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Abstract-The B-adrenergic receptors (/3-ARs) coupled to pepsinogen secretion on frog esophageal 
peptic cells have been compared to frog erythrocyte B-ARs using the radioligand ‘251-iodopindolol (‘W 
PIN). ‘251-PIN binding to intact peptic cells was time and temperature dependent. Saturation and 
competition experiments established that a large component of this binding represented radioligand 
uptake, which was energy dependent, pH sensitive, Na + independent, and inhibited by agents that 
depress cellular ATP or disrupt proton gradients. This uptake system, which was absent from frog 
erythrocytes, appeared similar to that recently described for a number of mammalian cells. “‘I-PIN 
bound to a single class of sites on peptic cell homogenates with a KD = 64 (*5) pM. Binding to cell 
homogenates and a proportion of the binding to intact cells was inhibited by Bagonists and antagonists 
with pharmacological characteristics similar to typical /3,-ARs of frog erythrocytes. The number of /3- 
ARs in these peptic cell preparations was 1300 (2 240) sites/cell. Isolated peptic cells were poorly 
responsive to isoproterenol stimulation even in the presence of the phosphodiesterase inhibitor IBMX 
(3-isobutyl-1-methylxanthine). Pretreatment of cells with the phorbol ester TPA (12-O-tetra- 
decanoylphorbol-13-acetate) (100 nM) promoted isoproterenol stimulation of pepsinogen secretion. 
Catecholamine agonists stimulated pepsinogen secretion with an order of potency: isoproterenol > 
epinephrine %- norepinephrine, which was identical to that determined for inhibition of ‘=I-PIN binding. 
These findings indicate that frog peptic cells contain /3,-ARs functionally coupled to pepsinogen secretion. 

Catecholamines activate target cell metabolism fol- 
lowing binding to specific receptors. PAdrenergic 
receptors (P-ARs) represent a class of receptors 
which are coupled through guanine nucleotide regu- 
latory proteins (G,) to activation of adenylate 
cyclase, the product of which is the intracellular 
messenger cyclic AMP (CAMP). Production of this 
messenger, with activation of protein kinase A, is 
thought to be the major activation pathway for fi- 
ARs. 

We have been studying pepsinogen secretion and, 
although control of peptic cell activity by the chol- 
inergic nervous system is well established, the con- 
tribution of the sympathetic nervous system is 
somewhat controversial. Thus, catecholamines have 
been shown to have stimulatory [I] and inhibitory 
effects upon histamine- or pentagastrin-stimulated 
pepsinogen secretion in uiuo [2]. However, studies of 
pepsinogen secretion using intact mammalian gastric 
tissue or dispersed peptic glands are complicated by 
the presence of closely associated heterogeneous cell 
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types including parietal, endocrine and mast cells. 
Effects of catecholamines on these cells may modu- 
late histamine release from mast cells [3] or .somato- 
statin release from somatostatin (D) cells. Inhibition 
of canine gastric acid and pepsin release by iso- 
proterenol has been thought to be mediated by the 
latter mechanism [4]. 

The presence of PARS on peptic cells has been 
suggested, however, by studies showing isopro- 
terenol-stimulated pepsinogen secretion in rabbit 
gastric glands [S-7] and intact frog esophageal 
mucosa [8]. Pepsinogen secretion can be stimulated 
in cultured canine chief cells by high concentrations 
of epinephrine [9]. Moreover, agents that increase 
the cellular concentration of CAMP (CAMP 
analogues, cholera toxin, CAMP phosphodiesterase 
inhibitors! forskolin) also stimulate pepsinogen 
secretion m preparations of gastric glands and peptic 
cells [N-13]. These findings indicate a functioning 
CAMP messenger system in peptic cells, and we were 
interested in establishing directly whether PARS 
were present on isolated peptic cells and whether 
they were coupled to pepsinogen secretion. 

The esophagus of the American bullfrog Rana 
catesbeiana contains mucosal peptic glands which do 
not contain acid secreting cells. We have used iso- 
lated peptic cells from this organ, and studied /3- 
adrenergic receptor binding sites on intact cells and 
membrane preparations using the radioligand 1251- 
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iodopindolol (“‘I-PIN). Binding site characteristics 
have been compared to the well characterized PARS 
on frog erythrocytes [ 141, and related to stimulation 
of pepsinogen secretion by adrenergic agonists. 

MATERIALS AND METHODS 

Drugs 

12SI-Iodopindolol (2200 Ci/mmol) was purchased 
from New England Nuclear, Boston, MA. Imi- 
pramine HCl, (*)-pindolol, (+)-timolol maleate, 5- 
hydroxytryptamine HCl, reserpine, monensin, (+)- 
and (-)-isoproterenol bitartrate, (-)-epinephrine 
bitartrate, (-)-norepinephrine bitartrate, sodium 
azide, EDTA and bovine serum albumin (BSA) were 
purchased from the Sigma Chemical Co., St. Louis, 
MO. The following drugs were gifts of the indicated 
pharmaceutical companies: (-)- and (+)-propran- 
0101 HCl, Ayerst Laboratories, New York, NY; (?)- 
alprenolol HCl, Hassle, Sweden; and desmethyl- 
imipramine, Smith Kline & French, Philadelphia, 
PA. 

Preparation of frog peptic cells and erythrocytes 

Peptic cells were isolated as described previously 
[12] and used after a 3- to 4-hr equilibration period. 
Frog blood was collected into heparinized tubes and 
washed three times in amphibian Ringer. The buffy 
coat was removed, and the washed erythrocytes were 
suspended in oxygenated amphibian Ringer at 
106cells/ml and used immediately for binding 
studies. 

Preparation of peptic cell membranes 

Peptic cells were homogenized in 10ml buffer 
A (50 mM Tris-HCl, pH 7.6, 10 mM MgC12, 1 mM 
EDTA) using a Polytron (Brinkmann) homogenizer 
(3 X 5 set bursts) and centrifuged at 40,000 g for 20 
min at 4”. The pellet was washed twice in 20 ml 
of this buffer, and the washed membranes were 
resuspended in buffer at approximately 35Opg 
protein/ml and used immediately for binding studies. 

‘251-PIN binding 

Intact cells. 1251-PIN (50-75 PM) was incubated for 
2 hr at 25” with 3-5 X lo5 erythrocytes or l-3 x lo5 
peptic cells under an atmosphere of 95% 02/5% 
CO1 in a total volume of 0.5 ml of amphibian Ringer. 
The reaction was terminated by filtration through 
Whatman GF/C filters, and the filters were washed 
three times with 5 ml of cold isotonic phosphate- 
buffered saline, pH 7.4. Radioactivity associated 
with the filters was determined with an Isoflex y 
counter (Micromedic Systems Inc., Horsham, PA). 

Membranes. Membranes (lo&200 pg protein) 
were incubated with lz51-PIN (50-75 PM) for 2 hr at 
25” in buffer A. Bound and free radioligand were 
separated by vacuum filtration using a cell harvester 
(Scatron Inc., Sterling, VA). Expriments conducted 
in amphibian Ringer or buffer A gave similar results 
(data not shown). 

Conditions were chosen such that (10% of radio- 
ligand was bound at equilibrium. “Specific” binding 
to PARS of intact peptic cells was defined as the 
binding displaceable by 0.1 PM timolol. Specific 
binding to PARS of other preparations was cal- 

culated as described in the text. Inhibition constants 
were calculated for drugs using the equation of 
Cheng and Prusoff [15]. 

Pepsinogen secretion 

Secretion of pepsinogen from isolated peptic cells 
was determined using 3 x lo5 cells/tube as previously 
described [12]. Incubation proceeded for 30 min at 
25” in 1 ml total volume of amphibian Ringer and 
secretagogues. Ascorbic acid (0.1 mM) was included 
to prevent oxidation of catecholamines. Some cells 
were pretreated with 12-0-tetradecanoylphorbol-13- 
acetate (TPA), lo-’ M, for 10 min and then washed 
three times before incubation. After incubation, the 
cells were centrifuged for 10 set at 13,000 g, and 
aliquots of supernatant fluid (30 ~1) were assayed for 
pepsinogen using a modified assay based on the 
acid hemoglobin substrate method [16]. This highly 
sensitive assay allowed significant dilution of super- 
natant fluid such that there was no interference by 
added drugs in the subsequent spectrophotometric 
assay of peptic products. Such problems commonly 
arise with isoproterenol which absorbs strongly at 
280 nm and reacts with Folin-Ciocalteau reagent to 
produce interfering products. Pepsinogen secretion 
was expressed as percentage of total cellular 
pepsinogen. 

RESULTS 

1251-PIN binding to frog erythrocytes and peptic cells 

Figures 1 and 2 show the characteristics of l”I- 
PIN binding to intact frog erythrocytes and peptic 
cells. Binding to erythrocytes displayed saturability, 
and Scatchard analysis of the specific binding data 
(defined using 1 PM alprenolol) yielded a Ko = 32 
(5 3) pM, N = 3, with binding site maxima = 6.6 
(* 0.37) fmol/106 cells equivalent to 4000 (* 220) 
sites/cell (Fig. 1). By contrast, ‘2SI-PIN binding to 
peptic cells approached linearity over a similar radio- 
li and concentration range. Scatchard analysis of 
12$I-PIN binding which was displaceable by 0.1 ,uM 
timolol indicated a single high affinity site (KD = 60 
(* 5) PM, B,,, = 1300 (2 240) sites/cell, N = 5). By 
contrast, Scatchard analysis of binding displaceable 
by 1 yM alprenolol revealed the presence of a large- 
capacity low-affinity site (Ko > 2 nM). Binding of 
I-PIN to this “site” was further inhibited by 1 mM 
alprenolol. 

Fi ure 2 shows the pharmacological characteristics 
of l2 B I-PIN binding to erythrocytes and intact peptic 
cells using 40 pM 1251-PIN. Erythrocytes showed the 
classical characteristics of Padrenergic receptors 
with the antagonist timolol exhibiting high affinity 
(Ki = 0.5 nM). (-)-Propranolol was approximately 
lOO-fold more potent than (+)-propranolol. The 
agonist (-)-isoproterenol had a K, value of 1 PM 
[14]. By contrast, displacement curves of *251-PIN 
binding to peptic cells were markedly biphasic with 
overall lcsO values which were not consistent with p- 
AR binding sites. ““I-PIN binding to a proportion 
(17%) of sites was similar to that found for binding 
to erythrocytes, which indicated the existence of p- 
ARs on peptic cells. The major proportion of izsI- 
PIN binding, however, was characterized by non- 
stereoselectivity for the isomers of propranolol and 
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Fig. 1. Saturation isotherms of i2%PIN binding to frog erythrocytes and peptic cells. (A) Binding of 
i2sI-PIN to erythrocytes in the absence (A) and presence (0) of 1 PM alprenolol was assessed as 
described in Materials and Methods. The inset shows a Scatchard plot of the specific binding data, and 
the calculated KD and B,, values were 40pM and 4600 sites/cell. Identical data was obtained with 
0.1 PM timolol to define specific binding. (B) Binding to intact peptic cells in the absence (A) and 
presence of the indicated concentrations of /l-AR antagonists. The inset shows Scatchard plots of the 
specific binding defined with 0.1 PM timolol (0) or 1 PM alprenolol (A). The calculated KD and B,, 
values of iZ51-PIN for the high-affinity sites were 65 pM and 2100 sites/cell. Results are representative 

of experiments performed three times. 

markedly diminished affinity for timolol and 
isoproterenol. 

Washing labeled cells three times with 5 ml hypo- 
tonic 5 mM phosphate (pH 7.4) buffer resulted in a 
53% decrease in the radioactivity associated with 
peptic cells (data not shown). These data suggested 
that the low-affinity “site” represented uptake of 
radioligand into the peptic cells. To examine the 
characteristics of the PARS, binding experiments 
were conducted with peptic cell homogenates. 1251- 
PIN binding to these preparations did not show the 
presence of the low-affinity site, and Scatchard analy- 
sis of specific binding data was linear with a KD value 
for lz51-PIN = 64 (? 5) pM, and a B,, value of 2.5 
(2 0.6) fmol/mg protein, N = 6. Figure 3 shows inhi- 
bition curves of the catecholamines isoproterenol, 
e inephrine and norepinephrine in competition with 
1 4 51-PIN binding to frog peptic cell membranes. The 
relative potencies of these agonists were identical 

to those observed for frog erythrocyte membranes 
[14,17] and were indicative of a /12-AR classification. 
Inhibition constants calculated for isoproterenol, 
epinephrine and norepinephrine were 0.38 (? 0.14), 
1.1 (* 0.08), and 24.4 (t 9) ,uM (N =3-5) 
respectively. Hill slope factors of isoproterenol and 
epinephrine competition curves were 0.57 and 0.58, 
respectively, whereas the norepinephrine curve 
exhibited a slope factor of 0.8. Similar findings have 
been made with frog erythrocyte membranes (data 
not shown) which may relate to a reduced ability of 
norepinephrine to induce the GTP-sensitive high- 
affinity ternary complex in these systems [18]. 

Characteristics of 125i-PIN uptake in peptic cells 

We were interested in further defining the charac- 
teristics of 1251-PIN uptake by peptic cells. Binding 
experiments were therefore conducted in the pres- 
ence of 0.1 PM timolol to occupy peptic cell BARS. 
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Fig. 2. Pharmacological characteristics of ‘%PIN binding to erythrocytes (A) and peptic cells (B). 
Binding of ‘251-PIN (40 PM) to cells was determined in the presence of increasing concentrations of the 
indicated competing agents. Binding data were calculated as percent maximal binding and plotted 
against log drug concentration. Results show representative curves of experiments peformed three to 

five times. 

Figure 4 compares the time and temperature depen- 
dence of lzI-PIN uptake into 

significant temperature dependence with little 

PIN binding to erythrocytes. f 
eptic cells with 12’1- 

’ ‘I-PIN binding to /3- 
uptake observed at 4”. Maximum uptake at 25” was 
achieved after 20 min and maintained for a further 

ARs on erythrocytes was clearly temperature depen- 40 min. lz51-PIN uptake at 37” was more rapid reach- 
dent, reaching steady state at 25” and 37” after 2 and ing a significantly higher maximum after 5 min, fol- 
1 hr, respectively, and was depressed markedly at 4”. 
Uptake of 1251-PIN into peptic cells also showed 

lowed by radioligand efflux over the next 50 min. 
The pH dependence of ‘251-PIN binding to PARS 

9 6 7 6 5 4 3 

-log[Agonist], M 

Fig. 3. Inhibition of lz51-PIN binding to peptic cell homogenates by adrenergic agonists. Membranes 
were incubated with “‘I-PIN (60-70pM) in the presence of increasing concentrations of (-)-isopro- 
terenol, (-)-epinephrine, or (-)-norepinephrine. Specific binding was measured and is plotted against 
log agonist concentration. Results show the mean (T SEM) of experiments conducted three to five 

times. 



Beta-adrenergic receptors and pepsinogen secretion 

A 

2.0 

_ 1.0 
P 
t 

5 

i 
; 
z 30 Tirc(rnin) Do 120 

L4 0 m 
P 

10 20 30 40 50 60 

Time(min) 

Fig. 4. Time and temperature dependence of ‘rSI-PIN bind- 
ing to frog erythrocytes (A) and ‘ZSI-PIN uptake by peptic 
cells (B). (A) Frog erythrocytes were incubated with “‘I- 
PIN (40 PM) for the indicated times at 4” (A), 25” (0) or 
37” (0). Binding in the absence and presence of 0.1 PM 
timolol was measured and specific @AR binding is plotted 
against time. (B) Peptic cells were incubated with 1251-PIN 
(40pM) at 4” (V), 25” (A) and 37” (n), in the presence of 
timolol (0.1 PM) to block ‘251-PIN binding to BARS. At 
the indicated times, ‘251-PIN associated with peptic cells 
was determined following filtration and washing. Results 
show the mean (* SEM) of experiments conducted three 

times. 

on frog erythrocytes and uptake into peptic cells are 
shown in Fig. 5. Binding to PARS was increased 
slightly between pH7 and 8.5 (by 130%) with no 
significant difference seen between pH 7.25 and 7.75. 
By contrast, lz51-PIN uptake was markedly depen- 
dent on pH, increasing 700% between pH 7 and 8.5. 

Replacement of medium sodium ions by choline 
did not affect 1251-PIN uptake, suggesting that the 
uptake was independent of external Na+ (data not 
shown). 

The abilities of drugs to inhibit 1251-PIN uptake 
into peptic cells have been compared with their abili- 
ties to inhibit binding to PARS on frog erythrocytes 
(Table 1). Uptake was inhibited by the Padrenergic 
antagonists alprenolol, pindolol and propranolol 
with 1~s~ values in the range of 4-25 PM, with the 
hydrophilic antagonist timolol having diminished 
activity (~cse = 100 PM). The marked difference 
between the ability of timolol to occupy BARS and 
to inhibit uptake made the agent the most suitable for 
discriminating between receptor binding and uptake. 

12SI-PIN uptake showed no evidence of stereo- 
selectivity since the optical isomers of propranolol 
and isoproterenol were equally effective inhibitors. 
A lack of stereoselectivity was also seen with (L) and 
(D) amino acids (data not shown). Catecholamines 
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Fig. 5. The pH dependence of lZ51-PIN binding to frog 
erythrocytes (A) and ‘2SI-PIN uptake into peptic cells (B). 
Erythrocytes were incubated with ‘251-PIN (60 PM) for 2 hr 
at 25” in amphibian Ringer buffered with 16 mM N-2- 
hydroxyethylpiperazine-N’-2-ethansulfonic acid (HEPES), 
under an atmosphere of 100% 02. Specific binding to /I- 
ARs was calculated as described in Materials and Methods 
and is plotted against the medium pH. (B) Peptic cells were 
incubated with ‘zI-PIN at the indicated pH values for 
45 min at 25” in the presence of 0.1 PM timolol. ‘251-PIN 
associated with cells was determined as described in the 
legend of Fig. 4. Results show the mean (2 SEM) of 

experiments performed three times. 

were poor inhibitors of 1251-PIN uptake, and no 
difference was seen between the agonists tested. By 
contrast, the established b2-AR receptor classifi- 
cation for frog erythrocytes was confirmed by the 
use of these agonists [14]. Carbachol, serotonin and 
histamine were found to be inactive at the ‘251-PIN 
uptake site, with only the cholinergic agonist oxotre- 
morine showing weak activity. 

Reserpine, imipramine and DMI, agents which 
exert potent effects at amine transport systems, were 
effective inhibitors of lzI-PIN uptake into peptic 
cells, with Et&, values similar to that of the /l-adre- 
nergic antagonist propranolol. Monensin, a Na/H+ 
ionophore which dissipates proton gradients, was the 
most potent inhibitor of lz51-PIN uptake having an 
lcsO of 1.4 PM. The metabolic inhibitor sodium azide 
was also able to inhibit uptake at reduced molar 
concentrations. These agents which interact with 
amine carriers or deplete cellular ATP were gen- 
erally inactive at BARS of frog erythrocytes. 

To determine whether ‘251-PIN uptake by peptic 
cells was a saturable process, lZ51-PIN was diluted 
with (-)-pindolol and uptake into peptic cells was 
measured. Under these conditions ‘251-PIN uptake 
was saturable (data not shown), and we estimate an 
“apparent” K,,, value for I-PIN uptake of 16 PM. 

BAR coupled pepsinogen secretion 

Having established the presence of /3-ARs on frog 
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Table 1. Comparison of I(,,, values of drugs for inhibition of “‘I-PIN uptake into peptic 
cells and their inhibition constants for BARS on frog erythrocytes 

Drug 

B-AR Antagonists 
(?)-Alprenolol 
(?)-Pindolol 
(?)-Timolol 
(-)-Propranolol 
(+)-Propranolol 

P-Agonists 
(-)-Isoproterenol 
(+)-Isoproterenol 
(-)-Epinephrine 
(-)-Norepinephrine 

Other drugs 
Monensin 
Reserpine 
Imipramine 
Desmethylimipramine (DMI) 
Serotonin 
Oxotremorine 
Sodium azide 

ICY,, for uptake (M) 

7.3 (t 2.4) x lO_’ 
2.5 (” 0.6) x lO_’ 
I.0 (-t 0.2) x 1OmJ 
3.9 (” 1.6) x 10-h 
4.2 (2 1.7) x 10mh 

2.4 (’ 0.6) x 10m3 
1.7 (? 0.5) x loml 

3 (? 0.6) x 10ml 
3 (’ 0.4) x 10-3 

1.4 (’ 0.5) x lomh 
4.3 (+ 1.5) x 10-h 
3.9 (’ 1.9) x 10-h 
3.5 (’ 2.2) x 10-O 

>lO_Y 
2.3 (’ 0.6) x lo-’ 
5.2 (’ 4.0) x 10-3 

K, for p-ARs (M) 

8 (” 1.5) x 10 I” 
5 (’ 0.8) x 10 I” 
5 (2 1.6) x IO_” 
7 (2 0.7) x 1OV” 

5.3 (? 1.1) x lW+ 

9 (2 2.1) x lo-’ 
3.8 (’ 1.2) x lo-’ 
3.8 (+ 0.9) x lo-’ 
4.5 (’ 1.1) x 10-j 

>lomc 
> lo-” 

1.1 (2 0.4) x 10-S 
NT 

2.1 (’ 0.3) x 10-S 
NT 
>lO_’ 

Inhibition by drugs of ‘251-PIN uptake into peptic cells was determined and lcSO values 
were calculated. ‘251-PIN was used at X-60 pM, and P-AR binding sites were occupied by 
0.1 PM timolol. K, values of drugs for inhibition of “‘I-PIN binding to P-ARs on frog 
erythrocytes were calculated from competition curves using the equation of Cheng and 
Prusoff 1151. Results are the means (+ SEM) of experiments performed three to five times. 
NT = nbt fested. 

esophageal peptic cells by direct binding studies, we 
were interested in determining whether they were 
functionally coupled to pepsinogen secretion. We 
were disappointed to observe, however, that peptic 
cells were somewhat unresponsive to isoproterenol 
activation. Thus, maximum secretory responses to 
isoproterenol were generally 0.5 to 1.5% of total 
pepsinogen/30 min (see Fig. 6) which represented 
approximately 20% of maximal secretion elicited by 
cholinergic agonists. This reponse was unchanged in 
the presence of the CAMP phosphodiesterase inhibi- 
tor IBMX, although basal secretion was enhanced 
by this agent (data not shown). One possibility for 
the poor isoproterenol response was the release of 
somatostatin from D cells in the cell preparation. 
Experiments were therefore conducted in the pres- 
ence of somatostatin antibody (courtesy of Dr. T. 
Yamada, Ann Arbor, MI). Isoproterenol-stimulated 
pepsinogen secretion was similar in the absence and 
presence of this antibody (data not shown). These 
data suggested that somatostatin release did not con- 
tribute to the poor isoproterenol stimulation. 

Isoproterenol responsiveness could be enhanced, 
however, by preincubation of peptic cells with the 
protein kinase C activator TPA. Figure 6 shows the 
dose-response curve for isoproterenol-stimulated 
pepsinogen secretion in TPA (0.1 PM) pretreated 
cells. Maximum isoproterenol-stimulated secretion 
was 3.4% of total pepsinogen/30 min, which repre- 
sented a 200% increase in secretion compared with 
control cells. TPA pretreatment had no significant 
effect on the ECSO for pepsinogen secretion stimulated 
by isoproterenol, epinephrine or norepinephrine, 
nor on the K, values of agonists for PARS of peptic 
cell membranes. The inactive protein kinase C acti- 

vator 4-a phorbol was unable to augment iso- 
proterenol-stimulated pepsinogen secretion. The @- 
AR antagonist timolol (10 PM) totally inhibited iso- 
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Fig. 6. Effect of TPA preincubation upon isoproterenol- 
stimulated pepsinogen secretion of frog peptic cells. Peptic 
cells were preincubated with (0) or without (0) lO_‘M 
TPA for 10 min at 25” and washed three times in amphibian 
Ringer containing 0.2% BSA. Treated and non-treated 
cells were stimulated with increasing concentrations of iso- 
proterenol for 30 min at 25”, and pepsinogen secretion was 
assessed as described in Materials and Methods. 
A Pepsinogen (increase above unstimulated control) is 
plotted against log isoproterenol concentration. Results 
show the mean (+ SEM) of experiments performed five to 

eight times. 
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Fig. 7. Dose-response curves of catecholamine-stimulated pepsinogen secretion from frog peptic cells. 
Peotic cells were oretreated with TFA as described in the legend of Fig. 6. The washed cells were 
exbosed to increasmg concentrations of the indicated catecholamines, andthe pepsinogen secreted for 
30 min at 25” was measured. Secretion expressed as percent isoproterenol maximal is plotted against 
log agonist concentration. Results show the mean (2 SEM) of experiments performed five to eight 

times. 

proterenol-stimulated pepsinogen secretion (data 
not shown). 

Figure 7 shows the dose-response curves of cat- 
echolamine-stimulated pepsinogen secretion in 
TPA-pretreated cells. Isoproterenol and epinephrine 
were potent secretagogues with ECsO values of 0.1 
and 0.22 PM respectively. Norepinephrine was some 
lOOO-fold weaker (ECSO = 100yM) although it did 
appear to be a full agonist, evoking a maximal 
secretion equivalent to that of isoproterenol. The 
order of potencies of catecholamines for stimulating 
secretion was similar to that for inhibition of l*?- 
PIN binding to peptic cell P-ARs. These data indi- 
cated that /3*-ARs were functionally coupled to pep- 
sinogen secretion. 

DISCUSSION 

This study has sought to examine directly the 
presence of /3-ARs coupled to pepsinogen secretion 
on frog esophageal peptic cells. We have used the 
established radioligand 1251-iodopindolol to char- 
acterize the #I-AR binding sites on intact cells and 
membrane preparations. However, binding of lz51- 
PIN to intact cells was complicated by significant 
radioligand uptake into peptic cells. Thus, although 
a small proportion of binding sites showed charac- 
teristics of BARS, i.e. they exhibited high affinity 
for timolol, stereoselectivity, and appropriate affinity 
for isoproterenol, a larger proportion did not dem- 
onstrate these characteristics. Since washing cells in 
hypotonic buffer resulted in cell lysis and decreased 
“binding”, it became clear that the non-PAR sites 
represented radioligand uptake into peptic cells. 
Temperature reduction has normally been used to 
inhibit uptake processes and allow cell surface sites 
to be determined. However, in view of the slow rates 
of association of lZI-PIN with BARS, this approach 
was not possible. To overcome the problem of radio- 
ligand uptake, we pre ared peptic cell homogenates 
and established that 1 P 51-PIN bound to a single high- 

affinity population of sites having the same phar- 
macological characteristics as the &ARs of frog 
erythrocytes [14]. 

We examined the characteristics of the 1251-PIN 
uptake in some detail since this seems to represent 
a ubiquitous and metabolically important amine 
transport system which is common to a number of 
mammalian cells [19,20]. Uptake of 1251-PIN into 
peptic cells was saturable, temperature and pH 
dependent, Na+ independent, non-stereoselective 
and inhibited by agents that depress cellular ATP, 
disrupt pH gradients, or interact with amine trans- 
port systems. This uptake system has many charac- 
teristics similar to the postulated carrier-mediated 
amine transporter described for a number of cultured 
mammalian cells [19,20]. Interestingly, 1251-PIN 
uptake was not observed with frog erythrocytes 
which are nucleated cells. These findings argue 
against the concept that accumulation of radioligand 
represents non-specific diffusion of radioligand into 
acidic compartments of the cell [21]. Moreover, 
uptake of amines into HeLa cells has been reported 
to be independent of pK, or hydrophobicity of the 
drug [19]. Instead, uptake has been suggested to 
occur by a carrier-mediated transport system which 
utilizes a proton gradient as the energy source. Our 
studies demonstrated that uptake was markedly 
dependent on temperature and extracellular pH. 
Elevated temperature resulted in 1251-PIN uptake 
followed by radioligand efflux, and similar results 
have been reported for amine uptake into HeLa cells 
[19] and catecholamine transport in synaptic vesicles 
[22]. The sensitivity of ‘251-PIN uptake to monensin, 
an agent that dissipates proton gradients, suggests 
that the driving force for uptake in our system may 
be a proton gradient. The Na+ independence and 
lack of affinity of catecholamines, serotonin and 
histamine clearly distinguish the amine uptake sys- 
tem of peptic cells from synaptic vesicle or platelet 
amine transport [23,24] or histamine uptake [25]. 

Our studies did not discriminate the localization 
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of the putative amine tranporter to either the plasma 
membrane or lysosomal compartments, although the 
former localization has been reported for HeLa cells 
[19]. The physiological significance of such a system 
and its normal substrates are presently unknown. 
We have examined a number of amino acids and 
polyamines (e.g. spermine) as potential substrates 
and observed poor affinity for the transport system. 
In view of the fact that it was absent on frog erythro- 
cytes, it may not exhibit a critically important meta- 
bolic function for all cells. 

The functional experiments clearly demonstrated 
the presence of P-ARs on isolated peptic cells which 
were coupled to pepsinogen secretion. These func- 
tional /?-ARs had an identical pharmacological speci- 
ficity to the sites labeled by 1251-PIN and they could 
be classified as /I*-ARs. Frog peptic cells therefore 
differ from rabbit glands which have been reported 
to have pi-ARs which are coupled to pepsinogen 
secretion [6]. These variations may relate to the 
different sympathetic neutrotransmitters utilized by 
Amphibia (epinephrine) and Mammalia 
(norepinephrine). Thus, /3,-ARs may function in 
Amphibia as the “innervated” receptor, whereas this 
function is served in mammals by fit-ARs [26]. 
Alternatively, the Pi-ARs of rabbit peptic glands 
may be a further example of the unusual distribution 
of Pi-ARs in that species. Thus, rabbit lung, unlike 
most other mammals also contains a predominance 
of Pi-ARs [27]. 

The maximum stimulation to isoproterenol that 
we observed in isolated peptic cells represented 
approximately lO-20% of the maxima1 response to 
cholinergic agonists. One possibility for the poor 
isoproterenol response of cells was PAR-mediated 
release of somatostatin from D cells in our cell 
preparation. Significant amounts of somatostatin 
have been observed in frog esophageal mucosa [28], 
and somatostatin has been reported to inhibit agonist 
and messenger-stimulated pepsinogen secretion in 
peptic cells [29]. However, the presence of a signifi- 
cant number of D cells was unlikely to be important 
in view of experiments showing that isoproterenol 
responsiveness was similar in the absence or presence 
of somatostatin antibody. 

Since these peptic cells responded to forskolin and 
the CAMP phosphodiesterase inhibitor IBMX [ 121, 
we could assume a functioning CAMP messenger 
system coupled to secretion. The available evidence 
points to a relatively inefficient coupling of @-AR 
with effector (adenylate cyclase) in these cells. The 
efficiency of coupling could be increased by treat- 
ment of cells with phorbol ester which activates 
protein kinase C. Thus, the state of phosphorylation 
of components of the effector system may modulate 
the activity of the PARS coupled to pepsinogen 
secretion. Recently phorbol esters have been shown 
to augment isoproterenol-stimulated P-AR respon- 
siveness in frog erythrocytes, by phosphorylation of 
the catalytic subunit of adenylate cyclase (30,311. 
These observations suggest that the activity of the p- 
AR system may be modulated by activators of pro- 
tein kinase C pathway. Thus, activation of peptic 
cells by agonists that stimulate protein kinase C, e.g. 
muscarinic agonists or bombesin, would be expected 
to augment PAR stimulation. In support of this 

contention, synergistic responses to combinations of 
isoproterenol and bombesin or bethanechol have 
been observed in these cells [ll]. 

In conclusion, we have established the presence 
of PARS on frog esophageal peptic cells by direct 
binding studies and measurements of catecholamine- 
stimulated secretory responses. In addition, peptic 
cells contained an uptake system for amines which 
is distinct from the PAR binding sites, and which is 
absent from frog erythrocytes. The characteristics of 
this uptake system suggests that it serves to transport 
amines into the peptic cell, although its exact physio- 
logical significance is unknown. The pharmacological 
characteristics of peptic cell &ARs were similar to 
those present on frog erythrocytes. The number of 
PAR sites was less than those on erythrocytes, but 
similar to the number of peptic cell muscarinic chol- 
inergic receptors (1200 sites/cell). However, in con- 
trast to the marked secretory response to muscarinic 
agonists, the responses to isoproterenol were rela- 
tively modest. The efficiency of PAR coupling could 
be enhanced by phorbol esters which activate protein 
kinase C, and may represent a possible molecular 
mechanism by which muscarinic agonists and cat- 
echolamines produce synergistic secretory responses 
in peptic cells. 
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