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ABSTRACT The purpose of the present study was
to examine stimulation of gastrin release and the syn-
thesis of gastrin directly by measurement of incorpora-
tion of [3H Jtryptophan into gastrin in rat antral mucosal
explants maintained in organ culture. Gastrin synthesis
and secretion were assessed simultaneously at intervals
over the 24-h duration of explant culture. Antral
mucosal explants from fed female Wistar rats (4-5
wk, 100-150 g) were cultured at 37°C (95% O,/5%
CO,) in medium containing 70% Trowell-T8 and 10%
NCTC-135 without unlabeled tryptophan, 10% di-
alyzed fetal calf serum and [*H Jtryptophan (100 w.Ci/
ml). Antral tissue was harvested at regular intervals
during 24-h culture periods. Incorporation of [3H]-
tryptophan into immunoreactive gastrin was deter-
mined by techniques utilizing double-antibody im-
munoprecipitation. Antral tissue protein synthesis
was assessed by measurements of incorporation of
[*H]tryptophan into tissue protein of cultured antral
explants. In paired experiments, gastrin synthesis
and secretion in the presence of dibutyryl cAMP
(DBCAMP) were compared to those observed under
control conditions. Gastrin and protein specific
activity progressively increased with time. Gastrin
specific activity at 30 min increased from 3.3+0.5
(SEM) to 55.2+10.6 fmol [*H]tryptophan/pmol gas-
trin (or from 1.57+0.48 to 26.28+5.05 pmol [3H Jtrypto-
phan/ug gastrin) at 24 h: specific activity of antral
tissue protein at 30 min increased from 33.6+8.4
to 1,660+236 fmol [*H ]Jtryptophan/ug protein at 16 h.
Culturing of explants for 4h in the presence of
cycloheximide (100 wg/ml) inhibited both gastrin
synthesis and protein synthesis by greater than
90 and 95%, respectively. DBCAMP (10 mM) signif-
icantly increased both the synthesis and secretion
of antral gastrin when compared with control cul-
tured explants. Results of these experiments provide

Received for publication 22 July 1976 and in revised form
21 March 1977.

direct demonstration of gastrin synthesis by rat antral
mucosal explants in organ culture, indicate that
both gastrin and total antral protein synthesis are in-
hibited by cycloheximide, and demonstrate DBCAMP-
induced stimulation of both gastrin synthesis and secre-
tion, suggesting the potentially important role of cyclic
AMP in gastrin cell function.

INTRODUCTION

Modem gastrointestinal endocrinology became firmly
established as a scientific discipline in 1964 when
Gregory and Tracy isolated pure gastrin from hog antral
mucosa (1). These investigators, in collaboration with
Kenner and co-workers (2), demonstrated that gastrin
was a polypeptide and identified the amino acid com-
position and sequence of gastrin, thus permitting sub-
sequent synthesis of the hormone (3). Immunohisto-
chemical techniques have been utilized to localize
cells that contain gastrin (G cells)! in the pyloric
glands of the antrum and the proximal duodenum (4).
The development of a radioimmunoassay for gastrin
has provided a sensitive and specific method for the
measurement of gastrin both in tissue extracts and in
body fluids (5-7). Molecular heterogeneity applies
to gastrin, as for other peptide hormones, such as
insulin, parathyroid hormone and glucagon, each of
which exists in more than one molecular form. Steiner
et al. have demonstrated incorporation of radiolabeled
amino acids into insulin (8), and have established the
precursor relationship of proinsulin to insulin in cul-
tured isolated islets of Langerhans (9). Glucose and the
adenylate cyclase-cyclic nucleotide system have been
shown to be important interrelated factors in stimulat-
ing release and synthesis of insulin (10, 11). In vitro
organ tissue culture techniques have been employed to

! Abbreviations used in this paper: DBCAMP, dibutyryl
cyclic AMP; G cell, gastrin cell; G-17, human gastrin I;
G-34, purified human big gastrin 1.
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study various functional and morphological characteris-
tics of stomach (12), small intestine (13), and colon (14).

The purpose of the present investigation was to
examine directly stimulation and inhibition of gastrin
synthesis and gastrin secretion by rat antral mucosal
explants in an in vitro system employing organ cul-
ture techniques. The incorporation of [3H Jtryptophan
into gastrin and antral tissue protein was studied as a
function of time, and the effects of cycloheximide on
gastrin synthesis and antral tissue protein synthesis
were determined. In addition, the effects of the dibu-
tyryl derivative of cyclic AMP on gastrin synthesis
and secretion were examined.

METHODS

Organ culture techniques. Antral mucosa was obtained
from female Wistar rats between 4 and 5 wk of age and
weighing 100-150 g. Nonfasting rats were sacrificed by cervi-
cal dislocation. The abdominal cavity was opened by a mid-
line incision under sterile conditions. A 3-mm ring of antral
tissue was excised and opened along the greater curvature.
The excised antral tissue was then washed three times in
ice-cold Hanks’ balanced salt solution (Grand Island, Biologi-
cal Co., Grand Island, N. Y.). Residual rat chow adherent to
the mucosa was removed by gentle scraping with a sterile
glass slide. Antral mucosa was dissected from the muscularis
with a no. 15 scalpel blade under the dissecting microscope.
Antral explants measuring to 1-2 mm3 were prepared from
antral mucosa and immediately transferred to the organ
culture system. The operative time in preparing the antral
explants was approximately 20 min.

Sterile plastic culture dishes (Falcon Plastics, Div. of Bio-
Quest, Oxnard, Calif.) measuring 55 mm in diameter were
employed in the culture of antral explants. Four organ cul-
ture grids of stainless steel mesh (Falcon Plastics) were
placed in each dish. 0.3-0.4 ml of medium was delivered
beneath each grid. While explants were being prepared,
culture dishes with grids and medium were kept on ice.
One antral explant was placed on each grid and oriented
with the mucosa up and edges flat. Coverage of explants by
culture medium was maintained by capillary action. The cul-
ture dishes were covered and placed inside a glass petri
dish containing cotton saturated with 0.85% NaCl. Each
covered petri dish was then placed inside a Torbal cannister
(Torsion Balance Co., Clifton, N. J.) and gassed for 20 min
with 95% 0./5% CO, and the cannister was then sealed.
The Torbal cannister containing the organ culture system
was maintained at 37°C. Antral explants were cultured for
intervals ranging from 30 min to 24 h. The four explants
from a single experiment were harvested and washed three
times in ice-cold Hanks’ solution, blotted dry, and rapidly
frozen on dry ice. Harvested explants were stored at —20°C
until processed. Culture medium from each experiment was
stored in a similar manner. Unless specifically noted, four
to eight explants from a single experiment were processed
at each incubation interval under the media conditions de-
tailed below.

The basal culture medium contained 80% Trowell-T8,
10% NCTC-135, and 10% dialyzed fetal calf serum (all
purchased from Grand Island Biological Co.). To each milli-
liter of medium 100 U of penicillin and 100 ug strepto-
mycin were added. Culture medium was prepared under an
ultraviolet hood. To assess gastrin synthesis by rat antral

mucosal explants in organ culture, the basal culture medium
was modified to contain 70% Trowell-T8 without tryptophan,
10% NCTC-135 without tryptophan, 10% dialyzed fetal calf
serum, and 10% [*H Jtryptophan (100 xCi/ml medium). Antral
explants were cultured in control medium containing
[*H]tryptophan and subsequently harvested in the manner
as previously described. The culture medium used for these
experiments was prepared specifically to minimize the
presence of unlabeled tryptophan. This was accomplished by
the use of tryptophan-free culture medium and fetal calf
serum which was dialyzed to remove low molecular weight
substances including amino acids. Tritum-labeled tryptophan,
at 100 uCi/ml, was added to the medium. L-[G-3H ]Trypto-
phan (7 Ci/mmol), with a radiochemical purity of 9% (New
England Nuclear Boston, Mass.) was prepared in sterile
water.

Analytical procedures. By boiling explants in 2.5 ml
deionized water for 20 min antral gastrin was extracted.
After centrifugation at 1,000 g for 30 min at 4°C, the supernate
containing extracted gastrin was removed and the sediment
was preserved in 0.01 M potassium phosphate buffer, pH
7.4, for protein determination. An aliquot (1.5 ml) of each
gastrin extract was applied to a Sephadex G-50 superfine
gel filtration column (90 X 1.5 cm) and eluted with 0.02 M
barbital buffer, pH 8.4, at 4°C. Elution volume characteristics
were determined for the void volume (dextran blue), salt
peak (*5I-Na), and for purified human big gastrin I (G-34)
and synthetic human gastrin I (G-17). G-34 gastrin was a kind
gift of Professor R. Gregory, University of Liverpool, Liver-
pool, England. G-17 was purchased from Imperial Chemical
Industries, Ltd. Cheshire, England. The elution volume pro-
file of the Sephadex G-50 column for 3H-radioactivity in the
gastrin extract was also determined: an aliquot (0.1 ml) of
each eluted fraction was added to 4 ml of Instagel (Packard
Instrument Co., Inc., Downers Grove, Ill.) and counted in a
Packard liquid scintillation spectrometer, model 3375 (Pack-
ard Instrument Co., Inc.). The counting efficiency of the
liquid scintillation counter was determined by the method
of internal standardization. Gastrin contents of individual
eluted 2-ml fractions were measured by radioimmunoassay
(15). The five eluted 2-ml fractions containing the immuno-
reactive gastrin peak were pooled and gastrin concen-
trations were remeasured by radioimmunoassay.

Incorporation of [*H]tryptophan into gastrin was deter-
mined by techniques utilizing double-antibody immuno-
precipitation. After separation by Sephadex G-50 column
chromatography pooled fractions containing gastrin were
incubated for 72h at 4°C with rabbit antibodies to
synthetic human gastrin I (2-17). The gastrin-antigastrin
complex was then precipitated by the addition of goat anti-
body to rabbit IgG. After the addition of the second antibody,
samples were incubated for 24 h at 4°C. The supemates
were removed after centrifugation at 1,000g for 55 min at
4°C and the precipitates were solubilized by the use of a
toulene-based tissue solubilizer (NCS, Amersham/Searle
Corp., Arlington Heights, Ill.). The solubilized immunopre-
cipitates were then added to 10 ml of liquid scintillation
fluid (toluene 100 ml; PPO, 600 mg, POPOP, 7.5 mg) and
counted in a liquid scintillation counter. The specific activity
of [*H]gastrin was calculated by dividing the radioactivity
of [*H]gastrin by gastrin concentration and was expressed as
femtomoles of [*H Jtryptophan incorporated per picomole of
gastrin. Gastrin specific activity was compared to identically
prepared duplicate controls incubated with normal rabbit
serum in place of rabbit antiserum to gastrin. When the
double-antibody procedure was performed on column elution
fractions other than those containing immunoreactive gastrin,
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there was no difference in the gastrin antibody precipitated
radioactivity compared with radioactivity in control precipi-
tates.

Antral tissue protein specific activity was assessed by
measuring the incorporation of [*H]tryptophan into tissue
protein of culture antral explants obtained after extraction
of gastrin. Residual tissue sediments were homogenized
with a Teflon homogenizer in 1 ml of chilled 0.01 M potas-
sium phosphate buffer, pH 7.4. After the addition of equal
volumes of 20% trichloroacetic acid (TCA), the homogenized
sediments were kept at 4°C for 24 h and then centrifuged
at 1,000g for 30 min at 4°C. The pellets were washed
once with 10% TCA and twice with chloroform-methanol
(1:1 by volume) and then taken to dryness. The resultant
protein-containing material was dissolved in 2 ml of 1N
NaOH. Aliquots of this solution were taken for protein
measurement by the Lowry method (16) and for the deter-
mination of protein-specific activity by counting in a liquid
scintillation spectrometer. The method for determining in-
corporation of [*H]tryptophan into antral tissue protein
represents a modification of the technique described by
Kagnoff et al. (17). The specific activity of antral tissue
protein was expressed as femtomoles of [3*Hltryptophan
per micrograms of protein.

Gastrin secreted into the culture medium with time was
measured by radioimmunoassay while the specific activity
of gastrin in antral explants was assessed simultaneously
by the above described methods. Gastrin concentrations in
tissue culture media are expressed as nanograms of gastrin
per milligrams of explant tissue protein.

Experimental design. The direct and simultaneous
demonstration of gastrin synthesis and secretion by isolated,
cultured antral mucosal explants was studied under control

conditions with media containing [*H Jtryptophan. Changes in
antral explant gastrin and protein specific activity with
time were assessed using control media and media con-
taining cycloheximide (Calbiochem, San Diego, Calif.). To
assess the effect of the dibutyryl derivative of cyclic 3',5'-
AMP on gastrin secretion and synthesis, paired experiments
were performed under control media conditions and with
media containing dibutyryl cyclic AMP (DBCAMP, Sigma
Chemical Co., St. Louis, Mo.). Additional control experi-
ments were performed with 1 and 10 mM butyric acid
(Sigma Chemical Co.).

Histology. Representative antral explants were taken at
the specified incubation intervals from experiments per-
formed under the above culture conditions and were ex-
amined by light microscopy. Specimens were placed in 10%
neutral buffered formalin, dehydrated in increasing con-
centrations of ethyl alcohol, and then embedded in paraffin.
Properly oriented speciments were then sectioned and stained
with hematoxylin and eosin and examined microscopically.

Statistical analysis. Values are represented as the mean
+ SEM. Data were analyzed by the linear regression of
grouped data with analysis of variance (ANOVA). Linear
regression lines were obtained using least squares analysis of
group data. ANOVA was used to detect differences from
linearity, significance of regression and differences be-
tween lines. Statistical significance was assigned if P < 0.05.

RESULTS

Elution characteristics of gastrin and 3H-radio-
activity in antral gastrin extracts after gel chromatog-
raphy fractionation. The distribution and concentra-
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FIGURE 1 Representative elution volume characteristics of immunoreactive gastrin (A) and
tritium radioactivity (@) in gastrin extracts of cultured antral explants separated by Sephadex
G-50 superfine gel filtration. Elution volume is expressed as percent between the void
volume and salt peak. The hatched area represents eluted fraction pooled for immuno-

purification of gastrin.
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FIGURE 2 Incorporation of [*HJtryptophan into tissue protein in cultured antral mucosal
explants. The bars represent mean values for 4-12 experiments; the vertical lines indicate
+1 SEM. The solid line in this and subsequent figures represent a linear regression line.

tion of immunoreactive gastrin and *H-radioactivity in
antral explants cultured with media containing tritium-
labeled tryptophan were assessed by Sephadex G-50
superfine column chromatography. The major com-
ponent of immunoreactive gastrin eluted in a single
peak with an elution volume of approximately 55%,
with a small leading shoulder (Fig. 1). The majority
of tritium radioactivity eluted with the void volume,
with a lesser peak preceding the elution volume for
gastrin and a small peak in the region of the salt
peak (Fig. 1).

TABLE 1
Effects of Cycloheximide on [*H ITryptophan Incorporation
into Antral Tissue Protein and Gastrin

[*H]Tryptophan incorporation

Cyclo-
heximide into antral tissue protein into gastrin
pglml fmoliug % inhibiti fmollpmol % inhibiti
0 186.4+28.5 — 7.0+2.1 —
100 9.3+0.6 95.0 0.69+0.05 90.2
500 11.8+2.1 93.6 0.53+0.04 92.4
1,000 10.6+0.8 94.2 0.35+0.02 95.0

In each experiment three explants were incubated in-
dividually for 4 h at 37°C as described in Methods.
Cycloheximide was added at O time of incubation. Each
value represents the mean + 1 SEM.
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Incorporation of [*H ltryptophan into antral tissue
protein. The specific activity of tissue protein in
antral explants, cultured under control conditions with
media containing tritium-labeled tryptophan, in-
creased progressively with time (Fig. 2). Protein
specific activity increased from 33.6+8.4 fmol at 30 min
to 1,660+236 fmol [*H Jtryptophan/ug protein at 16 h.
During the 16-h incubation period the mean rate of
incorporation of [*H ]Jtryptophan into antral tissue pro-
tein was 102.6 fmol [3H Jtryptophan/ug per h. The ef-
fects of various concentrations of cycloheximide (from
100 to 1,000 wg/ml) on [*H]tryptophan incorporation
into explant protein were examined. The incorporation
of tritium radioactivity into protein was inhibited
by 95% when antral explants were cultured with cyclo-
heximide (100 wg/ml) for 4 h (Table I). The histologic
appearance of explants cultured for 4 h in the presence
of cycloheximide at 100-, 500-, and 1,000-pg/m! con-
centrations did not differ from explants cultured for a
similar duration in control media.

Gastrin synthesis. When rat antral explants were
cultured with medium containing [*H]tryptophan,
there was a progressive increase in the incorporation
of radioactivity into antral gastrin for periods up to 24 h
(Fig. 3). Gastrin specific activity increased progres-
sively from 3.3+0.5 fmol at 30 min to 55.2+10.6
fmol [3H Jtryptophan/pmol gastrin at 24 h. During the
24-h incubation period the mean rate of incorporation
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FIGURE 3 Incorporation of [*H Jtryptophan into gastrin in antral mucosal explants in organ
culture. The bars represent mean values for 4—12 experiments; the vertical lines indicate

+SEM.

of [*H Jtryptophan into gastrin was 2.6 fmol [*H Jtrypto-
phan/pmol gastrin (or 1,209 fmol [*H Jtryptophan/ug
gastrin) per h. To confirm that the progressive increase
in gastrin specific activity represents gastrin synthesis,
experiments were performed to inhibit peptide and
protein synthesis. Culturing of explants for 4 h in the
presence of cycloheximide (from 100 to 1,000 ug/ml)
resulted in greater than 90% inhibition of [*H Jtrypto-
phan incorporation into gastrin. (Table I).

The effect of DBCAMP on gastrin secretion and
synthesis by antral explants. To assess the effects
of the dibutyryl derivative of cyclic AMP on gastrin
secretion and synthesis by antral explants, paired ex-
periments were performed comparing results ob-
tained with explants cultured with control media with
those obtained with media containing 10 mM
DBCAMP. The concentration of gastrin in control
culture media increased gradually with time, how-
ever, gastrin secretion into the medium was signifi-
cantly stimulated by incubation in the presence of 10
mM DBCAMP when compared with control (P
< 0.005) (Fig. 4, Table II). Gastrin synthesis was meas-
ured simultaneously with measurements of gastrin
secretion in paired experiments performed with con-
trol media and with 10 mM DBCAMP. [*H ]Tryptophan
incorporation into gastrin was stimulated significantly
by 10 mM DBCAMP over the 24-h period of observa-
tion when compared with control (P < 0.005) (Fig. 5).
Dose-response experiments were conducted with

antral explants cultured for 16 h to examine the effects
of progressively increasing concentrations of DBCAMP
(from 2.5 to 40 mM) on gastrin secretion, gastrin
synthesis, and protein synthesis. Maximum stimulation
of gastrin secretion, gastrin synthesis, and total antral
tissue protein synthesis was achieved by incubation
with 10 mM DBCAMP (Fig. 6). Additional experi-
ments were performed with butyric acid to determine
possible stimulatory effects of this potential cleavage
product of DBCAMP metabolism on gastrin secretion
and synthesis. In the presence of 1 and 10 mM
butyric acid gastrin secretion and gastrin and protein
synthesis were not stimulated, but rather were reduced
when compared with control values from paired experi-
ments (Table III).

As an additional control for the specificity of gastrin
synthesis as demonstrated by immune precipitation,
experiments were performed in which tritium incor-
poration measurements were compared in the presence
and in the absence of greater than 100-fold excess non-
radiolabeled gastrin. In these experiments pooled
Sephadex G-50 column fractions containing immuno-
reactive gastrin were incubated, as previously de-
scribed, in the absence and in the presence of 2 ug of
human gastrin I (greater than 100-fold excess of gastrin).
Experiments were performed in duplicate upon the
pooled gastrin fractions obtained from explants cul-
tured both in control media and in media containing
10 mM DBCAMP for 0.5, 8, 16, and 24 h. The inclusion
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FIGURE 4 Media gastrin concentration under control media conditions and with media con-
taining 10 mM DBCAMP. Gastrin release into the culture media was significantly stimulated
by DBCAMP when compared to control (P < 0.005). The circles represent the mean values for
control (®) and DBCAMP (O) for 4-12 experiments; the vertical lines indicate +1 SEM. The
solid and broken lines represent linear regression lines.

of excess unlabeled gastrin completely abolished de- in the presence of DBCAMP. These results demon-
tectable incorporation of [*H Jtryptophan into immuno- strate that unlabeled gastrin displaces radioactivity
chemically purified gastrin. The inhibition of [*H]- ([*Hltryptophan) bound by the gastrin antiserum, thus
tryptophan into immunochemically purified gastrin indicating the specificity of the immune precipitation
was 101.5+8.1% with control media and 98.2+5.0% incorporation determinations.

TABLE II
Effect of DBCAMP, 10 mM, on Gastrin Release and Gastrin Concentration in Cultured Rat Antral Explants

No. of Total explant Gastrin release of
Time experiments Media gastrin Explant gastrin gastrin total explant gastrin
h ngimg protein ngimg protein ng/mg protein %o

05 C (4) 7.3+3.3 104.8+20.7 112.5+22.8 6.5+1.8
“ D (4) 16.9+5.8 194.1+27.7 211.0+28.7 8.1+2.2
8 C (7 40.4+6.1 104.6+29.1 144.9+35.1 32.7+4.7
D (4) 63.0+12.8 117.6+28.7 180.6+36.1 36.4+4.6
16 C (14) 46.9+9.0 73.9+18.0 120.8+25.1 42.8+5.1
’ D (8) 188.2+28.4 133.3+15.6 337.0+40.5 54.7+3.0
24 C (6) 89.0+19.0 109.2+24.1 198.2+59.4 52.8+6.6
D 8) 240.4+42.3 109.4+33.5 349.9+72.9 72.5+4.0

Results are given mean+SEM. Total antral gastrin is comprised of gastrin released from the antral explant (media gastrin)
and gastrin extracted from the explant during the experimental procedure (explant gastrin). Antral explants were cultured
in the presence of control media (C) or with media containing 10 mM DBCAMP (D). Each experiment was done with
four explants.
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FIGURE 5 Stimulation of gastrin synthesis by DBCAMP (10 mM) as reflected by increased
incorporation of [3H]tryptophan into gastrin in the presence of DBCAMP when compared
with control. Paired experiments were performed with control media and media containing
10 mM DCBAMP. The bars represent the mean of three to seven experiments performed
at each incubation interval; the vertical lines indicated +1 SEM.

The histological appearance of antral explants cul- elements of the surface epithelium appeared normal.
tured for 24 h with control media or media containing The columnar configuration and basally oriented nuclei
DBCAMP revealed well-preserved surface epithelium of the surface epithelium were maintained. The sur-
and pyloric glands. By light microscopy the cellular face epithelium and pyloric glands in a small propor-
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FIGURE 6 Dose response of DBCAMP on gastrin secretion, [*H Jtryptophan incorporation into

gastrin and tissue protein in antral explants incubated for 16 h. Each point is the mean
+SEM of three experiments.
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TABLE I1I
Effect of Butyric Acid, 1 and 10 mM, on Gastrin Release and [3H ITryptophan Incorporation into Gastrin
and Protein Specific Activity

[*H]Tryptophan incorporation

Media gastrin into gastrin into antral tissue protein
nglmg protein fmollpmol gastrin % inhibition fmollug protein % inhibition
Control 61.1+25.1 55.2+0.2 1,736+21.4
Butyric acid
1 mM 46.9+7.8 17.5x1.4 68.5 1,367+16.9 21.3
10 mM 39.6+2.9 18.7+0.9 66.1 706+47.4 59.3

Results are given as mean+SEM. In each experiment three antral explants were cultured individually for 18 h in the presence
of control media or with media containing either 1 or 10 mM butyric acid.

tion of explants did show scattered areas of focal
degeneration and necrosis at 24 h, which was rarely ob-
served in explants examined at earlier time points.

DISCUSSION

The application of in vitro organ and tissue culture
techniques to the study of peptide hormone secretion
and synthesis has permitted investigation of endocrine
cell function independent of in vivo variables, such as
blood flow and hormone-hormone or hormone-neural
transmitter interaction. The direct and simultaneous
demonstration of peptide hormone synthesis and secre-
tion utilizing in vitro techniques has previously been
described for insulin (18), glucagon (19), and para-
thyroid hormone (20). Gastrin secretion, but not syn-
thesis, by antral (21, 22) and gastrinoma tissue (23, 24)
has been studied by utilizing perifusion and organ
tissue culture techniques, respectively.

The results of the present studies demonstrate (a)
direct gastrin synthesis and simultaneous gastrin secre-
tion by isolated cultured antral mucosal explants; (b)
that both gastrin and protein specific activities pro-
gressively increase with time; (¢) cycloheximide al-
most completely abolishes gastrin and protein syn-
thesis; and (d) DBCAMP increases significantly both
synthesis and secretion of antral gastrin.

By examination of Sephadex G-50 elution frac-
tions containing the immunoreactive gastrin, it was
possible to assess gastrin specific activity ([*H]trypto-
phan, femtomoles per picomoles of gastrin) in cul-
tured explants by use of a double-antibody method
for immunochemical purification of gastrin. Under
control culture conditions with media containing
[3H Jtryptophan, the specific activity of antral explant
gastrin progressively increased over the 24-h period of
observation. The temporally related incorporation
of [3H]tryptophan into gastrin establishes directly
the synthesis of gastrin by cultured antral mucosa.
The present studies demonstrated that both antral
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gastrin synthesis and secretion were stimulated by
10 mM DBCAMP; this concentration of DBCAMP,
which was determined to be optimal under the condi-
tions of these experiments, was found by other investi-
gators to be effective in the stimulation of insulin
synthesis (11).

The present studies demonstrated directly synthesis
of both gastrin and total antral tissue protein by meas-
urements of progressive increases of incorporation ‘of
[*H]tryptophan into gastrin and antral protein with
time. However, the rate of [*Hltryptophan incorpora-
tion, expressed as femtomoles [*H]tryptophan per
micrograms peptide or protein per hour was much
greater for gastrin than for total antral tissue protein
(1,209 vs. 102.6 fmol [*H Jtryptophan/ug per h). Stimula-
tion of gastrin synthesis by 10 mM DBCAMP is
supported further by increases in total explant tissue
gastrin (gastrin contained in the culture medium and
residual gastrin in the antral mucosal explant) (Table
III) when compared with explants cultured in the
absence of DBCAMP.

Progressive increases in total antral tissue protein
specific activity confirmed the functional viability of
antral mucosa maintained in organ culture under the
conditions of these experiments. Additional direct
evidence that gastrin and protein are synthesized by
antral mucosa in organ culture was provided by studies
in which cycloheximide was included in the culture
media. Cycloheximide is an antibiotic which inhibits
peptide and protein synthesis at the translational level
of biosynthesis by interfering with the transfer of
amino acids from messenger RNA to ribosomes, thus
blocking the directed polymerization of amino acids
into nascent peptides and proteins (25). Gastrin and
protein synthesis were almost completely abolished
when explants were cultured in the presence of cyclo-
heximide in concentration ranges from 100 to 1,000
pg/ml. It is concluded that cycloheximide-related
inhibition of protein synthesis accounted for the ob-
served decreases in gastrin and protein specific activity.
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(The less likely possibility that cycloheximide may
exert effects on membrane transport which are inde-
pendent of its action as an inhibitor of protein syn-
thesis cannot be excluded by these experiments
[26, 27]). Histological examination of antrol explants
cultured under control conditions revealed that the sur-
face epithelium and pyloric glands were well pre-
served throughout the duration of culture except for
occasional areas of focal necrosis in some antral ex-
plants at 24 h.

Makhlouf et al. (21) and Hayes and Williams (22),
using in vitro techniques have demonstrated that antral
gastrin release is stimulated by exogenous cyclic AMP
or by endogenous cyclic AMP through the use of the
phosphodiesterase inhibitor, theophylline. Applica-
tion of the organ culture techniques described in the
present study permitted direct measurement of antral
gastrin synthesis and antral gastrin secretion under
control media conditions and with media containing
DBCAMP. Gastrin release into the culture medium
was stimulated significantly by DBCAMP. In addition,
DBCAMP significantly increased gastrin synthesis
when compared to control cultured antral explants in
paired experiments. From the results of these and pre-
vious studies (21, 22), it is possible to postulate that
antral gastrin release and synthesis may be mediated,
at least in part, by effects of the adenylate cyclase-
cyclic AMP system on the G cell. Precise elucida-
tion of the mechanism(s) of participation of adenylate
cyclase and the cyclic nucleotides in G-cell functions
will require further study.

Studies of protein biosynthetic mechanisms have
shown that peptide synthesis proceeds from N-terminal
to C-terminal amino acids. It has been suggested that
gastrin is synthesized as the 34-amino acid big gastrin
form (G-34), or as an even larger molecule, and then
is converted enzymatically into the heptadecapeptide
and other smaller gastrin fragments (28). Gastrin
resembles several other hormones that are synthesized
as larger peptides and may be converted by the action
of enzymes with trypsin-like specificity to smaller,
more active forms. The trypsin-sensitive region of
gastrin is composed of the two consecutive basic
amino acids (lysine-lysine) at the 16 and 17 position
of human big gastrin (G-34). In insulin (29), glucagon
(30), and parathyroid hormone (31), the trypsin-
sensitive points of cleavage for conversion of large to
smaller forms of the hormones are also each composed
of two consecutive basic amino acids. There is no evi-
dence for conversion of G-34 to G-17 in the circula-
tion (32). Although not proven, conversion of G-34 to
G-17 may take place in the antral gastrin cell (G cell),
since most of the stored hormone is in the G-17 form.
The present studies do not provide evidence relating
to the possible precursor relationship of big gastrin
(G-34) to heptadecapeptide gastrin (G-17).

ACKNOWLEDGMENTS

This work was supported in part by Research grants AM
13711 and CA 15332; Research Training grant AM 05664 from
the National Institutes of Health; and Research grant DT-17
from the American Cancer Society.

REFERENCES

1. Gregory, R. A., and H. J. Tracy. 1964. The constitution
and properties of two gastrins extracted from hog antral
mucosa. Part I. The isolation of two gastrins from hog
antral mucosa. Gut. 5: 103-117.

2. Gregory, H., P. M. Hardy, D. S. Jones, G. W. Kenner,
and R. C. Sheppard. 1964. Structure of gastrin. Nature
(Lond). 204: 931-933.

3. Anderson, J. C., M. A. Barton, R. A. Gregory, P. M.
Hardy, G. W. Kenner, J. K. MacLeod, J. Preston, and R. C.
Sheppard. 1964. Synthesis of gastrin. Nature (Lond.). 204:
933-934.

4. McGuigan, J. E. 1968. Gastric mucosal intracellular locali-
zation of gastrin by immunofluorescence. Gastro-
enterology. 55: 315-327.

5. McGuigan, J. E. 1967. Antibodies to the carboxyl-
terminal tetrapeptide of gastrin. Gastroenterology. 53:
697-705.

6. Yalow, R. S., and S. A. Berson. 1970. Radioimmunoassay
of gastrin. Gastroenterology. 58: 1-14.

7. Stadil, F., J. F. Rehfeld. 1971. Radioimmunoassay of
gastrin in human serum. Scand. J. Gastroenterol. Suppl.
9: 61-65.

8. Steiner, D. F., D. D. Cunningham, L. Spigelman, and B.
Aten. 1967. Insulin biosynthesis: evidence for a pre-
cursor. Science (Wash. D.C.). 157: 697-700.

9. Steiner, D. F., and P. E. Oyer. 1967. The biosynthesis
of insulin and a probable precursor of insulin by a
human islet cell adenoma. Proc. Natl. Acad. Sci. U. S. A.
57: 473—480.

10. Kuo, W-N,, D. S. Hodgins, and J. F. Kuo. 1973. Adenylate
cyclase in islets of Langerhans. Isolation of islets and
regulation of adenylate cyclase activity by various hor-
mones and agents. J. Biol. Chem. 248: 2705-2711.

11. Duran Garcia S., C. Jarrouse, and G. Rosselin. 1976.
Biosynthesis of proinsulin and insulin in newborn rat
pancreas. Interaction of glucose, cyclic AMP, somato-
statin, and sulfonylureas on the [*H]leucine incorporation
into immunoreactive insulin. J. Clin. Invest. 57: 230-
243.

12. Sutton, D. R., and R. M. Donaldson, Jr. 1975. Synthesis
and secretion of protein and pepsinogen by rabbit gastric
mucosa in organ culture. Gastroenterology. 69: 166—174.

13. Browning, T. H., and J. S. Trier. 1969. Organ culture
of mucosal biopsies of human small intestine. J. Clin.
Invest. 48: 1423-1432.

14. MacDermott, R. P., R. M. Donaldson, Jr., and J. S. Trier.
1974. Glycoprotein synthesis and secretion by mucosal
biopsies of rabbit colon and human rectum. J. Clin.
Invest. 34: 545-554.

15. McGuigan, J. E., and W. L. Trudeau. 1970. Studies with
antibodies to gastrin. Radioimmunoassay in human
serum and physiological studies. Gastroenterology. 58:
139-150.

16. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193: 265-275.

17. Kagnoff, M. F., R. M. Donaldson, Jr., and J. S. Trier.
1972. Organ culture of rabbit small intestine: prolonged
in vitro steady state protein synthesis and secretion and
secretory IgA secretion. Gastroenterology. 63: 541-551.

Stimulation of Gastrin Secretion and Synthesis in Antral Organ Culture 59



18.

19.

20.

21.

22,

23.

60

Steiner, D. F., W. Kemmler, J. L. Clark, P. E. Oyer,
and A. H. Rubenstein. 1972. The biosynthesis of insulin.
Handb. Physiol. 1 (Sect. 7): 175-198.

Hellerstrom, C., S. L. Howell, J. C. Edwards, and H.
Anderson. 1972. An investigation of glucagon biosyn-
thesis in isolated pancreatic islets of guinea pigs. FEBS
(Fed. Eur. Biochem. Soc.) Lett. 27: 97-101.

Chuy, L. L. H., R. R. MacGregor, P. 1. Liu, J. W. Hamilton,
and D. N. Cohn. 1973. Biosynthesis of proparathyroid
hormone and parathyroid hormone of human parathyroid
glands. J. Clin. Invest. 52: 3089-3094.

Makhlouf, G. M., M. Schebalin, and A. M. Zfass. 1975.
Mediation of antral and duodenal gastrin release by
cyclic adenosine 3:5'-monophosphate (AMP). Gastro-
enterology. 68: 940. (Abstr.)

Hayes, J. R., and R. H. Williams. 1975. The effect on
gastrin secretion of agents which increase the intra-
cellular concentration of 3, 5’-adenosine monophos-
phate. Endocrinology. 97: 1210-1214.

Lichtenberger, L. M., J. Lechago, G. J. Dockray, and E.
Passaro, Jr. 1975. Culture of Zollinger-Ellison tumor cells.
Gastroenterology. 68: 1119-1126.

. Track, N. S., C. Creutzfeldt, U. Junge, and W. Creutzfeldt.

1975. Gastrin turnover in gastrinoma tissue: in vitro in-
cubation, subcellular fraction and monolayer culture
studies. In Gastrointestinal Hormones. J. C. Thompson,
editor. University of Texas Press, Austin. 403-424.

25.

27.

29,

31.

32.

Ennis, H. L., and M. Lubin. 1964. Cycloheximide:
aspects of inhibition of protein synthesis in mammalian
cells. Science (Wash. D. C.). 146: 1474-1476.

. Frizzell, R. A., H. N. Nellans, L. S. Acheson, and S. G.

Schultz. 1973. Effects of cycloheximide on influx across
the brush border of rabbit small intestine. Biochem.
Biophys. Acta. 291: 302-307.

Kimberg, D. V., M. Field, E. Gershon, R. T. Schooley,
and A. Henderson. 1973. Effects of cycloheximide on the
response of intestinal mucosa to cholera enterotoxin. J.
Clin. Invest. 52: 1376-1383.

. Walsh, J. H., and M. I. Grossman. 1975. Gastrin. N. Engl.

J. Med. 292: 1324-1335.

Tager, H. S., and D. F. Steiner. 1972. Primary structures
of the proinsulin connecting peptides of the rat and the
horse. J. Biol. Chem. 247: T936-7940.

. Tager, H. S., and D. F. Steiner. 1973. Isolation of a gluca-

gon-containing peptide: primary structure of a possible
fragment of proglucagon. Proc. Natl. Acad. Sci. U. S. A.
70: 2321-2325.

Huang, D. W. Y, L. L. H. Chu, Cohn, D. V., and J. W.
Hamilton. 1974. N-terminal amino acid sequence of
human proparathyroid hormone (hProPTH). Fed. Proc.
33: 1512. (Abstr.)

Walsh, J. H,, J. L. Isenberg, J. Ansfield, and V. Maxwell.
1976. Clearance and acid-stimulating action of human
big and little gastrins in duodenal ulcer subjects. J. Clin.
Invest. 57: 1125-1131.

R. F. Harty, J. C. van der Vijver, and J. E. McGuigan



