifu-
gation in growth medium containing DMEM/F12 sup-
plemented with 2 mg/mL BSA, 2.5% FCS, 100 µM hydro-
cortisone, 1% penicillin, 1% streptomycin, 5 mg/mL
insulin, 5 mg/mL transferrin, and 5 µg/L sodium selen-
ite. Enrichment of the primary culture was performed by
plating the cell suspension onto glass coverslips precoat-
ed with Cell-Tak (Collaborative Research, Belmont, Cali-
fornia, USA)and incubating at 37°C for 48 hours. Incu-
bation at 37°C for 45 minutes resulted in almost all of
the ECL cells adhering to the coverslip. Then 1 mL of
growth medium was added to each well, and the ECL cells
were cultured for 48 hours. The ECL cell population was
always enriched to over 85%, and sometimes was as high
as 95%. All experiments reported here on ECL cells (i.e.,
calcium imaging, histamine release, and the cells as a
source of membranes or RNA) were carried out after
short-term cell culture. D cells constituted less than 2%
of the population, and in many experiments, neutraliz-
ing anti-somatostatin antibody had no effect either on
calcium signaling or on histamine release.

Parietal cells were obtained at 85% purity from the
elutriation used for the ECL cell preparation in a large
cell fraction.

RT-PCR analysis and cDNA synthesis. RNA was extracted
from approximately 1 gram of a purified ECL cell prepa-
ration using the FastTrack RNA purification kit from
Invitrogen Corp. (La Jolla, California, USA). Total RNA
(5 µg) from enriched rat ECL cells was used to synthesize
cDNA by reverse transcription with oligo-dT primers
(Boehringer-Mannheim). PCR was performed in low-salt
Taq DNA polymerase buffer and 5 units of Taq DNA poly-
merase (Stratagene, La Jolla, California, USA) in the pres-
ence of oligonucleotide primers as follows: an initial step
of one cycle at 94°C for 2 minutes, 57°C for 1 minute,
and 72°C for 2 minutes; 30 cycles of 94°C for 1 minute,
57°C for 1 minute, and 72°C for 2 minutes; and a final
extension step of one cycle at 94°C for 1 minute, 57°C for
1 minute, and 72°C for 15 minutes. To standardize the
amount and quality of total RNA used for RT-PCR, the
same samples were analyzed for histidine decarboxylase,
H,K-ATPase, and β-actin as controls. Whereas histidine
decarboxylase is expressed in ECL cells and H,K-ATPase
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in parietal cells, β-actin is expressed in all cell types of the
mucosa. The sense and antisense primers used are sum-
marized in Table 1. Amplified products were purified
from 0.7% agarose gels using the Quiaex Gel Extraction
Kit (QIAGEN Inc., Valencia, California, USA) and sub-
cloned into pPCR-Script Amp SK(+) (Stratagene). DNA
sequence analysis was performed on 500 fmol of extract-
ed DNA product using a DNA Autoanalyzer.

Measurement of Ca2+
i using video microscopy. D cells or ECL

cells were loaded with 2 µM Fura-2/AM for 30 minutes at
37°C, washed with growth medium, and placed in a heat-
ed chamber (Medical Systems Corp., Greenvale, New
York, USA). Temperature was maintained at a constant
37°C. The chamber was perfused with Ringer’s solution,
with or without the indicated peptides, at a rate of 5
mL/min; the effluent was constantly removed with a peri-
staltic pump. Approximately 20 cells per field were
imaged; Fura-2 fluorescence was measured using a Nikon
Fluo ×40 objective (Nikon, Inc., New York, New York,
USA) with a Zeiss Axiovert S100 TV microscope (Carl
Zeiss Inc., Thornwood, New York, USA) connected to a
computer that was programmed to rapidly alternate
between the excitation wavelengths of 340 nm and 380
nm. Image pairs were captured under the control of
Image-1/FL software (Universal Imaging Corp., West
Chester, Pennsylvania, USA); resulting data was expressed
as the ratio of fluorescence at the 2 wavelengths. Maximal
and minimal fluorescence was achieved by adding 10 µM
ionomycin followed by 20 mM EGTA. Calculation of
[Ca2+]i was performed using previously described formu-
las with slight modifications (3). The data in the figures
represent the averages of at least 4 experiments.

Confocal microscopy of rabbit gastric glands. Rabbit fundic
gastric glands were prepared by previously published
methods. Briefly, under anesthesia, high-pressure aortic
perfusion with mammalian Ringer’s solution was used
to separate the epithelial layer from the submucosa. The
epithelium was stripped off and minced with scissors,
and then digested with collagenase, as described previ-
ously. The glands were washed by allowing them to set-
tle, and were kept at room temperature until use. This is
a well-characterized preparation, which responds to his-
tamine, gastrin, and carbachol in terms of stimulation
of acid secretion and changes of intracellular messengers
in the parietal cells (21). (A preparation of rat gastric
glands has not been characterized, so rabbit glands were
chosen as an integrated model in which to investigate

the action of PACAP on ECL cells in situ and on parietal
cells.) The preparation has been shown to respond phys-
iologically to ligands such as gastrin with changes simi-
lar to those found in rats and humans. It is also a basal
secretor similar to the human stomach. It is to be expect-
ed that the ECL cell of the rabbit has a generally similar
response to that of the rat; this expectation is borne out
by the experimental results discussed below.

The glands were loaded with 5 µM Fluo-4/AM for 30
minutes and then placed on a coverslip coated with Cell-
Tak in a superfusion chamber at 37°C. The Cell-Tak
kept the glands on the coverslip for the duration of the
assay. Dye fluorescence was measured at 525 nm with
excitation at 488 nm. The ligands (100 nM PACAP, 10
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Figure 1
RT-PCR of ECL-cell and parietal-cell RNA. (a) RT-PCR performed on ECL cell
RNA using primers specific to the third intracellular loop splice variants. Sense
primers (S1, HipS, HOPS, SV3AS) were used together with antisense primers
(S1, HipS, HOPS, SV3AS) that spanned the intron-exon junctions as
described previously (23). Amplification using primers for β-actin was per-
formed as a control and is shown in the last lane. (b) RT-PCR performed on
purified ECL and parietal cells (PC). The primers used were designed to
amplify PAC1, histidine decarboxylase (HDC), H,K-ATPase, and β-actin in
these 2 purified cell preparations (>85%).

Table 1
Primer sequences

Upper primer Lower primer Size

PAC1 5′-CGAGTGGACAGTGGCAGGCGGTGA-3′ 5′-CAGTAGTGAGGGTGGCGAGGGAAGT-3′ 584 bp
(52–77) (611–636)
5′-GCTCTCCCTGACTGCTCTCCTGCTG-3′ 5′-CAGTAGGTGTCCCCCAGCCGATGAT-3′ 815 bp
(145–170) (935–960)

HDC 5′-GCTCGTCTTGTTGCCTATGCCTCTG 5′-TCACCCCGAAGGACCGAATCACAAA 568 bp
(631–656) (1174–1199)

H,K-ATPase 5′-ATCATTGGACGCATCGCCTCTCTGG 5′-GTCTTCTGTGGTGTCCGCCGTGTGG 420 bp
(1029–1054) (1424–1449)

β-actin 5′-TTGTAACCAACTGGGACGATATGG 5′-GATCTTGATCTTCATGGTGCTAGG 764 bp
(538–562) (1302–1326)

HDC, histidine decarboxylase.



µM histamine, or 100 µM ranitidine) were added during
the perfusion with Ringer’s solution. The relative
changes in [Ca2+]i were monitored on a selected region
during the experiment, showing individual gastric
glands at ×63, scanning 512 × 512 pixels every other sec-
ond. The region of interest was highlighted on the
image; the numbers on Figure 1a indicate the position
of each image on the scan.

Histamine release. Histamine release was determined after
48 hours of culture by incubating ECL cells on coverslips
precoated with Cell-Tak in 6-well plates containing
growth medium. Growth medium was replaced 3 hours
before the experiments. The cultured ECL cells were rinsed
with Ringer’s solution and incubated in test medium for
60 minutes at 37°C. Approximately 20,000 cells per well
were seeded for the experiment. The test medium con-
tained different concentrations of PACAP (10–7 M to 10–11

M) dissolved in Ringer’s solution. Histamine concentra-
tions were determined as described previously using a
commercially available kit (AMAC, Westbrook, Massa-
chusetts, USA). Data are presented as percent change in
concentration over basal (control) concentration.

Somatostatin release. To determine the effect of PACAP
and VIP on release of somatostatin from the D cell, a
selectively enriched gastric D-cell preparation (15–30%
D cells) was produced by elutriation and density cen-
trifugation from rat gastric mucosa as reported previ-
ously (4). Somatostatin was determined by radioim-
munoassay. The medium, to which 50 mL Trasylol was
added, was collected after 2 hours of incubation with or
without peptides. Radioimmunoassay was performed
with anti-somatostatin antibody (AB-8401) that had

sensitivity sufficient to detect somatostatin at 2.5
pmol/L. Measurement of Ca2+

i was performed during
superfusion, as described above.

In vivo measurements of gastric acid secretion. Sprague-
Dawley rats (Harlan Sprague Dawley Inc., Indianapolis,
Indiana, USA), weighing approximately 300 grams each
and maintained on a regular Purina rat chow diet, were
anesthetized with Inactin placed on a heated table to
maintain rectal temperature at 37°C, and tracheo-
tomized according to the established animal use proto-
cols of the Veterans Administration (VA) Greater Los
Angeles Heath Care System at West Los Angeles.
Catheters were placed into the femoral veins and laparo-
tomy was performed to allow gastric cannula placement.
Study duration was approximately 240 minutes. Lost
fluids were replaced with normal isotonic saline (0.9%
NaCl). After the establishment of stable basal gastric acid
secretion, rats received either an infusion of anti-somato-
statin antibody or sham treatment (vehicle alone). The
indicated secretagogues (10 nmol/kg per hour) were
then administered using a peristaltic pump at 0.8 mL per
hour for 2 hours after the start of the experiment. Gas-
tric acid output was measured by titration using 10 mM
NaOH as the titrant.

Statistical analysis. Results are shown as mean ± SEM. Sta-
tistical analysis of the data was performed by Mann-Whit-
ney U test if the Kruskal-Wallis test indicated a significant
difference between multiple groups. For multiple com-
parisons with the same control group, the number of
comparisons according to Bonferroni defined the limit of
significance. Differences between paired groups were
determined using paired Student’s t tests. Values were con-
sidered statistically significant when P < 0.05.

Results
Identification of the PACAP receptor and its splice variants on
ECL cells. To demonstrate that rat gastric ECL cells
express splice variants of PAC1, RT-PCR has been per-
formed previously using total RNA extracted from these
purified, isolated ECL cells. Our amplified sequences
corresponded to the PAC1 sequence described previous-
ly (10). Amplification of reverse transcribed RNA from
ECL cells using primers specific for either VPAC1 or
VPAC2 were negative (data not shown). To determine the
specific splice variant(s) expressed by ECL cells, primers
were used corresponding to the exon sequences of the rat
“Hip,” “HOP,” “HipHOP,” and null splice variants as
described previously (13, 14). Amplification of tran-
scription products was observed for all 4 of the major
splice variants (Figure 1a). RT-PCR results from both
procedures established the presence of PAC1 on the ECL
cells. The sensitivity of RT-PCR does not exclude the pos-
sibility that other cell types contaminating the prepara-
tion (10–15%) may also express PAC1, but clearly ECL
cells do express PAC1 and do not express VPAC, given the
functional responses described below.

A comparison of PAC1 expression in purified ECL and
parietal cells is shown in Figure 1b. PAC1 is found only in
ECL cells, whereas histidine decarboxylase is found main-
ly in ECL cells; H,K-ATPase is present in parietal cells but
not in ECL cells. The absence of PAC1 in parietal cells is
consistent with the confocal data presented below.
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Figure 2
PACAP-induced stimulation of Ca2+

i in ECL cells. (a) PACAP-induced
intracellular signaling in isolated ECL cells: video imaging using Fura-
2/AM–loaded ECL cells as detailed in text. PACAP-27 was administered
at a dose of 1 nM; the induction of a typical biphasic Ca2+ release is
shown. (b) Dose response to PACAP of the averaged [Ca2+]i stimulation
in response to various concentrations of PACAP-38. Data are presented
as the Ca2+ response index, calculated as: (peak [Ca2+]i of responding
cells × the percentage of cells responding)/100.



Elevation of [Ca2+]i in ECL cells by PACAP. PAC1 is coupled
to both cAMP and calcium signaling responses. ECL cells
are too small for microinjection to allow measurement of
cAMP changes in individual cells using the fluorescent sub-
units of R2C2. Although PACAP shows a dose-dependent
elevation of cAMP of close to 10-fold at 108 M, pooled cells
must be used for these measurements, and cross-talk from
the 10% contaminating cells cannot be excluded (data not
shown). Therefore, to determine the direct PACAP respon-
siveness of the members of the (90% pure) ECL cell popula-
tion, [Ca2+]i was measured by video imaging of superfused
preparations of isolated ECL cells using Fura-2 and micro-
fluorimetry as described previously (4). With this approach,
superfusion at a rate enabling 5 changes of chamber medi-
um per minute eliminates cellular cross-talk.

The basal concentration of Ca2+
i in the cultured cells was

about 100 nM. PACAP-27 at a dose of 1 nM (shown in the
typical trace in Figure 2a) produced a biphasic [Ca2+]i

increase in the ECL cells. The peak level was approximate-
ly 1.3 µM; steady-state [Ca2+]i was elevated 2–3-fold above
basal levels. When PACAP-38 was removed from the super-
fusion medium, [Ca2+]i returned to basal levels.

The response to PACAP-38 stimulation of the calcium
signal was dose-dependent, with 8%, 46%, 85%, and 96% of
ECL cells responding to PACAP-38 at concentrations of
10–11 M, 10–10 M, 10–9 M, and 10–8 M, respectively. Thus all
cells have splice variants of PAC1, but these may vary in
number or coupling efficiency, perhaps accounting for the
differences in the number of cells responding as a func-
tion of dose. The peak Ca2+ response in individual cells to
PACAP-38 at 10–9 M ranged from 360 nM to 1,665 nM. To
define a [Ca2+]i dose response to PACAP-38 in this cul-
tured ECL cell population, the Ca2+ response was averaged
over the cell population, and was expressed as a response
index: (peak [Ca2+]i of responding cells × percentage of
responding cells)/100; this was calculated at each level of
PACAP. The EC50 for this averaged signal was approxi-
mately 10–9 M (Figure 2b). PACAP-27 was equally effective
in stimulating Ca2+ signaling, but VIP was relatively inef-
fective as a stimulant of calcium signaling in this cell
preparation (data not shown).

Stimulation of ECL histamine release by PACAP. To deter-
mine the functional effect of PACAP on isolated gastric
ECL cells, the release of histamine from ECL cells was
examined after exposure to PACAP. Stimulation by both
PACAP-38 and PACAP-27 increased histamine release to
a maximum of 4-fold over basal values. PACAP-38 and
PACAP-27 dose-dependently increased histamine release
with similar efficiency in the isolated ECL cells (Figure
3). Detectable stimulation was observed at 0.1 nM, max-
imal stimulation at approximately 10 nM, and half max-
imal stimulation at about 0.5 nM for both PACAP-27
and PACAP-38. This correlates with the dose response
observed for the stimulation of calcium signals. Stimu-
lation of ECL cell histamine release by VIP was about
1,000-fold less potent in stimulating histamine release
from ECL cells than was PACAP, for which increased
release was first observed at 100 nM. This indicates that
the effect of PACAP on ECL cells was due to PAC1and
not to VPAC1 or VPAC2.

Effect of PACAP-38 in intact gastric glands. To explore the
action of PACAP in a more integrated system, PACAP-38
was superfused across rabbit gastric glands loaded with
Fluo-4/AM. (This dye had to be used instead of Fura-2
because the UV laser lines are not appropriate for Fura 2.)
ECL cells load with Fluo-4 dyes to a greater extent than do
parietal cells, presumably due to accumulation of the dye
in secretory vacuoles. ECL cells in the rabbit gastric glands
used in this study can be identified by this loading char-
acteristic, their size, number, location, and the accumula-
tion of acridine orange in their secretory vacuoles. In the
confocal microscope experiments, only single sections are
shown, displaying only a single ECL cell but several pari-
etal cells, reflecting the relative numbers of these 2 cell
types. There was an increase of [Ca2+]i in the ECL cells
(defined either by their high fluorescence or subsequent
accumulation of acridine orange in their vacuoles) caused
by the addition of PACAP. This is shown in the selected
confocal images from the experiment and in the scan of a
defined region of the images throughout the whole exper-
iment in Figure 4a. This increase in [Ca2+]i in the ECL cells
was followed by a calcium transient in parietal cells as
shown in the scan. It can be seen that other parietal cells
also increased their [Ca2+]i. The data presented are typical
of several experiments in which both cell types were stim-
ulated, but the parietal cell signal always followed the ECL
cell signal with a significant delay (∼ 100 seconds).

The transient in the parietal cells (but not in the ECL
cells) was blocked by the histamine-2 receptor antagonist
ranitidine (Figure 4b). Histamine itself produced a tran-
sient signal in parietal cells but not in ECL cells (Figure
4c), as has been shown previously (22). Thus PACAP in
this model first stimulates ECL cell calcium signaling, and
then, by histamine release and activation of the histamine-
2 receptor, parietal cell calcium signals. The presence of
histamine-2 receptor antagonists abolished the effect of
PACAP on parietal cells but not ECL cells, demonstrating
that there is not an independent PAC1 on parietal cells.
Isolated parietal cells respond to carbachol but not to
PACAP (data not shown).

Stimulation of D cells by VIP and PACAP. The previously
described in vivo data (18, 19) showing inhibition of gas-
trin-stimulated acid secretion could be a result of D-cell
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Figure 3
PACAP-induced stimulation of histamine release in isolated ECL cells. Dose-
response curves of histamine release from purified ECL cells to the indicat-
ed concentrations of PACAP-38 (circles), PACAP-27 (triangles), and VIP
(squares). Data are expressed as percentage above basal histamine release
and reflect the average of 4 experiments. Error bars reflect SEM; n = 4.
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Figure 4
Effect of PACAP and histamine on superfused Fluo-4–loaded gastric glands using confocal microscopy. (a) In the first sequence, PACAP-38 (100 nM)
was added to the perfusate; it can be seen that first the ECL cell [Ca2+]i and then the parietal cell [Ca2+]i is elevated. The position of the images on the
trace for [Ca2+]i is presented on the image and in the vertical lines in the lower trace, which shows the calcium level throughout the experiment. The rec-
tangular images represent the regions of the total image that were chosen to generate the scan of the calcium signal. (b) 100 µM ranitidine was added
to the perfusate before PACAP addition; although the ECL cell response is retained, the parietal cell response is abolished, as shown in the images and
in the trace for [Ca2+]i. (c) Effect of 10 µM histamine on parietal cells [Ca2+]i. The lower panel shows the calcium signal in a parietal cell. No changes
were observed in ECL cells with this ligand. Images are representative of at least 4 separate experiments, carried out on different preparations.



stimulation by injected PACAP. To determine the effect
of PACAP and VIP on D cells, gastric D cells were isolat-
ed, and calcium signals and somatostatin release were
measured in response to PACAP-27 and VIP. As shown
in Figure 5a, which compares the responses of D cells
and ECL cells, VIP administration resulted in a biphasic
signal of Ca2+

i only in D cells, whereas PACAP produced
a signal in both cell types; in D cells, the peak response
to PACAP was slightly larger than that caused by VIP.
Both VIP and PACAP stimulated somatostatin release in
a dose-dependent fashion. PACAP-27 and PACAP-38
both had detectable stimulation at 0.01 nM, half-maxi-
mal stimulation at 0.1 nM, and maximal stimulation at
1 nM. The effects of VIP were similar to those of both
PACAP-27 and PACAP-38 in stimulating somatostatin
release, with detectable stimulation at 0.01 nM, half-
maximal stimulation at 0.1 nM, and maximal stimula-
tion at between 1 nM and 10 nM (Figure 5b). With both
ligands, the response tended to decrease at the highest
concentration tested (100 nM). Thus, in contrast to the
ECL cell response, PACAP and VIP have similar efficacy
in stimulating D cells, suggesting that on D cells, VPAC
rather than PAC1 are the dominant receptors responsi-
ble for release of the paracrine inhibitor somatostatin.

Gastric acid stimulation by PACAP in rats. Previous work
had shown either no effect or inhibition of acid secretion
by intravenous administration of PACAP (18, 19). Given
the effect of this peptide on ECL cell function as shown
above, it seemed possible that the stimulatory effect of
PACAP was masked by stimulation of fundic D cells by
the injected hormone, perhaps at a VIP receptor as sug-
gested by the results from our tests on D cells. Hence,
anti-somatostatin antibody was used to try to reveal the
stimulation of secretion in the intact animal that is
expected based on the in vitro effects observed using
ECL cells. In rats treated with a nonspecific antibody,
administration of PACAP-38 resulted in an increase of
50%, from a baseline of 5 µEq/10 min to a maximum of
7.5 µEq/10 min. After infusion with PACAP-38 and neu-
tralizing anti-somatostatin antibody, acid output
increased nearly 3-fold, from a basal value of 5 µEq/h to
a maximal output of nearly 15 µEq/h (Figure 6a).

A similar acid secretory response was observed in dif-
ferent groups of animals after the administration of
either PACAP-27 or PACAP-38. Hourly acid output is
displayed in Figure 6b, which shows that these 2 pep-
tides have similar effects on acid secretion. The measured
rate of acid secretion was similar to that found with
administration of pentagastrin in our laboratory.

Discussion
Peripheral mediation of the cephalic phase of gastric
acid secretion was long considered to occur within the
gastric epithelium as a result of the release of acetyl-
choline from gastric neurons (1). This belief was based
largely on the observation that muscarinic antagonists
such as atropine or pirenzepine (1, 7) inhibited vagal
stimulation of acid secretion. Isolated rabbit gastric
glands and parietal cells respond to carbachol with a
transient increase of acid secretion that is due to activa-
tion of an M3 receptor subtype, showing that there is a
direct action of acetylcholine on the parietal cell (7).

After the development of histamine-2 receptor antago-
nists, it was observed that about 60% of vagally induced
secretion was sensitive to these antagonists (6). This
finding suggested that histamine release from ECL cells
caused by acetylcholine was responsible for at least half
of vagally stimulated acid secretion.

When ECL cells were isolated and purified to the point
that their functional responses could be measured, it was
found that a cellular response to carbachol in terms of
calcium signaling and histamine release could not be
demonstrated (3, 4). Therefore, the mediator of vagal
stimulation of acid secretion induced by activation of
the ECL cell is unlikely to be acetylcholine. All ECL cells
responded to gastrin through a CCK-B receptor subtype,
showing the integrity of this receptor; G cells similarly
prepared responded fully to a variety of ligands, includ-
ing carbachol, showing that the muscarinic receptor is
also not destroyed by digestion. Furthermore, carbachol
stimulated calcium signals in parietal cells in superfused
rabbit gastric glands, with little observed change in ECL
cells (data not shown), again demonstrating that mus-
carinic receptors survived the preparation procedure.

Various neural peptides are present in the enteric nerv-
ous system, such as galanin and PACAP, that may medi-
ate the cephalic phase of acid secretion. Galanin has been
shown to inhibit ECL cell function, both in terms of gas-
trin-induced calcium signaling and histamine release,
making this peptide a candidate as a neural mediator of
central inhibition of acid secretion (5, 23, 24). RT-PCR
indicated that perhaps both galanin-1 and galanin-2
receptors might be implicated in this ECL cell response.
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Figure 5
Effects of VIP and PACAP on D cells. (a) Comparison of the effects of VIP
and PACAP on [Ca2+]i in isolated D cells and ECL cells in the same prepa-
ration. For these experiments, Fura-2 was used as the Ca2+

i probe; data
represent at least 3 experiments on those preparations. (b) Stimulation
of somatostatin secretion in isolated rat gastric D cells by the indicated
concentrations of PACAP-38 (circles), PACAP-27 (triangles), and VIP
(squares). Data are representative of the mean of 4 experiments; error
bars reflect SEM; n = 4.



Peptide YY was also an effective inhibitor of ECL cell
function. Acting at a Y1 receptor, peptide YY is therefore
perhaps involved in the intestinal phase of regulation of
ECL cell function (25). Thus, there is reasonable evidence
for neural mediators of inhibition of ECL cell function.

PACAP is found in the enteric nervous system and in
gastric nerve fibers (9). It is therefore possible that neural
stimulation may release this neuropeptide in the vicinity
of ECL cells. The experimental data presented above show
that PACAP is a functional ligand on the rat ECL cell sur-
face. Western analysis has shown the presence of PAC1 in
ECL cell membranes (26), and there is, in this cell type,
expression of all the splice variants of PAC1, as demon-
strated by RT-PCR. No VPAC1 or VPAC2 was detected
with any of the primers, which were selected to span
intron-exon junctions (primers that prevent spurious sig-
nals from genomic DNA). PAC1 is functionally coupled
to calcium signaling in the ECL cell and to histamine

release. It has also been shown that PACAP stimulates
ECL cell multiplication in vitro (20). This might indicate
that PACAP is a trophic factor for ECL cells in addition to
the well-described effect of gastrin; release of this neu-
ropeptide might provide a tonic stimulant for mainte-
nance of ECL cells in the absence of gastrin stimulation.

Furthermore, the release of histamine induced by
PACAP activates calcium signaling in the parietal cell, as
measured in the intact gland preparation. Histamine-2
receptor antagonism fully inhibited the parietal cell
response without affecting the ECL cell response. These
gland-based data establish that PACAP stimulates hista-
mine release in a model of gastric function that is more
integrated than a model using isolated cells, and also show
the absence of a PAC1 subtype on the parietal cell, as did
RT-PCR and calcium signaling studies on isolated parietal
cells (data not shown). It is tempting to speculate that
PACAP release from gastric nerves is in part responsible
for the histaminergic component of gastric acid secretion.

However, administration of PACAP had been shown to
inhibit gastrin-stimulated acid secretion (18, 19). PACAP
and VIP are equipotent at VPAC, although PACAP-27 or
PACAP-38 are about 1,000 fold more potent at PAC1 (10,
14). If somatostatin was released from D cells due to
PACAP injection, the potent action of somatostatin as an
inhibitor of ECL cell function acting at a type 2 somato-
statin receptor subtype (IC50 10–10 M) could dominate the
resultant response of the stomach to PACAP injection (5,
27). In accordance with this hypothesis, it is shown here
that, when a neutralizing somatostatin antibody is pres-
ent during PACAP administration, PACAP becomes a
potent stimulant of acid secretion. A direct action on the
D cell by PACAP is shown by the observation of PACAP-
induced calcium signaling and somatostatin release by
isolated D cells. The action of VIP on somatostatin release
from D cells is similar to that of PACAP, indicating the
presence of VPAC rather than PAC1 on the D cell.

Injection of PACAP probably stimulates the VIP recep-
tor VPAC on the D cell, as well as PAC1 on the ECL cell,
with the former dominating the effect on acid secretion.
Physiologically, with cephalic stimulation of both acetyl-
choline and PACAP release from postganglionic fibers,
acetylcholine is expected to functionally inhibit D cells,
and thus may allow PACAP effects on ECL cell histamine
release to be coupled to stimulation of parietal cell secre-
tion. This would not be the case with PACAP injection,
because acetylcholine would not be involved, and PACAP
would stimulate VPAC on D cells. Alternatively, PACAP
nerves may terminate only in the vicinity of ECL cells,
which are in a different location from fundic D cells.

Based on these data, from both in vitro and in vivo
experiments, it appears likely that PACAP, released from
postganglionic nerves in the vicinity of fundic ECL cells,
can mediate the component of central vagal stimulation
that depends on activation of the histamine-2 receptor
on the parietal cell, reflecting histamine-2 antagonism
of cephalic stimulation. The PAC1 splice variants selec-
tively expressed on ECL cells — and not on parietal cells,
as demonstrated by RT-PCR and previously by Western
blot analysis (26) — are functionally coupled to increas-
es of [Ca2+]i and the release of histamine. Intact gastric
gland experiments show that ECL stimulation by
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Figure 6
PACAP- and VIP-induced stimulation of gastric acid secretion in rats. (a)
Level of gastric acid secretion in 2 groups of fistula rats after the adminis-
tration of PACAP with or without the anti-somatostatin antibody. After a
resting period of 1.5–3 hours (to establish baseline), 1 group of rats (n = 5)
received somatostatin antibody (squares) and another group (n = 6) received
control antibody at 20 min. All rats received PACAP-38 (10 nmol/kg per
hour); gastric acid was assessed by titration. Differences between paired
groups were determined using paired Student’s t tests. *P < 0.05. (b) Total
hourly gastric acid secretion (µEq/h) in fistula rats after the administration
of PACAP-27 (left) or PACAP-38 (right), with or without the administration
of the anti-somatostatin antibody. Antibody alone had no effect on acid
secretion. All rats received the indicated peptide (10 nmol/kg per hour); gas-
tric acid was assessed by titration. Differences between paired groups were
determined using paired Student’s t tests. *P < 0.05.



PACAP is coupled to parietal cell responses through his-
tamine release and stimulation of the histamine-2
receptor present on the latter. ECL cell. These pharma-
cological data implicate PACAP as a neuropeptide that
is possibly involved in regulation of gastric acid secre-
tion, as evidenced by its effect in vivo in the presence of
neutralizing somatostatin antibody. It seems that
whereas gastrin and somatostatin are positive and neg-
ative endocrine/paracrine regulators of ECL cell func-
tion, PACAP and galanin are candidate peptides for pos-
itive and negative neural mediation of the regulation of
acid secretion, respectively.
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