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The Actions of Secretagogues on Oxygen Uptake by

Isolated Mammalian Parietal Cells

ANDREWH. SOLL, Veterans Administration Wadsworth Hospital Center,
Los Angeles, California 90073, and the University of California at
Los Angeles School of Medicine, Los Angeles, California 90024

A B S T R AC T The action of histamine, carbamylcho-
line, and gastrin on oxygen uptake by cells isolated
from canine fundic mucosa was studied in vitro. Viable
mucosal cells were prepared by exposure of separated
mucosa sequentially to collagenase and EDTA. Oxy-
gen consumption, determined by polarography, was
chosen as an index of physiological response of mucosal
cells to secretagogues.

Isobutyl methyl xanthine (IMX), carbamylcholine,
histamine, and gastrin each independently stimulated
oxygen uptake by the unfractionated mucosal cells. The
response to histamine was greatly enhanced when IMX
was present. In fractions of varying parietal cell con-
tent obtained with the Beckman elutriator rotor, basal
and stimulated oxygen uptake correlated with the pari-
etal cell content of the fractions. The percentage in-
creases in oxygen uptake in response to histamine,
gastrin, carbamylcholine, and IMX were similar in en-
riched fractions with from 50 to 85% parietal cells and
in unenriched starting fractions. The normalized dose-
response relations for histamine with an IMX back-
ground and for carbamylcholine were also similar in
these two fractions.

The specificity of these responses was tested by use
of an H2-histamine receptor antagonist, metiamide, and
an anticholinergic agent, atropine. At the doses used,
neither metiamide (0.1 mM) nor atropine (10 uM) in-
hibited basal oxygen uptake. Histamine, studied with
an IMX background, was inhibited by metiamide but
not by atropine, while carbamylcholine was inhibited
by atropine but not by metiamide. Neither metiamide
nor atropine inhibited gastrin-stimulated oxygen up-
take.

This work was presented, in part, at the meetings of the
American Physiological Society, San Francisco, Calif., 7 to 10
October 1975 (1) and at the meetings of the American Gastro-
enterological Association, 22 to 27 May 1976, Miami, Fla. (2).
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These data indicate that in this in vitro system pari-
etal cells account for most of the increase in oxygen
uptake produced by exposure to gastric secretagogues
and that histamine, gastrin, and carbamylcholine each
independently stimulate oxygen uptake by the parietal
cell. The specificity displayed by atropine and meti-
amide in this in vitro system suggests that the parietal
cell has specific receptors for each of these secreta-
gogues.

INTRODUCTION

Histamine, gastrin, and acetylcholine, when given exog-
enously or when released endogenously, stimulate
gastric acid secretion. It is unclear whether each of
these agents directly stimulates the parietal cell (3) or
whether gastrin and(or) acetylcholine work through a
final common mediator such as histamine (4). Strong
interactions occur between these secretagogues, as evi-
denced by the ability of each of these agents to enhance
the actions of the other two and by the striking lack of
specificity of anticholinergic drugs and H2-histamine
antagonists on in vivo acid secretion (5).

Two of these agents, histamine and acetylcholine,
are stored in close proximity to their target. Acetylcho-
line and(or) histamine may be spontaneously released
from fundic mucosal stores in the basal state and may
affect the responsiveness of the parietal cell to other
forms of stimulation. Isolated cell systems offer the
possibility of removal of tonic influences because of
local release of acetylcholine and histamine, thereby
allowing the effects of stimulants or inhibitors to be
studied alone or in combination. Several methods for
isolating parietal cells have been developed that use
either pronase or crude collagenase (6-13). Although
cells prepared by these methods have shown respon-
siveness to histamine (7, 10-12) and dibutyryl cyclic
AMP(12), the responses have been small and incon-
stant, probably as a result of cell damage that occurred
during preparation. The high proteolytic activity of the
enzyme preparations used may account for some of
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the impairment of cell responsiveness. Croft and Ingel-
finger (7) observed that removal of all submucosal ele-
ments from mucosa improved the effectiveness of sub-
sequent enzyme digestion. Amsterdam and Jamieson,
in their isolation of pancreatic cells (14), found that
interrupting the enzyme incubation with a brief calcium
chelation step promoted disruption of cell junctions,
thereby facilitating tissue disruption without necessitat-
ing prolonged and toxic exposures to EDTA. In light
of these two observations, the present method in-
corporates use of a mucosa completely separated from
submucosa and an incubation with crude collagenase
that is interrupted by a brief calcium chelation step.

In the present study oxygen consumption was chosen
as an index for monitoring the physiological response
of isolated parietal cells. The rationale for studying
oxygen consumption is that the secretion of acid is a
highly energy-dependent process (15), with a quantita-
tive correlation apparent between oxygen consumption
and acid secretion in systems such as the ex vivo stom-
ach (16, 17) and the isolated amphibian mucosa (15)
where both functions can be measured. In the present
study, with enriched parietal cell fractions prepared by
use of a Beckman elutriator rotor, a strong positive cor-
relation between parietal cell content and both basal
and stimulated oxygen uptake was demonstrated, thus
indicating that oxygen consumption is a reliable index
for the actions of secretagogues on isolated parietal
cells.

METHODS
Earle's balanced salt solution, Hanks' balanced salt solution,
and basal medium Eagle were purchased from Microbiologi-
cal Associates, Bethesda, Md. Crude collagenase III was ob-
tained from Worthington Biochemical Corp., Freehold, N. J.
3-Isobutyl-l-methyl-xanthine (IMX)l was purchased from Al-
drich Chemical Co., Inc., Milwaukee, Wis., and carbamylcho-
line chloride was from K and K Laboratories, Inc., Irvine,
Calif. Histamine diphosphate, Hepes buffer, and atropine
were purchased from Calbiochem, San Diego, Calif. Bovine
serum albumin (BSA, fraction V) was from Sigma Chemical
Co., St. Louis, Mo.; nytex nylon mesh was from Naz-Dar Co.,
Chicago, Ill. Pyroxylin strips were purchased from Mallinc-
krodt Inc., St. Louis, Mo., and Bourns potentiometers from
Hamilton-Avnet Electronics, Hollywood, Fla. Natural hog
heptadecapeptide gastrin was the kind gift of R. A. Gregory
and H. J. Tracy. Metiamide was the kind gift of Dr. John Paul,
Smith Kline & French, Philadelphia, Pa. Dimethyl sulfoxide
was purchased from Merck Sharp & Dohme, West Point, Pa.
A cell counter, an Electrozone/Celloscope (model 112 L/ADC)
with PDP8Mcomputer (Digital Equipment Corp., Marlboro,
Mass.), was purchased from Particle Data Inc., Elmhurst, Ill.
Standard size latex particles (SR-10, 9.8-,um diameter and
SR-19, 19.0-,um diameter) were purchased from Particle Infor-
mation Services, Grants Pass, Ore.

' Abbreviations used in this paper: A, atropine; BSA, bovine
serum albumin; C, carbamylcholine; D50, dose for 50% re-
sponse; G-17, natural hog heptadecapeptide gastrin; H, hista-
mine; IMX, 3-isobutyl-1-methyl xanthine; Mt, metiamide.

Technique for tissue digestion. Dogs were conditioned by
1-2 wk of a diet of Friskies Kibble (Albers Milling Co., Port-
land, Ore.), last fed 24 h before the experiment, and then
killed by intravenous pentobarbital sodium. The stomach was
quickly excised, rapidly washed in normal saline (4°C), and
then transferred to Hanks' salt solution (0.1% BSA, pH 7.4).
The stomach was opened along the greater curvature, rinsed
with Hanks' (0.1% BSA), and the oxyntic gland portion cut into
strips 1-2 cm wide. The mucosal strips were then pinned to a
corkboard immersed under Hanks' (0.1% BSA) in a Lucite
chamber (E. I. Du Pont de Nemours & Co., Inc. Wilmington,
Del.) set on crushed ice. A superficial cut was made with a
scalpel through mucosa only, and the mucosa was then bluntly
dissected free from the submucosa. A separation of mucosa
that left it totally free of submucosa was essential for the ef-
fectiveness of subsequent enzyme digestion (7). The mucosa
was then lightly scraped with the edge of a glass slide to re-
move mucus, coarsely minced with scissors, and weighed. 5-
10 g of mucosa was placed into 25 ml of basal medium (Ea-
gle's), containing crude collagenase III (0.75 mg/ml) and in-
cubated for 15 min. This and the subsequent three incubations
were done in 250-ml Nalgene flasks (Nalge Co., Rochester,
N. Y.) gassed with 95% 02/5% CO2and incubated at 37°C in a
shaker bath at 120 oscillations/min. Basal medium for these
incubations contained 25 mMHepes buffer, 0.1% BSA, peni-
cillin (100 U/ml), and streptomycin (50,ug/ml), with the pH ad-
justed to 7.4 after gassing. At the end of this first incubation
period the contents of the flasks were pooled in a 250-ml Nal-
gene beaker, the mucosal fragments allowed to settle, and the
medium aspirated and discarded. The fragments were rinsed
twice in cation-free basal medium with 1-2 mMEDTAand
incubated in the same medium for 10 min.

The suspensions were then pooled and the mucosal frag-
ments were transferred to basal medium with crude collage-
nase (0.75 mg/ml) present and incubated for 15 min. A similar
transfer was then made to a final 60-min incubation in this
same medium. For the final 30 min of the fourth incubation
period, the shake speed was increased to 130 oscillations/min,
after which the mucosal fragments were largely disrupted in
most instances. Some variability in the degree of cellular dis-
persion was noted; adequate dispersion could usually be ob-
tained by increasing the EDTAconcentration to 2 mM.

The cell suspensions were then pooled, diluted with an
equal volume of Hanks' (1% BSA, pH 7.4) at 4°C drawn three
times into a 20-ml plastic syringe, and passed through a 240-
,am Nytex nylon mesh. 20-ml portions of the cell suspension
were spun at 50 g for 5 min in 50-ml centrifuge tubes (Corning
Glass Co., Corning, N. Y.), with supernates being aspirated and
discarded. The cells were resuspended in 20 ml of Hanks'
(1% BSA) and centrifuged again at 50 g for 5 min. After a final
resuspension, the cells were passed through a 62-,um nylon
mesh. The cell suspension then consisted of single cells with
occasional clumps. In 35 consecutive cell preparations, viabil-
ity determined by exclusion of trypan blue was 94.2+±0.8%,
and the yield of mucosal cells was 69.7+5.5 x 106 cells/g of
separated mucosa.

Technique for histologic studies. Samples for routine
staining were prepared either by smearing cell suspensions
on frosted slides followed by fixation with Spray-cyte (Clay
Adams, Parsippany, N. J.) or by fixing with Bouin's solu-
tion (1% acetic acid) followed by paraffin embedding
and sectioning. For the latter technique, cells were
washed in 70% alcohol and then transferred to pyroxylin
bags which were then tied, trimmed, and placed in cassettes
for Technicon processing (Technicon Instruments Corp.,
Tarrytown, N. Y.). Proxylin bags were prepared by filling 15-
ml conical glass centrifuge tubes with 8%pyroxylin dissolved
in ether-alcohol (1:1). After 15 min the solidified top of the
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pyroxylin was removed, the pyroxylin poured back into the
stock solution, and the tube drained upside down; the coated
test tube was soaked in water and the bag removed by gentle
traction. With this technique all cells were preserved for dif-
ferential counting. Parietal cells were easily identified with
hematoxylin and eosin staining and were found to account for
from 10 to 25% of the crude cell population. Similar differen-
tial counts were also obtained by counting the large, finely
granular cells in fresh smears.

Technique of cell separation. A Beckman elutriator rotor
which separates cells by counterflow centrifugation on the
basis of varying sedimentation velocity (18) was used on a
Beckman J21C centrifuge (Beckman Instruments, Inc., /Fuller-
ton, Calif.). The centrifuge was modified by replacing the
3,000-ohm rate controlling potentiometer with a 2,500-ohm
fixed resistor (5 watt) in series with a 500-ohm 10-turn po-
tentiometer (Boums, Inc., Riverside, Calif., 3400S-1-501).
This modification allowed reproducible control of the rate
of rotation (+ 10 rpm) over the range of 800 to 4,500 rpm.
A Cole-Parmer Masterflex pump (7545, with 7014 head, Cole-
Parmer Instrument Co., Chicago, Ill.) was also modified using
a 10-turn potentiometer (20,000 ohm, Bourns 3500S-1-501)
which allowed control of flow rate between 8 and 75 ml/min
with an accuracy of ± 1.2%. The Beckman bypass loading
chamber was removed and the pump connected directly to the
inlet port of the elutriator. Cells were loaded through the
pump with a three-way stop cock to avoid the necessity of
stopping the pump during the loading procedure. Hanks' with
0.1% BSAwas used for elutriation. Cell separations were per-
formed at 2,000 rpm, with the rate confirmed by stroboscopic
tachometer.

1-2 x 108 cells were loaded into the elutriator at a flow
rate of 16.0 ml/min. At this flow rate erythrocytes, cell frag-
ments, and a portion of the smallest of the mucosal cells were
removed and discarded. Four fractions were then collected
as noted in Table L 10-25% of the cells initially loaded were
collected in fraction 4, which will be referred to as the parietal
cell-enriched fraction. Fractions collected at flow rates greater
than 63 ml/min contained clumps of mucosal cells and a
smaller proportion of parietal cells. Although occasional
clumps of small cells occurred in fractions collected below
59.1 ml/min, clumps containing parietal cells were not found.

A fraction conta'ining 85%parietal cells was obtained by re-
loading fraction 4 into the elutriator rotor at a flow rate of
31.0 ml/min and collecting the fractions eluted at centrifuge
speeds between 1,600 and 1,400 rpm. This variation in cen-
trifuge speed appeared to enhance pariqtal cell enrichment,
but could not be used for initial elutriations because of fre-
quent clump formation in the rotor when crude cell prepara-
tions were introduced at low flow rates and low centrifuge
speeds.

Both of these techniques occasionally failed to produce sig-
nificant enrichment in the parietal cell population. Poor reso-
lution was often associated with increased clump formation
in the rotor but remained unexplained in other instances.

Technique for determination of oxygen consumption. The
final cell suspension was centrifuged at 50 g for 5 min and
then resuspended in Earle's balanced salt solution with 0.2%
BSA and 25 mMHepes. The Earle's was saturated with 5%
CO2in air before adding the BSAand the pH was then adjusted
to 7.4. The cells were dispersed with a 10-ml pipette, the
volume was adjusted to give about 106 cells per milliliter, and
the suspension was divided into 50-ml portions in Coming
tubes, which were then stored at 4°C until used.

Oxygen uptake was measured using a model 53 Yellow
Springs Instruments Co. Oxygen Analyzer (Yellow Springs,
Ohio). A preincubation step was found necessary to mninimize
the formation of bubbles in the incubation chambers. For
this preincubation, 3.5 ml of the cell suspension in Earle's-02

was placed in a 60-ml Nalgene bottle that had been pregassed
with 5% C02 in air, 0.5 ml of buffer or stimulants in buffer2
was added, and the suspension then was gently agitated for 5
min in a 370C water bath. After preincubation, a 3-ml portion
of the cell suspension was transferred to a siliconized incu-
bation chamber of the Yellow Springs bath assembly. The
bath assembly was tilted during probe placement to facilitate
removal of any remaining bubbles. The rate of oxygen con-
sumption stabilized after 2-3 min, and the decrease in the
percentage of saturation of the medium was then determined
over the subsequent 10-min period. Probes were calibrated
periodically during each experiment against Earle's saturated
with air/5% C02.

Several steps were necessary to guarantee reproducible re-
sults. 5%CO2 in air was chosen rather than 5%C02/95% 2 SO
that the air scale of the amplifiers could be used, thus allowing
a larger relative decrease in oxygen saturation in shorter incu-
bation periods, and allowing use of lower cell concentrations.
Reproducible data also required that the same probe, chamber
location, and spinner be used throughout the experiment. The
tension of the Teflon membrane covering the cathode tip of
the probe affected the apparent rate of oxygen consumption
so that care was taken to set the same tension for the two
probe membranes and not to disturb the membrane during
the experiment. Basal uptake was repeatedly determined and
if a significant deviation occurred, the probes were rebuilt
and the basal and stimulated oxygen uptakes verified.

Calculation of data and statistical treatment. The rate of
oxygen consumption was reflected in the difference between
the percent oxygen saturation at the beginning and end of the
10-min incubation period. The data were analyzed in three
ways. (a) In most experiments the basal rate of oxygen con-
sumption remained constant, thereby allowing test runs to be
expressed as the percent stimulation above the mean basal
rate. (b) Data have been expressed as the percentage of the
maximal increase above basal, calculated as follows:

%maximal response = 02test - 02 basal x 100,
02 max

- 02 basal
(1)

where 02 represents the decrease in percentage of 02 satura-
tion observed during a 10-min period. This normalization al-
lows comparison of data from separate experiments despite
differences in parietal cell content and responsiveness, and
thus is very useful for studying dose-response relationships,
the effects of inhibitors, and interactions between secreta-
gogues. Furthermore, a decay in the maximal response to stim-
ulation of up to 5%per hour was often found. For this reason,
experiments were done on the same day that the cells were
prepared and the maximal response was tested at the begin-
ning and periodically during each experiment. With the data
expressed as the percentage of the mean maximal response
and with the data sets limited in size so that decay was less
than 10-15% of the initial maximal response, this decay was
largely compensated. (c) Assuming an oxygen solubility coef-
ficient of 22.73 ZId/ml of solution (19), the oxygen content of a
physiological salt solution at 370C equilibrated with 95% air/
5%CO2is 4.53 ,ul/ml. Using this constant, the oxygen con-
sumption per hour was calculated and corrected for cell con-

2 Other vehicles used for solubilizing agents were as fol-
lows: 1-2 mg of G-17-I was dissolved in 50 j.d of dimethyl
sulfoxide, diluted in distilled water and stored as an 800-,uM
solution, diluted as required with Earle's; histamine (80 mM)
was dissolved in 0.001 N HCI; and m,etiamid,e (40 mM) was
dissolved in 0.08 N HCI. These vehicles in concentrations
used did not alter basal or stimulated oxygen uptake. Other
agents were dissolved in water or Earle's; all dilutions were
made in Earle's.
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centration. Basal rates of oxygen consumption are presented in
Fig. 2 and allow the absolute increment in oxygen uptake
produced by a given agent to be calculated from the percent
stimulation.

The means of the basal and stimulated oxygen uptake for
the inidividual cell preparations were calculated from 2 to 12
tests each. These cell preparations means were then used to
calculate the standard errors shown in the figures and used to
determine the significance of differences by Student's t test (20);
n was therefore equal to the number of cell preparations. The
only exceptions are Fig. 4A, where standard errors for individ-
ual tests on a single cell preparation are shown, and Table III,
where standard errors are based upon tests pooled from two
preparations.

RESULTS

Relationship between parietal cell content
and basal and stimulated oxygen uptake
Histamine, gastrin, carbamyicholine, and IMX each

stimulated oxygen uptake by unenriched mucosal

100

CRUDE D2
ENRICHED O

z
0D50-
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0
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cells; the response to histamine was greatly enhanced
by the presence of 0.1 mMIMX (Fig. 1). To establish
the component of these responses due to the
parietal cells, basal and stimulated oxygen uptake
were determined in five experiments on fractions with
varying parietal cell content obtained using the Beck-
man elutriator rotor as outlined in Methods. Size dis-
tribution profiles for the unenriched fraction and repre-
sentative examples of fractions 1, 2, and 4 (Table I) are
shown in Fig. 2. The crude fratction shows a broad
distribution of cell sizes. Fraction 1 consists of mainly
small cells with a mean cell diameter of 10 gm. Fraction
2 consists of medium size cells with a mean diameter
of about 12 ,m. Fraction 4 is the parietal cell enriched
fraction, containing 65% parietal cells in this prepara-
tion. The mean parietal cell diameter was estimated at
18.5 gm.

Oxygen uptake was studied in separated cell frac-
tions from five cell preparations. Basal oxygen uptake

?-

- LJ

-2

(0

H "11 BASAL
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FIGURE 1 Stimulation by secretagogues of oxygen uptake in crude and enriched cell fractions.
Oxygen uptake was determined on crude mucosal cell fractions (cross-hatched bars) and fractions
enriched in parietal cells (fraction 4, open bars) by use of the Beckman elutriator rotor as outlined
in Methods. Oxygen uptake is expressed as the mean percentage stimulation above basal+SEM,
based upon the means for the indicated number of cell preparations with from 2 to 12 tests each.
Agents were tested at the following concentrations: 0.1 yM gastrin, 1 mMcarbamylcholine, 10 ,uM
histamine, 0.1 mMIMX, and 10 uM histamine plus 0.1 mMIMX. Basal oxygen uptake in micro-
liters per 106 cells per hour is indicated on the right of the figure for the crude and parietal cell-
enriched fractions. C, carbamylcholine; G-17, natural hog heptadecapeptide gastrin; H, histamine.
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TABLE I
Cell Separation with the Elutriator Rotor

Fraction Flow rate* Parietal cells

ml/min %
1 26.3 1-3
2 36.8 8-12
3 40.7 20-30
4 59.1 48-65

* Maintained until a 100-ml fraction was collected.

(microliters per 106 cells per hour) for the parietal cell-
depleted fraction (fraction 1) was 1.24±0.09 (n = 5),
and neither histamine (1.29+0.08, n = 5) nor carbamyl-
choline (1.43+0.12, n = 3) significantly stimulated oxy-
gen uptake in this fraction. In the enriched fractions3
from these five preparations, which contained from 48
to 65% parietal cells, basal oxygen uptake (microliters
per 106 cells per hour) was 6.73±0.59 and increased to
13.55± 1.36 with histamine (10 ,uM) plus IMX (0.1 mM)
stimulation. Fractions 2 and 3, with fewer parietal cells
showed intermediate values for basal and stimulated
oxygen uptake. Linear regression analysis of the data
from these five preparations showed that basal oxygen
uptake correlated with the percentage of parietal cells
with a correlation coefficient of 0.95, a slope of 0.098

3 Fraction 4 in Table I will be referred to as the enriched
parietal cell fraction.
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FRACTION 2
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±0.008 and a y intercept of 1.25±0.26 (Fig. 3A). The
histamine plus IMX-stimulated increment in oxygen
uptake above basal also correlated with the percentage
of parietal cells, with a correlation coefficient of 0.93,
a slope of 0.0125±0.0012 and a y intercept of -0.34
±0.40 (Fig. 3B). Based upon these regression analyses,
the basal oxygen uptake per 106 parietal cells is pre-
dicted to be 9.81 ,ul/h, basal oxygen uptake per 106 non-
parietal cells is predicted to be 1.25 ,l/h, and the his-
tamine plus IMX-stimulated increment above basal is
predicted to be 12.5 uIl/h per 106 parietal cells.

The carbamylcholine (1 mM)-stimulated increment
in oxygen uptake above basal correlated with the pari-
etal cell content, with a correlation coefficient of 0.95,
and a slope of 0.062±0.007 (n = 3 preparations). The
gastrin (0.1 ,uM)-stimulated increment in oxygen up-
take above basal also correlated with the percentage of
parietal cells, with a correlation coefficient of 0.97 and
a slope of 0.015±0.002 (n = 2 preparations).

Basal and stimulated oxygen uptake by the crude
mucosal cell fractions4 were close to the values pre-
dicted from their parietal cell content (Figs. 3A and B)
indicating that elutriation did not markedly impair the
responsiveness of the parietal cell. The elutriator rotor
allowed separation from the single cells of the small
number of clumps containing parietal cells. Histamine
(10 ,uM) plus IMX (0.1 mM) stimulation of the fraction

4The term "unenriched" will be used interchangeably to
refer to the crude mucosal cell preparations.

FRACTION1

10 15 20

CELL DIAMETER (um)

FIGURE 2 Size distribution profiles for separated cell fractions. Size histograms, plotted as the
relative frequency against the cell diameter in micrometers, were obtained using a 10-vol-dou-
bling log scale calibrated with two sets of latex particles. These four histograms are from a single
preparation with the fractions collected at the flow rates indicated in Table I.
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FIGURE 3 Correlation between basal and stimulated oxygen uptake and the parietal cell content.
The data represent separated cell fractions of varying parietal cell content obtained with the Beck-
man elutriator rotor (@) and the unenriched fraction (0) and are the mean of at least duplicate deter-
minations from a total of five cell preparations. The lines are drawn by linear regression analyses,
with the correlation coefficients indicated. (A) The basal oxygen uptake in microliters per 106 cells
per hour is plotted against the percentage of parietal cells. (B) The histamine (10 ,uM) plus IMX
(0.1 mM) stimulated increment in oxygen uptake above basal is plotted in the same units against
the percent parietal cells.

containing the persisting clumps did not differ from
that predicted by its parietal cell content, thus indicat-
ing that the presence of a small number of clumps did
not alter the results obtained (data not shown).

The actions of secretagogues on
oxygen uptake
Histamine. Histamine alone produced a small stim-

ulation of oxygen uptake in both the enriched and un-
enriched cell fractions (Fig. 1), an effect that was statis-
tically significant with the unenriched cell fractions
tested at 100 and 10 ,iM (P < 0.01, Fig. 4B). The action
of histamine was greatly enhanced by 0.1 mMIMX; the
response to the combination was much greater than the
response to either agent alone (Figs. 1 and 4B). The
response to 10 ,uM histamine plus 0.1 mMIMX in 31
consecutive preparations of unenriched mucosal cells
ranged from 32 to 161% above basal and averaged 76.5
±4.2% (Fig. 1). Although the mean maximal response
to histamine was greater in the enriched than in the
unenriched cell fractions, owing to the variability be-
tween separate cell preparations, this difference was
not statistically significant (Fig. 1).

Fig. 4A shows the dose-response relation of hista-
mine against a 0.1 mMIMX background in three repre-
sentative preparations each of the crude and enriched
fractions. Whenthe data are expressed as absolute rates

of oxygen consumption per 106 cells, considerable vari-
ability in the magnitude of the responses between sep-
arate preparations is apparent and these differences are
not fully accounted for by differences in the parietal
cell content of these fractions (Fig. 4A). When these
data are normalized for each preparation as a percent-
age of the maximal increment above basal produced
by histamine plus IMX stimulation, the similarity of the
histamine dose-response relation in the enriched and
unenriched fractions becomes apparent (Fig. 4B). The
estimated dose for 50%response (D50)5 for the histamine-
stimulated increment in oxygen uptake above that
produced by 0.1 mMIMX was 0.4 ,uM and the maximal
response to histamine was found at 10 l.M for both the
unenriched cells and for the enriched cells. In two
preparations tested with a 10-,uM IMX background,
the estimated D50 was 0.7 ,uM, and the maximal re-
sponse to histamine was found at 10 ,uM.

IMX. In 27 consecutive preparations of unenriched
cells the mean stimulation of oxygen uptake produced
by 0.1 mMIMX was 17.0+1.8% above basal uptake
and a similar response was found in the four enriched
parietal cell fractions tested (Fig. 1). The dose-response
relation for IMX-stimulated oxygen uptake by unen-

5D50 was estimated by visual inspection of the dose-re-
sponse curves as the concentration producing 50%of the maxi-
mal response above basal or above the indicated background.
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FIGURE5 The effect of histamine on the dose-response rela-
tion to IMX. Stimulation of oxygen uptake by IMX (0), IMX
plus 10 ,UM metiamide (A), IMX plus 10 MuMatropine (A), and
IMX plus 10 ,uM histamine (O) was determined for three prep-
arations of unenriched mucosal cells normalized as the per-
centage of the maximal histamine plus IMX increment above
basal. The data represent the mean+SE, based upon prepara-
tion means. The maximal responses to histamine plus IMX
were 107.1, 91.8, and 46.0% above basal for the three prepara-
tions, respectively. A, atropine; Mt, metiamide.
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FIGURE4 The effect of IMX on the dose-response relation to
histamine. (A) Histamine stimulation of oxygen uptake was de-
termined with a 0.1-mM IMX background and expressed mi-
croliters of 02 consumed per 10 cells per hour. Data are the
mean of at least duplicate determinations in each of three sep-

arate preparations of crude (@) and enriched parietal cell frac-
tions (0). SE, based upon the individual tests in the separate
cell preparations, are indicated for the 10 MMhistamine plus
0.1 mMIMX. The percentage of parietal cells (%PC) is indi-
cated for each cell preparation. (B) The data from A have been
normalized as the percentage of the maximal increment above
basal produced by histamine plus IMX as outlined in Methods.
These data have been combined, respectively, for the three
separate preparations of the crude (0) and enriched (0) frac-
tions and represent the mean+SE, based upon preparation

riched mucosal cells had an estimated DOof 60 ,uM
with the maximal response observed at 0.5 mM(Fig. 5).
Higher concentrations of IMX produced a variable and
somewhat diminished level of stimulation (Fig. 5). En-
hancement of the response to 10 ,uM histamine by IMX
was found with IMX concentrations between 10 ,uM
and 1 mM.The maximal histamine increment over IMX
was observed between 10 MuM and 0.1 mMIMX and
the maximal absolute response to the combination of
histamine and IMX was observed between 0.1 and 0.5
mMIMX (Fig. 5).

Carbamylcholine. In 20 consecutive preparations
of unenriched cells 1 mMcarbamylcholine caused 49.2
±4.2% stimulation of oxygen uptake above basal; while
in seven preparations of enriched parietal cell fractions
the increase was 60.9±9.2% (Fig. 1). From the dose-
response curves for carbamylcholine with enriched and
crude fractions, the D50 was estimated at 5 MMand a
maximal response was observed between 0.1 and 1 mM
(Fig. 6). The effect of 0.1 mMIMX on the response
to carbamylcholine was studied in five cell prepara-
tions (Table II). IMX enhanced the response to 10 ,uM
carbamylcholine but not to 1 mMcarbamylcholine. The
combination of this lower concentration of carbamyl-
choline and IMX produced a response that was about
equal to the sum of the individual responses.

Gastrin. Gastrin without additives produced a

means. The dose-response relation to histamine without IMX
(X) was studied in three preparations of crude mucosal cells
and represents the mean+SE, based upon preparation means.
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trin over basal and over an IMX background was similar
(Table II).

The agent used to solubilize gastrin was of great
importance. It was found that ammonium markedly in-
creased oxygen uptake by mucosal cells in concentra-
tions as low as 1 mM(data not shown). For the present

,' studies, gastrin was solubilized in dimethylsulfoxide.
The final concentration of dimethylsulfoxide present

I// (0.006%) did not alter basal or stimulated oxygen
//-C+A

di----~ ~/

CARBAMYLCH( INE (M)

FIGURE6 The effects of metiamide and atropine on the dose-
response relation to carbamylcholine. Oxygen uptake was de-
termined for unenriched mucosal cells and expressed as the
percentage of the maximal increment above basal produced by
1 mMcarbamylcholine. The data are the means-+±SE from
five cell preparations for carbamylcholine (0) and from three
preparations for carbamylcholine plus 10 AMmetiamide (A),
carbamylcholine plus 0.1OJMatropine (E), and carbamylcho-
line plus 10 AMatropine (s). (Insert) The dose response to
carbamylcholine (0) was studied in an enriched cell prepara-
tion containing 51% parietal cells.

small but statistically significant stimulation of oxygen

uptake. In 13 consecutive preparations of crude muco-

sal cells gastrin produced a 12.0+2.3% increase above
basal, with a range of -2.3 to 25.1% (Fig. 1). In fractions
containing from 48 to 63%parietal cells from three cell
preparations, gastrin produced a 11.7+2.4% increase
above basal. The effect of IMX on gastrin stimulation
was studied and the magnitude of the response to gas-

uptake.

The effects of atropine and metiamide
on the actions of secretagogues

Atropine. 10 ,M atropine caused marked inhibi-
tion of the maximal response to carbamylcholine (Fig.
6), but did not alter the response to histamine (Fig. 7),
to IMX (Fig. 5), nor to gastrin (Fig. 8), nor did this con-

centration of atropine affect basal oxygen uptake (data
not shown). 0.1 ,uM atropine caused inhibition of the
responses to submaximal doses of carbamylcholine,
compatible with competitive kinetics (Fig. 6).

Metiamide. 10 puM metiamide caused inhibition of
the responses to submaximal doses of histamine (Fig.
7) and 0.1 mMmetiamide caused marked inhibition of
the maximal response to histamine (10 ,uM, Fig. 7).
10 ,uM metiamide caused complete inhibition of the
response to 0.1 mMIMX (Fig. 5). Neither 0.1 mMnor

10 ,uM metiamide altered the response to carbamyl-
choline (Fig. 6, Table III), nor to gastrin (Fig. 8, Table
III), nor was basal oxygen altered by 0.1 mMmetiamide
(Table III). 1 mMmetiamide caused a small decrease

TABLE II
Effect of IMX on Response to G-1 7 and Carbamylcholine

Agent 0, uptake*

A IMX, 0.1 mM 21.5±2.8
C, 1 mM 57.8±11.3
C, 1 mM+ IMX, 0.1 mM 65.4±9.5
C, 10 ,uM 30.6±5.3
C, 10 ,uM + IMX, 0.1 mM 50.6±6.3t

B IMX, 0.1 mM 13.9±5.1
G-17, 0.1 uM 14.3±4.5§
IMX, 0.1 mM+ G-17, 0.1 ,uM 33.3+8.511

* Percentage increase in 0° uptake above basal (mean±SEM)
for five preparations of unenriched cells in A, and in four
cell preparations for B.
t Significantly different from 10 ,uM carbamylcholine, P < 0.01.
§ Significantly different from basal, P < 0.05.
"Significantly different from IMX, P < 0.05.
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FIGURE7 The effects of metiamide and atropine on the dose-
response relation to histamine plus IMX. Oxygen uptake was

determined for unenriched mucosal cells and expressed as the
percentage of the maximal increment above basal produced
by histamine plus IMX. The data are the means+SE from
five preparations for histamine plus IMX plus 10 ,uM atropine
(O), histamine plus IMX plus 10 ,uM metiamide (A), and hista-
mine plus 0.1 mMIMX plus 0.1 mMmetiamide (e).
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FIGURE 8 The effects of metiamide and atropine on gastrin-
stimulated oxygen uptake. The data are the mean of from 6 to
10 tests of oxygen uptake for each treatment group in four cell
preparations, +SE, based upon preparation means. Agents
were used in the following concentrations: 0.1 ,uM gastrin,
10 uM metiamide, and 10 ,uM atropine.

in both basal oxygen uptake and the response to car-
bamylcholine (Table III).

DISCUSSION

The method for the isolation of gastric mucosal cells
described here entailed use of mucosa that had been
separated free from submucosa and then sequentially
incubated with crude collagenase and EDTA. The use
of separated mucosa and the calcium chelation step
each greatly enhanced enzyme digestion, thereby al-
lowing use of lower concentrations of collagenase and
avoiding the requirement for enzyme preparations with
higher proteolytic activity. Mucosal cells isolated by
these techniques were viable and the response of these
cells to secretagogues indicated that their plasma mem-
brane components were largely intact.

In the present study, oxygen consumption by unen-
riched and parietal cell-enriched fractions of canine

TABLE III
Effects of 1 mMand 0.1 mMMetiamide on Oxygen Uptake

Agent 02 uptake* Number of tests

% n

C, 1 mM 37.1 1.5 6
C, 1 mM+ Mt, 0.1 mM 38.6±1.4 8
C, 1 mM+ Mt, 1 mM 26.3±0.6 8
G-17, 0.1 ,M 9.4±+1.3 12
G-17, 0.1 ,M + Mt, 0.1 mM 7.8+ 1.1 8
Mt, 0.1 mM 2.0+1.0 8
Mt, 1 mM -11.1±1.6 10

* Percentage increase in oxygen uptake above basal (mean
+SE) based upon the indicated number of tests pooled from
two preparations.

fundic mucosal cells was used as an index of the
physiological response of parietal cells to secreta-
gogues. Several observations, both from the literature
and from the present study, support the validity of this
approach.

(a) In systems such as the ex vivo stomach prepara-
tion (16, 17) and the isolated amphibian mucosa (15),
where all cellular elements of the mucosa are present
and where both oxygen consumption and acid secretion
can be directly measured simultaneously, a strong lin-
ear correlation exists between the stimulation of acid
secretion and the stimulation of oxygen consumption
by secretagogues. It is possible that the increases in
oxygen uptake reflect processes in addition to the secre-
tion of acid such as biosynthesis of parietal cell mem-
brane protein. The abundant mitochondria and sparse
rough endoplasmic reticulum in the parietal cell render
this latter alternative less attractive.

(b) In the present studies with cell fractions obtained
using the elutriator rotor, the basal oxygen uptake was
closely correlated with the parietal cell content of the
fractions, with the y intercept of the linear regression
line corresponding to the basal oxygen uptake for the
parietal cell-depleted fractions. The histamine plus
IMX-, carbamylcholine-, and gastrin-stimulated incre-
ment in oxygen uptake above basal was also closely
correlated with the parietal cell content of the fractions.
The y intercept for each of these three regression lines
were not significantly different from zero, consistent
with the observations that oxygen uptake was not in-
creased with stimulation in the parietal cell-depleted
fractions. It appears that the stimulation of oxygen up-
take observed in the enriched as well as the unenriched
preparations may be interpreted as reflecting mainly
parietal cell function. Mucosal cells other than parietal
cells may also increase oxygen uptake with stimulation;
however, the present techniques failed to detect such a
response.

In light of the above points and the observations that
the normalized dose-response relations were similar in
the crude and enriched parietal cell fractions, the crude
preparations were used for many of the present studies.
A higher total cell concentration was used to compen-
sate for the lower parietal cell content of these unen-
riched fractions.

(c) Parietal cells stimulated by histamine, gastrin,
acetylcholine, and isobutyl methyl xanthine show an
increased rate of uptake of [14C]aminopyrine (21).
Aminopyrine is a weak base with a pKa of 5.0 so its
partition between two compartments would be greatly
enhanced if one compartment had a pH at or below the
pKa. The cellular accumulation of aminopyrine with
stimulation is evidence for the actual secretion of acid
by isolated parietal cells.

(d) With stimulation isolated parietal cells undergo
a specific morphological transformation characterized
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by the appearance of prominent canaliculi lined with
microvilli (22), similar to that originally described by
Sedar studying intact mucosa (23). This transformation
is further evidence that these in vitro responses of pari-
etal cells to secretagogues reflect cellular events similar
to those that occur in vivo.

In the present studies, oxygen consumption by mu-
cosal cells was stimulated by histamine, gastrin, car-
bamylcholine, and IMX. Histamine alone produced a
small increase in oxygen uptake which was greatly en-
hanced by IMX. The sensitivity of isolated parietal
cells to histamine (plus IMX) and carbamylcholine was
similar to that reported by others using in vitro systems
(24-29). The stimulation of oxygen uptake by gastrin,
although of statistical significance, was of small magni-
tude suggesting that gastrin as a single agent is a weak
stimulant of the parietal cell. It must be kept in mind,
however, that the magnitude of the gastrin response as
well as of the other responses may have been attenu-
ated by treatment with the collagenase preparation, by
the calcium chelation step, or by the conditions of incu-
bation. This small response to gastrin was however
markedly enhanced by interaction with histamine (5).
These studies of oxygen consumption have been per-
formed between 10 and 20 min after the onset of stimu-
lation. The rates of oxygen consumption during this
period of study in general remained constant. It is pos-
sible, however, that the pattern of secretagogue stimu-
lation would differ in studies conducted over longer
time periods.

Several observations suggest that gastrin, acetylcho-
line, and histamine each have direct and independent
actions on parietal cells. The inhibitory effects of anti-
cholinergics and H2 receptor antagonists on the actions
of secretagogues were specific: histamine stimulation
was inhibited by metiamide but was not inhibited by
atropine; carbamylcholine stimulation was inhibited
by atropine but was not inhibited by metiamide; and
gastrin stimulation was inhibited by neither atropine nor
metiamide.6 The specificity of inhibition by metiamide
and atropine thus indicated separate and specific
receptors on the parietal cell for histamine, gastrin,
and acetylcholine. If the actions of gastrin or acetyl-
choline were necessarily mediated by histamine, then
one would expect inhibition of these actions by
metiamide, which was not observed.

The poor response of parietal cells isolated by these
techniques to histamine alone is in contrast to the po-
tent effects of histamine in vivo. The reason for this
decay in responsiveness to histamine is unknown. The

6 These specific effects of metiamide are demonstrated at
concentrations below 0.1 mM.At 1 mM,metiamide did display
inhibition of basal oxygen uptake as well as carbamylcholine
stimulation. Effects of metiamide at these very high concentra-
tions are likely to be nonspecific in that these effects do not
result from blockade of the H2 receptor.

stimulation of isolated parietal cells by histamine was
however markedly enhanced by IMX. IMX alone stim-
ulated oxygen uptake and this effect was inhibited by
10 zM metiamide. At this concentration metiamide ap-
pears to be specific for histamine (vide supra), thus
suggesting that the effect of IMX alone may result from
potentiation of residual endogenous histamine. In con-
trast to the marked potentiation of histamine by IMX,
IMX caused much less enhancement of gastrin and
carbamylcholine. IMX is a potent phosphodiesterase
inhibitor, but this agent also has actions which are inde-
pendent of phosphodiesterase inhibition such as stimu-
lation of contraction of isolated papillary muscle (30).
In isolated mucosal cells prepared by the present
method, stimulation by histamine, but not stimulation
by gastrin nor carbamylcholine, was associated with
increases in cellular cyclic AMP (31). This effect of
histamine on cyclic AMPwas correlated with the de-
gree of parietal cell enrichment of the fractions and
also was markedly enhanced by the presence of IMX.
These observations support the view that the enhance-
ment by IMX of the histamine stimulation of oxygen
uptake by isolated parietal cells depends upon inhibi-
tion of phosphodiesterase activity and therefore also
support the hypothesis that histamine action on parietal
cells is mediated by the generation of cyclic AMP.

The present data are consistent with a model in
which the parietal cell has specific receptors for hista-
mine, gastrin, and acetylcholine and in which anticho-
linergics and H2-receptor antagonists are specific in
their actions against acetylcholine and histamine, re-
spectively. Such a model appears at odds with the in
vivo observations that anticholinergics and H2-antago-
nists display an apparent lack of specificity. One possi-
ble explanation of this apparent contradiction is
provided by a consideration of the effects of these
inhibitors on the interactions that occur between
secretagogues, a topic dealt with in detail else-
where (5).
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