
RNA to Northern blot analysis using the 
32~-labeled pANF-1 insert as a hybrid- 
ization probe (Fig. 3). With a 40-minute 
exposure, a single band was observed 
from atrial mRNA, suggesting that the 
ANF message is plentiful. No hybridiz- 
ing mRNA's were detected in rat liver 
mRNA even after 3 days of exposure 
(results not shown). The length of ANF 
mRNA is 850 bases. Assuming that the 
poly(A)+ tail is approximately 100 bases 
in length, the estimated size of ANF 
mRNA indicates that pANF-1 contains a 
nearly full-length cDNA insert. 

To determine how many genes similar 
to ANF occur in the rat genome and 
whether these genes occur in other spe- 
cies, we subjected rat, mouse, and hu- 
man DNA to Southern blot analyris and 
hybridization to 32P-labeled pANF-1 in- 
sert DNA (Fig. 4). Under relatively strin- 
gent conditions, where sequences of less 
than 70 percent homology should not 
hybridize, only one intense band was 
detected by the probe in restriction en- 
zyme digests of rat, mouse, and human 
DNA's. [Two very faint bands of hybrid- 
ization were detected (not visible on the 
autoradiogram shown in Fig. 4). Wheth- 
er these faint bands represent distantly 
related genes or artifacts of the hybrid- 
ization procedure remains uncertain.] 
These observations allow two conclu- 
sions. First, there are no other closely 
related (more than 70 percent identical) 
preprohormone genes encoded in the rat 
genome. Second, the preproANF gene is 
highly conserved among human, rat, and 
mouse, which suggests an important role 
for this preproANF structure. 

These results show that ANF is syn- 
thesized as a preprohormone in atrial 
tissue that has characteristics typical of 
processed secreted peptides, suggesting 
that ANF is a cardiac hormonc. The 
conserved similarity between ANF 
genes from distant species supports the 
hypothesis that this peptide plays an 
important role in maintaining cardiovas- 
cular homeostasis and that its prepro 
form is important for its subsequent ac- 
tion. The availability of the plasmid 
pANF-1 should permit the identification 
of the various roles for preproANF. For 
example, this cDNA clone should allow 
the synthesis of large amounts of the 
protein, enabling the physiological role 
of preproANF to be tested. Further- 
more, the physiological changes that 
lead to the synthesis of the protein can 
be studied at the transcriptional level. 
Finally, mutations in the transcriptional 
and regulatory portions of the gene for 
ANF may account for some pathophysi- 
ologic states. With the use of the cDNA 
clone and isolated genomic clones, we 

can now investigate the potential role of 
ANF in animal models of hypertension 
and congestive heart failure. 
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Growth Hormone-Releasing Factor Stimulates 
Pancreatic Enzyme Secretion 

Abstract. Growth hormone-releasing factors (GRF's)  from two human pancreatic 
tumors (hpGRF's) that caused acromegaly and from the rat hypothalamus (rhGRF) 
were recently isolated and characterized. Although these peptides are potent growth 
hormone secretagogues, they have not until now been described to have actions 
outside the pituitary. These GRF's were shown to stimulate digestive enzyme 
secretion from an exocrine pancreatic preparation in vitro, rhGRF being more than 
I00 times as potent as hpGRF. Adenosine 3',5'-monophosphate mediates this action 
of the GRF's .  

The growth hormone-releasing factors 
(GRF's) isolated from the human pancre- 
atic tumors (1-3) and the rat hypothala- 
mus (4) belong structurally to the gluca- 
gon-secretin family of peptides that in- 
clude vasoactive intestinal peptide 
(VIP), glucagon, secretin, gastric inhibi- 
tory peptide (GIP), and PHI, a peptide 
with histidine as its NH2-terminus and 
isoleucine amide as its COOH-terminus. 
Because members of the glucagon-secre- 
tin family of peptides have various phys- 
iological effects in the gastrointestinal 
tract and because the tumor GRF's were 
of pancreatic origin, we pursued the pos- 
sibility that GRF has an effect in the 
exocrine pancreas. 

In our preparation of dispersed acini 
from the guinea pig pancreas, VIP, PHI, 
and secretin-but not glucagon or GIP- 
act to stimulate digestive enzyme secre- 
tion by increasing cellular adenosine 
3',5'-monophosphate (cyclic AMP) (5,  
6). In contrast to VIP, PHI, and secretin, 
secretagogues of enzyme secretion such 
as cholecystokinin, bombesin, and car- 
bachol cause mobilization of cellular cal- 
cium and enzyme secretion with no 
change in cyclic AMP (7). Another char- 
acteristic of this preparation is that the 
enzyme secretion from acini incubated 
with a combination of an agent that acts 
by increasing cyclic AMP and an agent 
that causes mobilization of cellular calci- 

SCIENCE, VOL. 225 



um is greater than would be expected if 
the responses were additive (that is, a 
potentiated response) (7). Enzyme secre- 
tion with two agents having the same 
mechanism of action is no greater than 
the response with the agent causing 
greater enzyme secretion alone (7). We 
used the above characteristics to deter- 
mine the mechanism of action of GRF- 
stimulated enzyme secretion. 

Dispersed acini from guinea pig pan- 
creas were prepared and incubated in 
standard solution (8). To measure en- 
zyme secretion, we measured the release 
of amylase, one of the digestive en- 
zymes, from the acini (9, 10). Cyclic 
AMP was measured with a radioim- 
munoassay kit (New England Nuclear) 
(5, 11). All GRF peptides and porcine 
PHI(27) were synthesized with the solid- 
phase approach (2, 12); porcine VIP was 
from Peninsula Laboratories (San Car- 
los, California); and the COOH-terminal 
octapeptide of cholecystokinin (CCK- 
OP) was a gift from Dr. Miguel Ondetti 
(Squibb Institute for Medical Research, 
Princeton, New Jersey). 

Compared to control (no added pep- 
tide), 10 nM rat hypothalamic GRF 
[rhGRF(l-43)-OH] stimulated a twofold 
linear increase in amylase release from 
pancreatic acini incubated in standard 
solution at 37OC for 40 minutes (data not 
shown). The addition of theophylline (5 
mM) had no effect on amylase release 
from control acini but stimulated a sev- 
enfold linear increase, compared to con- 
trol, in amylase release from acini incu- 
bated in the presence of 10 nM rhGRF(1- 
43)-OH for 40 minutes (data not shown). 
In all subsequent experiments, acini 
were incubated in standard solution with 
theophylline (5 mM). 

Peptide (log M) 

Fig. 1. Effect of various peptides on amylase 
release from dispersed pancreatic acini. Acini 
were suspended in standard incubation solu- 
tion with theophylline (5 mM) and incubated 
with the peptide at 37'C for 30 minutes at the 
indicated concentrations. Values are ex- 
pressed as the percentage of cellular amylase 
released into the extracellular medium during 
the incubation. Results are the means of at 
least five separate experiments and in each 
experiment each value was determined in 
duplicate. Vertical bars represent I S.D. 

Table 1. Relative potencies of various GRF peptides for amylase release from guinea pig 
dispersed pancreatic acini and growth hormone release from rat adenohypophyseal cells. For 
amylase release, dispersed acini were suspended in standard incubation solution with theophyl- 
line (5 mM) and incubated at 37OC for 30 minutes with the peptides indicated, at various 
concentrations. Values for amylase release were determined in duplicate in at least five separate 
experiments. All of these peptides had similar efficacy for amylase release (data not shown). 
Growth hormone release was determined in 4-day-old monolayer cultures of rat adenohypophy- 
seal cells (2). After a 4-hour incubation of cultured cells in a serum-free medium containing 0.1 
percent bovine serum albumin and 0.5 mM ascorbic acid and various concentrations of GRF 
peptides at 3TC, growth hormone release was measured (2) with a radioimmunoassay kit 
distributed by the National Hormone and Pituitary Program. Values for growth hormone 
release were determined in triplicate in at least two experiments. All of these peptides had 
similar efficacy for growth hormone release. The EC,, for rhGRF(1-43)-OH-stimulated growth 
hormone release was 10 pM. Relative potencies were determined with the program BIOPROG 
(13). Values in parentheses represent 95 percent confidence limits. 

Peptide Relative potency for Relative potency for 
amylase release growth hormone release 

In addition to rhGRF(1-43)-OH, VIP, 
PHI, and hpGRF(1-40)-OH, which is the 
most abundant form of hpGRF from the 
two pancreatic tumors (1-3), each in- 
creased amylase release from pancreatic 
acini (Fig. 1). The maximal increase in 
amylase release caused by these agents 
was similar (similar efficacy). However, 
these agents differed in the concentra- 
tions required for their effect on enzyme 
secretion (different potency). The con- 
centration of peptide required to stimu- 
late half-maximal amylase release 
(ECSO), a measure of potency, was 80 pM 
for VIP, 130 pM for rhGRF(1-43)-OH, 6 
nM for PHI, and 21 nM for hpGRF(1-40)- 
OH. The relative potencies with 95 per- 
cent confidence limits (13) were 1.0 for 
VIP, 0.49 (0.34, 0.74) for rhGRF(1-43)- 
OH, 0.012 (0.007, 0.020) for PHI, and 
0.0049 (0.003, 0.007) for hpGRF(1-40)- 
OH. 

In a similar manner, we determined 
the relative potencies of various analogs 
of rhGRF and hpGRF to stimulate amy- 
lase release and compared these values 
to those for growth hormone release 
from rat pituitary cells (Table 1). The 
relative potencies of rhGRF(1-43)-OH 
and rhGRF(1-29)-NH2 for amylase re- 
lease were not significantly different 
from each other, indicating that the 14 
amino acids at the COOH-terminal are 
not necessary for this action of rhGRF. 

In contrast to rhGRF, the human pan- 
creatic tumor GRF's, hpGRF(1-40)-OH 
and hpGRF(1-44)-NH2, had potencies 
for amylase release that were less than 1 
percent of that for rhGRF(1-43)-OH. Be- 

a tyrosine in position 1, part, but not all, 
of the difference in potency between rat 
and human GRF may be attributable to a 
relative preference of the pancreatic 
GRF receptor for an NH2-terminal histi- 
dine. In marked contrast to the findings 
in the pancreas, rhGRF and the hpGRF's 
were potent secretagogues of growth 
hormone release from cultured rat pitu- 
itary cells (Table I), suggesting a striking 

Peptide (log M) 

Fig. 2. Effect of VIP and rhGRF(1-43)-OH on 
cyclic AMP in dispersed pancreatic acini. 
Acini were suspended in standard incubation 
solution with theophylline (5 mM) and incu- 
bated with the peptide at 3TC for 30 minutes 
at the indicated concentrations. Results are 
expressed as a percentage of the value mea- 
sured with l x 10-'M rhGRF(1-43)-OH. 
These results represent the means of five 

cause rhGRF(1-29)-NH2, like VIP, has a experiments and in each experiment each 
value was determined in duplicate. Vertical histidine in position 1 and is more than bars represent I S,D, At pmol,liter 

ten times as Potent as [Tyr11rhGRF(1- rhGRF(1-43)-OH stimulated a 49 t 16-fold 
29)-NH2 and because the hpGRF's have increase in cyclic AMP. 
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Table 2. Amylase release stimulated by secretagogues in combination. Dispersed acini were suspended in standard incubation solution with 
theophylline (5 mM) and incubated with the indicated concentrations of peptides for 15 minutes at 37°C. Values are expressed as the percentage 
of cellular amylase released into the extracellular medium during the incubation. Results are mean t 1 S.D. from five separate experiments, with 
each value determined in duplicate in each experiment. The numbers in parentheses represent the mean of the additive value calculated by adding 
the increase in amylase release caused by GRF alone to the value for amylase release obtained with CCK-OP alone. 

Amylase release (percentage of total) 
Peptide 

Alone + VIP (10 nM) + CCK-OP (0.3 nM) 
-- -- 

None 2.4 t 1.3 13.2 3.4 21.2 2 5.2 
rhGRF(1-43)-OH (10 nM) 13.6 2 4.0 13.5 + 3.6 34.7 r 8.0* (32.4) 
hpGRF(1-40)-OH ( I  pM) 13.8 i 3.5 14.2 + 3.2 35.0 2 7.1* (32.6) 

*Significantly greater (P < 0.05) than the additive value, by Student's paired t-test. 

difference between receptors for GRF in 
the pituitary and the pancreas. 

In order to elucidate the intracellular 
mechanism of action of GRF in the pan- 
creas, we incubated pancreatic acini with 
combinations of rhGRF(1-43)-OH and 
hpGRF(1-40)-OH, plus either VIP or 
CCK-OP (Table 2). Amylase release from 
pancreatic acini incubated with VIP plus 
either rhGRF(1-43)-OH or hpGRF(1-40)- 
OH was not diferent from that observed 
with either agent alone. In contrast, am- 
ylase release from pancreatic acini incu- 
bated with CCK-OP plus either GRF was 
greater than the expected "additive val- 
ue." 

To further evaluate the mechanism of 
action of GRF's, we measured the ability 
of rhGRF(1-43)-OH and VIP to increase 
cellular cyclic AMP (Fig. 2). Both VIP 
and rhGRF(1-43)-OH caused increases 
in cyclic AMP. At concentrations of pep- 
tide that cause maximal amylase release 
[l nM for VIP and 3 nM for rhGRF(1-43)- 
OH], these agents caused an approxi- 
mately sixfold increase in cyclic AMP. 
At greater concentrations of peptide, 
these agents caused up to a 50-fold in- 
crease in cyclic AMP. Such "spare" 
cyclic AMP for enzyme secretion has 
been observed previously with VIP, 
PHI, and secretin in dispersed pancreat- 
ic acini from guinea pig (5). These find- 
ings together with the finding that theo- 
phylline augments rhGRF-stimulated 
amylase release and that GRF potenti- 
ates the amylase release caused by CCK- 
OP indicate that GRF acts to stimulate 
amylase release by increasing cellular 
cyclic AMP. Similarly, hpGRF has a 
direct stimulatory effect on cyclic AMP 
production in cultured anterior pituitary 
cells, suggesting that GRF acts in part to 
stimulate growth hormone release 
through increases in cyclic AMP (14). 

Other members of the glucagon-secre- 
tin family of peptides that stimulate en- 
zyme secretion in this preparation of 
pancreas do so by interacting with the 
VIP-preferring receptor (5). To deter- 
mine if GRF also interacts with the VIP 
receptor, we measured its ability to in- 
hibit binding of '25~-labeled VIP to the 

acini. The finding that rhGRF(1-43)-OH 
was as effective and approximately one- 
half as potent as VIP in inhibiting the 
binding of '25~-labeled VIP (Fig. 3) indi- 
cates that rhGRF interacts with the VIP 
receptor to cause enzyme secretion 
(compare Figs. 1 and 3). 

Our results show that GRF has a VIP- 
like effect in the exocrine pancreas of the 
guinea pig-that is, GRF stimulates di- 
gestive enzyme secretion by interacting 
with the VIP-preferring receptor and in- 
creasing cellular cyclic AMP. Although 
GRF is a very potent secretagogue of 
enzyme secretion, the presence of GRF- 
like peptides in the normal gastrointesti- 

c n 1 VIP 

Peptide (log M) 

Fig. 3. Effect of rhGRF(1-43)-OH and VIP on 
binding of '2S~-labeled VIP to dispersed acini. 
'251-labeled VIP was prepared by modifica- 
tions of the chloramine-T method (5) and was 
purified by high-performance liquid chroma- 
tography with a C18 column (Vydac) eluted 
with 0.1 percent trifluoroacetic acid and ace- 
tonitrile in an increasing linear gradient. Dis- 
persed acini were incubated with 1Z51-labeled 
VIP and the peptide at the indicated concen- 
trations for 60 minutes at 37°C. Then total 
binding, saturable binding, and nonsaturable 
binding were measured (5). Nonsaturable 
binding for Iz5I-labeled VIP (binding of '''I- 
labeled VIP in the presence of 0.3 pM unla- 
beled VIP) was less than 10 percent of total 
binding. Values are expressed as the percent- 
age of saturable binding measured with no 
added peptide. Results are the means of three 
experiments and in each experiment each 
value was determined in duplicate. Vertical 
bars represent 1 S.D. 

nal tract has not been reported. Thus, 
the physiological significance of these 
observations remains at issue. It will be 
important to determine whether GRF is 
present in the gastrointestinal tract of the 
rat and the guinea pig by using appropri- 
ate antibodies to rhGRF. 
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