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ABSTRACT The amphibian tetradecapeptide, bombesin
(BBS) has been shown to stimulate insulin secretion both in
vivo and by pancreatic islet cells in vitro. To determine whether
BBS can act directly on pancreatic (3 cells, we examined its
effects on insulin secretion by HIT-T15 cells (HIT cells), a
clonal islet cell line. Addition of 100 nM BBS to HIT cells stim-
ulated insulin release 25-fold within 30 sec. The rapid stimula-
tory effect of BBS on insulin release was short-lived: the secre-
tory rate returned to basal levels after 90 min of BBS treat-
ment. The decrease in the rate of insulin release in the
continued presence ofBBS was due not to depletion of intracel-
lular insulin stores but to specific desensitization to this pep-
tide. Stimulation of insulin secretion by BBS was dose depen-
dent with an ED.o value (0.51 ± 0.15 nM) similar to the con-
centration of BBS-like immunoreactive material in rat plasma.
Five BBS analogs, including porcine gastrin-releasing peptide,
were as powerful as BBS in stimulating insulin release. The
relative potencies of the analogs tested indicated that the
COOH-terminal octapeptide sequence in BBS was sufficient
for stimulation of release. In contrast, 14 peptides structurally
unrelated to BBS did not alter insulin secretion. BBS action
was synergistic with that of glucagon; insulin secretion in the
presence of maximal concentrations of both peptides was
greater than the additive effects of the two peptides added in-
dividually. Somatostatin inhibited BBS-stimulated release by
69 ± 1% with an IDso value of 3.2 ± 0.3 nM. These results
show that BBS stimulation of insulin secretion by a clonal pan-
creatic cell line closely parallels its effects in vivo and support
the hypothesis that BBS stimulates insulin secretion by a direct
effect on the pancreatic j cell. The clonal HIT cell line pro-
vides a homogeneous cell preparation amenable for studies on
the biochemical mechanisms of BBS action in the endocrine
pancreas.

Bombesin (BBS), a tetradecapeptide originally isolated from
the skin of the frog Bombina bombina (1), is one of a group
of amphibian peptides with homologous counterparts in
mammalian brain and gut (2-8). BBS modulates many be-
havioral, metabolic, and endocrine processes in mammals
when introduced into the central nervous system or the
blood stream (4, 6, 9). These processes include regulation of
body temperature, food and water intake, blood glucose lev-
els, and the release of pituitary, pancreatic, and gut hor-
mones. Therefore, endogenous BBS-like peptides have been
proposed to play a role in the maintenance of metabolic ho-
meostasis (4).

In this study, we have focused on the effect of BBS on
hormone secretion by the endocrine pancreas. Intravenous
infusion of BBS in humans and dogs causes an increase in
the plasma concentrations of both insulin and glucagon and
lowers blood glucose levels (10-14). In vitro, BBS stimulates
the secretion of insulin and glucagon by perfused dog pan-
creas (15, 16), whereas it has been shown to either stimulate

(17) or inhibit insulin release by isolated rat pancreas (18).
Because pancreatic islet cells consist of a mixture of hor-
mone-secreting cell types, these studies cannot distinguish
between a direct or indirect effect of BBS on pancreatic 8
cells. To elucidate the nature of any direct effect of BBS on
pancreatic P cells, we examined its actions in a clonal insu-
lin-secreting cell line. HIT-T15 (HIT) cells were derived
from simian virus 40-transformed hamster pancreatic islets
and retain many characteristics of normal differentiated (3
cells (19). HIT cells synthesize and process proinsulin, con-
tain secretory granules, and respond appropriately to a vari-
ety of compounds known to modulate insulin release in nor-
mal islet cells (19). Our results indicate that HIT cells pro-
vide a useful in vitro model system for investigating the
action of BBS in the p cell of the pancreas. A preliminary
report of some of these experiments has been presented.t

MATERIALS AND METHODS
Materials. Synthetic BBS, [Tyr4]BBS, ranatensin, litorin,

porcine gastrin-releasing peptide (GRP), GRP(14-27), chole-
cystokinin octapeptide, oxytocin, vasopressin, growth-hor-
mone releasing factor(1-44), secretin, and vasoactive intesti-
nal peptide were purchased from Peninsula Laboratories
(San Carlos, CA). Somatostatin, calcitonin, substance P,
and neurotensin were purchased from Beckman. [Leu]Enke-
phalin was obtained from Bachem Fine Chemicals (Tor-
rance, CA). Thyrotropin-releasing hormone was provided by
Abbott (North Chicago, IL). Culture medium, horse serum,
and fetal calf serum were purchased from GIBCO, and plas-
tic culture dishes were from Falcon. IgGsorb (Staphylococ-
cus aureus protein A) was purchased from Enzyme Center
(Boston). Glucagon, melatonin, phenylmethylsulfonyl fluo-
ride, and iodoacetamide were purchased from Sigma. Mono-
component porcine insulin (lot no. 615-07J-256) and HIT
cells were generous gifts from Eli Lilly.

Cell Culture. The establishment and properties of the HIT
cell line have been described (19). After several months of
propagation in our laboratory, the cells became more flat-
tened and more tightly adherent to culture dishes. The flat-
tened cells continued to secrete insulin and their responses
to glucagon and somatostatin were similar to that described
by Santerre et al. (19). The new morphology has been re-
tained during continuous passage of the cells for 2 years. Be-
cause increased adherence to the substratum was experi-
mentally advantageous, HIT cells with the flattened mor-
phology were used in all experiments.
Experiments were carried out using replicate 35-mm dish-

es inoculated with 1.5 ml from a single donor suspension.
Cultures were grown in Ham's F12 medium supplemented
with 15% horse serum/2.5% fetal calf serum at 370C in hu-
midified 5% C02/95% air. The culture medium was changed
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every 3-4 days and experiments were carried out 1 day after
the medium was changed. Cells were maintained in culture
for 3-5 changes of medium before use, and the number of
cells per plate was determined at the time of each experiment
using a hemocytometer.

Insulin Radioimmunoassay. Radiolabeled insulin (specific
activity, 150-250 Ci/g; 1 Ci = 37 GBq) was prepared by
Chloramine T iodination of monocomponent porcine insulin
(20). Antiserum against monocomponent porcine insulin was
produced in guinea pigs (Hartley strain) according to pub-
lished procedures (21, 22) An antiserum designated 792 and
shown to be specific for insulin was used at a final concen-
tration of 1:160,000. Free antigen was separated from anti-
body-antigen complex by precipitation with either 20%o poly-
ethylene glycol (Mr, 8000)/20% horse serum (23) or IgGsorb
(Staphylococcus aureus protein A) (24). The limit of assay
sensitivity was 15 pg of insulin per 0.1 ml of sample buffer.
HIT cell (hamster) insulin and porcine insulin gave parallel
displacement curves for inhibition of iodinated antigen bind-
ing. The intra-assay variability was ±5% and inter-assay
variation was ±27%.
Measurement of Insulin Secretion. To determine the effect

of BBS and other neuropeptides on insulin secretion, repli-
cate dishes were washed twice with a Hepes-buffered salt
solution containing 118 mM NaCl/4.6 mM KCl/0.5 mM
CaCl2/1 mM MgCl2/10 mM glucose/5 mM Hepes/0.1%
NaHCO3/0.1% bovine serum albumin, pH 7.2. Subsequent-
ly, 1 ml of Hepes-buffered salt solution, preequilibrated at
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370C in 5% C02/95% air and containing the appropriate con-
centration of peptide, was added. The cultures were then in-
cubated for the desired time at 370C in humidified 5%
C02/95% air. For the short time course experiment shown in
Fig. lA, cells were washed with buffer then incubated in
Hepes-buffered salt solution without NaHCO3 (pH 7.2) at
370C in ambient atmosphere. At the end of each incubation,
the buffers were collected, floating cells were removed by
centrifugation, and the supernatants were stored at -20'C
for the subsequent determination of insulin concentration by
RIA.
To determine the extent of insulin degradation by HIT

cells, we measured the recovery of exogenous [1251]insulin
and nonradiolabeled insulin from the incubation buffers by
precipitation with 10% trichloroacetic acid and by RIA, re-
spectively. After incubation with HIT cells for 60 min at
370C, [1251]insulin (0.15-6 ng/ml) was degraded only 21 ±
2% and nonradiolabeled insulin (100 ng/ml) was degraded
only 25 ± 12%. Furthermore, the addition of 100 nM BBS
did not alter the stability of either radiolabeled or nonradio-
active insulin (data not shown). Therefore, the 5- to 25-fold
increase in insulin accumulation induced by BBS cannot be
due to inhibition of insulin degradation in the medium.
Measurement of Intracellular Insulin. For determination of

intracellular insulin levels, HIT cells were extracted into 5 M
acetic acid containing bovine serum albumin (5 mg/ml)/
phenylmethylsulfonyl fluoride (0.3 mg/ml)/iodoacetamide
(0.3 mg/ml). Samples were snap-frozen and thawed 3 times
and then extracted at 40C for 16-20 hr. Extracts were centri-
fuged and the supernatants were lyophilized. The lyophilized
samples were dissolved in a buffer of 10 mM NaH2PO4/1
mM Na2EDTA/0.1% Triton X-100/phenylmethylsulfonyl
fluoride (0.3 mg/ml)/iodoacetamide (0.3 mg/ml), pH 7.6. In-
sulin concentrations in the extracts were determined by
RIA.

RESULTS
The Effect of BBS on Insulin Secretion. The data in Fig. 1

show the effect of 100 nM BBS on insulin secretion by HIT
cells. The stimulatory effect of BBS was very rapid; within
30 sec BBS caused a 25-fold increase in insulin release (Fig.
LA). Thereafter, the secretory rate decreased and returned to
basal levels by 90 min (Fig. 1B). The lack of a prolonged
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FIG. 1. Time course for BBS stimulation of insulin secretion.
HIT cells were incubated at either 37°C in the ambient atmosphere
in Hepes-buffered salt solution without bicarbonate (A) or at 37°C in
5% C02/95% air in Hepes-buffered salt solution with bicarbonate
(B). Incubations were carried out in the absence (o) or presence (0)
of 100 nM BBS for the times shown. The concentration of insulin
released into the buffer was measured by RIA. Each point repre-
sents the mean value for triplicate (A) or quadruplicate (B) dishes,
and the brackets show the SEM. Cell number was 3.7 ± 0.1 x 106
cells per dish (A) and 5.1 ± 0.4 x 106 cells per dish (B).
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FIG. 2. Concentration dependence for BBS stimulation of insu-
lin secretion. HIT cells (3.3 ± 0.2 x 106 cells per dish) were incubat-
ed at 37°C in 1.0 ml of Hepes-buffered salt solution containing the
indicated concentration of BBS. After 60 min, the buffers were col-
lected and the released insulin was measured by RIA. Each point
represents the mean value of quadruplicate dishes and the bars show
the SEM.
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Table 1. The effect of different neuropeptides on insulin release
by HIT cells

Insulin secreted, ng per dish
Peptide added Control With BBS

None 0.50 ± 0.06 5.06 ± 0.50
Secretin 0.42 ± 0.05 5.33 ± 0.30
Vasoactive intestinal peptide 0.50 ± 0.04 5.68 ± 0.32
Thyrotropin-releasing hormone 0.51 ± 0.03 5.27 ± 0.63
Substance P 0.44 ± 0.05 5.29 ± 0.53
Neurotensin 0.45 ± 0.03 5.08 ± 0.51
HIT cells (3.9 ± 0.2 x 106 cells per dish) were incubated with the

peptides shown. The final concentration of all peptides was 100 nM.
After 60 min, the buffers were removed and the concentration of
insulin was determined by RIA. Values represent mean ± SEM of
triplicate dishes.

stimulatory effect of BBS on secretion could have been due
to depletion of intracellular insulin stores. However, during
a 60-min incubation at 37°C, 100 nM BBS caused the release
of only 1.04 ± 0.07% (mean ± range; n = 2) of intracellular
insulin. Furthermore, there was no detectable difference in
the insulin content of untreated and BBS-treated cells (data
not shown). Therefore, stimulation of insulin release by BBS
does not deplete intracellular stores. The explanation for the
transient nature of the response to BBS is discussed below.
The concentration dependence for the stimulation of insu-

lin release by BBS is shown in Fig. 2. In this experiment, a
half-maximal response was elicited by 0.3 nM BBS. In four
experiments, the ED50 value for BBS was 0.51 ± 0.15 nM
(mean ± SEM). The concentration of extractable BBS-like
immunoreactivity in rat plasma has been reported to be
about 0.2 nM (3). Therefore, BBS stimulates insulin secre-
tion in a dose-dependent manner with an ED50 in the physio-
logical concentration range.
The Effect of Other Neuropeptides on Insulin Secretion. To

determine the specificity of BBS action, we tested the ability
of other peptides to regulate insulin secretion in HIT cells.
The results in Table 1 show that five neuropeptides structur-
ally unrelated to BBS did not alter basal insulin release nor
did they modulate the stimulatory action of BBS. In indepen-
dent experiments, oxytocin, pentagastrin, epidermal growth
factor, [Leulenkephalin, vasopressin, growth hormone-re-
leasing factor, cholecystokinin octapeptide, melatonin, and
calcitonin at concentrations of 100 nM had no effect on insu-
lin secretion. Therefore, the ability of BBS to stimulate insu-
lin release by HIT cells is not shared by all brain-gut pep-
tides.
To analyze the structural requirements for biological ac-

tivity in BBS-like peptides, we tested five BBS analogs
shown in Table 2. [Tyr4]BBS, which has a tyrosine instead of
a leucine at position four, is the synthetic analog used for
radiolabeling in receptor-binding studies (25, 26). Litorin and
ranatensin, peptides originally isolated from amphibian skin
(6), both contain the last eight COOH-terminal amino acids
of BBS with a penultimate leucine for phenylalanine substi-
tution. GRP, a mammalian BBS analog isolated from porcine
gut, has the same COOH-terminal decapeptide sequence as

Table 3. Potency of BBS analogs to stimulate insulin secretion
Peptide ED50, nM

BBS 0.51 ± 0.15
[Tyr4]BBS 0.46 ± 0.17
Ranatensin 1.11 ± 0.08
Litorin 0.63 ± 0.05
GRP 2.06 ± 0.61
GRP(14-27) 0.78 ± 0.30

The concentration of peptide required to produce half-maximal
stimulation of hormone release (ED50) was determined in experi-
ments such as that shown in Fig. 2. Statistical analysis using Dun-
can's multiple range test showed that the ED50 value for GRP was
significantly different from that for the other analogs [P < 0.01 com-
pared to BBS, litorin, and [Tyr4]BBS; P < 0.05 compared to rana-
tensin and GRP(14-27)]. The ED50 values for the analogs other than
GRP did not differ significantly from that for BBS or each other (P
> 0.99). Values represent mean ± SEM of four experiments for
BBS or mean ± range of two experiments for BBS analogs.

BBS except for a histidine for glutamine substitution (2).
GRP differs from BBS in its NH2-terminal 17 amino acids.
GRP(14-27) is the COOH-terminal tetradecapeptide frag-
ment of GRP.
Maximal concentrations of every BBS analog tested stim-

ulated insulin release to the same extent as did 100 nM BBS
(data not shown). The results in Table 3 show that the four
short peptides were equipotent with BBS. However, BBS
was 4-fold more potent than GRP, the NH2-terminal extend-
ed analog (Table 3). The relative potencies of these peptides
indicate that the COOH-terminal octapeptide sequence in
BBS is sufficient for stimulation of insulin secretion.
The Effect of Somatostatin and Glucagon on BBS-Stimulat-

ed Secretion. Both in vivo and in pancreatic islets in vitro,
glucagon stimulates insulin secretion (27), whereas somato-
statin inhibits it (28). Because HIT cells respond in the ex-
pected manner to these two peptides (19), we investigated
the effect of glucagon and somatostatin on the stimulatory
action of BBS.
A maximal concentration of BBS (100 nM) increased insu-

lin release 10-fold, whereas, in the same experiment, gluca-
gon (1 ,uM) caused a 6-fold increase (Table 4). The simulta-
neous addition of glucagon and BBS at maximal concentra-
tions resulted in a 40-fold stimulation of insulin secretion
(Table 4). In three independent experiments, the effect of
glucagon plus BBS was 1.7 + 0.3-fold greater than the addi-
tive effect of the two peptides alone. Therefore, BBS and
glucagon act synergistically to stimulate insulin release.

Although 100 nM somatostatin had no effect on basal insu-
lin secretion, it inhibited the stimulatory effect of BBS by
71% (Table 4). In four experiments, this concentration of so-
matostatin inhibited BBS-stimulted insulin release by 69 ±
1% (mean ± SEM). Fig. 3 shows that the inhibitory effect of
somatostatin was dose dependent: the ID50 for somatostatin
in two experiments was 3.2 ± 0.3 nM (mean ± range).
We have characterized specific, high-affinity receptors for

BBS in HIT cells and have shown that the binding of [125I1
Tyr4]BBS is not affected by either somatostatin or glucagon
(unpublished observations). Therefore, the modulatory ef-

Table 2. Amino acid sequences of BBS analogs*
BBS
[Tyr4]BBS
Ranatensin
Litorin
GRP
GRP(14-27)

pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-MetNH2
pGlu-Gln-Arg-TyE-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-MetNH2
pGlu --------- Val-Pro -Gln-Trp-Ala-Val-Gly-His -Phe-MetNH2
pGlu --------------- Gln-Trp-Ala-Val-Gly-His-Phe-MetNH2

Ala . . . Met -Tyr-Pro-Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-MetNH2
Met -Tyr-Pro -Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-MetNH2

*Summarized from refs. 2 and 6. pGlu denotes pyroglutamic acid. The NH2-terminal amino acids 2-13
in GRP are symbolized by .... Amino acids differing from BBS sequence are underlined. The hy-
phens indicate amino acid deletions.
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Table 4. The effect of glucagon and somatostatin on the
stimulatory action of BBS

Insulin secreted, ng per dish

Peptide added Control With BBS

None 0.50 ± 0.06 5.06 ± 0.50
Glucagon (1,uM) 2.92 ± 0.15 17.5 ± 1.3
Somatostatin (100 nM) 0.48 ± 0.03 1.48 ± 0.10

HIT cells (3.9 ± 0.2 x 106 cells per dish) were incubated with the
peptides shown in the absence or presence of 100 nM BBS. After 60
min, the buffers were removed and the concentration of insulin was
determined by RIA. Values represent mean ± SEM of triplicate
dishes.

fects of somatostatin and glucagon on BBS action must be
mediated by independent receptors.
BBS-Induced Desensitization. The observation that BBS

had a transient effect on insulin release (see Fig. 1) without
depleting intracellular insulin stores suggested that HIT cells
desensitize to the stimulatory effect of BBS. To test this hy-
pothesis, cells were incubated for 2 hr in the presence or
absence of 100 nM BBS and then challenged in fresh buffer
with three different secretagogues. During the first incuba-
tion, 100 nM BBS caused a 10-fold increase in insulin secre-
tion (Fig. 4A). However, cells exposed to BBS in the first
incubation did not respond to subsequent treatment with
BBS (Fig. 4B). In contrast, cells preincubated with BBS did
respond to glucagon and a high concentration of K+ with
increased insulin release (Fig. 4B). These data show that
BBS induces specific desensitization in HIT cells.

DISCUSSION
BBS is a potent stimulator of insulin secretion when infused
intravenously into either humans or experimental animals
(10-14). In addition, BBS-like peptides are present in pepti-
dergic neurons of the mammalian pancreas, and electrical
stimulation of the splanchnic nerve has been shown to in-
crease BBS levels in peripheral plasma to concentrations
sufficient to stimulate insulin release (29, 30). These results
strongly suggest that BBS-like peptides play an important
role in the physiological control of insulin secretion.
The data presented here show that BBS directly stimulates
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FIG. 3. Concentration dependence for somatostatin inhibition of
BBS-stimulated insulin release. HIT cells (3.4 ± 0.4 x 106 cells per
dish) were incubated at 37°C in 1.0 ml of Hepes-buffered salt solu-
tion containing 100 nM BBS and the indicated concentration of so-

matostatin (SRIF). After 60 min, the buffers were collected and the
released insulin was measured by RIA. Insulin secretion in the ab-
sence of any peptide was 5.1 ± 0.7 ng/ml. Each point gives the mean
± SEM of triplicate dishes.
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FIG. 4. BBS-induced desensitization of HIT cells. HIT cells (6.0
+0.4 X 106 cells per dish) were incubated in 1.0 ml of Hepes-buff-

ered salt solution at 37°C for 2 hr in the absence (C) or presence of
100 nM BBS. The amount of insulin released during this incubation
was measured by RIA and is shown in A. Replicate dishes that had
been incubated with 100 nM BBS for 2 hr were subsequently incu-
bated again in fresh buffer containing either no secretagogue (C),
100 nM BBS, 50 mM KCB (K+), or 1CM glucagon (GLU). After 90
±1in,the buffers were removed and secreted insulin was measured
by RIA (B). Each bar represents the meanA SEM of triplicate dish-
es.

insulin release by a clonal line of hamster pancreatic cells.
The characteristics of the insulin response to BBS in HIT
cells are remarkably similar to what is observed both in vivo
and in pancreatic islets in vitro. BBS is effective in HIT cells
at the same low concentrations that stimulate insulin secre-
tion in perfused dog pancreas (15, 16) and increase plasma
insulin levels in dogs and humans (10, 14). In all systems, the
response to BBS is rapid and transient. Infusion of BBS in
dogs and humans produced a maximal stimulation of insulin
secretion within 5 to 15 min followed by a decrease in insulin
levels during continued infusion of the peptide (11-14). Simi-
larly, in perfused isolated canine pancreas, stimulation of in-
sulin release was maximal after 2 min and decreased thereaf-
ter (15, 16). In HIT cells, a 25-fold stimulation of insulin re-
lease occurred 30 sec after the addition of BBS and the
secretory rate subsequently decreased to the basal rate. As
in vivo (13), somatostatin inhibited the stimulatory effect of
BBS in HIT cells. Finally, a mammalian BBS-like peptide,
GRP, increased insulin release both when infused intrave-
nously into dogs (14) and when added to HIT cells. These
observations suggest that the effects of BBS-like peptides on
insulin secretion in vivo are due to direct action on 3 cells.
To determine the structural requirements for BBS action,

we compared the potencies of several BBS analogs to stimu-
late insulin secretion by HIT cells. Our data indicate that the
COOH-terminal octapeptide sequence in BBS is sufficient
for potent stimulation. Of additional interest is the observa-
tion that porcine GRP was less potent than the amphibian
peptide BBS. Similar results have been observed in other
systems. For example, when injected intracisternally into
rats, BBS is more potent than GRP in producing hypother-
mia and hyperglycemia (31) and in causing inhibition of gas-
tric acid secretion and stimulation of gastrin release (32).
Furthermore, BBS has been shown to bind to receptors in a
rat pituitary cell line with a 3-fold higher apparent affinity
than does GRP (26). The greater potency of the amphibian
peptide BBS than its mammalian analog probably reflects
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differential sensitivity of certain target cells to the various
molecular forms of endogenous BBS-like peptides. The pres-
ence of several forms of BBS-like substances in mammals
was recognized in early studies of the distribution of immu-
noreactive BBS-like peptides (3, 6-8). Recently, three bio-
logically active BBS-like peptides have been purified from
canine intestine (5). These peptides share a common COOH-
terminal sequence that has substantial homology with both
porcine GRP and amphibian BBS. The observation that BBS
and GRP(14-27) are more potent than GRP in some target
cells (refs. 31 and 32; Table 3) indicates that the COOH-ter-
minal fragments of endogenous BBS-like peptides are phys-
iologically more potent than their NH2-terminal extended
counterparts. However, diverse target tissues do show dif-
ferential sensitivity to various BBS-like peptides (4, 6, 7).
Molecular heterogeneity and differential cellular responsive-
ness to active forms have also been reported for the neuro-
peptides somatostatin, cholecystokinin, and gastrin (28, 33,
34). Further studies are clearly warranted to determine the
relative importance of the different forms of mammalian
BBS in the various biological actions of this peptide.
Both in vivo and in perfused pancreas the stimulatory ef-

fect of BBS on insulin secretion is transient (11-16). Similar-
ly, in HIT cells the time course for BBS-stimulated insulin
secretion shows a return to the basal secretory rate by 90
min in the continued presence of the peptide. This decrease
in secretory rate is not due to a significant decrement in in-
tracellular insulin, but rather to specific desensitization of
the cellular response to BBS. Desensitization to BBS has
also been observed in dispersed pancreatic acinar cells (35,
36). Since BBS-induced desensitization and resensitization
in acinar cells occur in the absence of protein synthesis, BBS
receptors must be able to cycle between active and inactive
states. However, the mechanism by which BBS desensitiza-
tion occurs remains to be determined.
An interesting result obtained in our study was the syner-

gistic effect of BBS and glucagon on insulin secretion. Glu-
cagon elicits its biological effects by increasing intracellular
cAMP levels in target cells (37). The intracellular mechanism
of BBS action has been most thoroughly investigated in the
exocrine pancreas where its effects appear not to be mediat-
ed by cAMP (38-40). In pancreatic exocrine cells BBS has
been shown to modulate membrane potential, calcium ef-
flux, cGMP accumulation, and phosphatidylinositol turn-
over (38-40). The relative importance of these biochemical
changes in initiating the biological actions of BBS remains to
be clarified. Our results indicate distinct and synergistic
mechanisms for BBS and glucagon action. HIT cells provide
a homogeneous well-defined system for determining the
mechanism by which BBS stimulates insulin secretion both
alone and in conjunction with other regulatory agents.

This investigation was supported in part by a research grant from
the National Institute of Arthritis, Diabetes, Digestive and Kidney
Diseases (AM 32234) and from the William F. Milton Fund. S.L.S.
was supported by a National Research Service Award (5 T32
GM07306).

1. Anastasi, A., Erspamer, V. & Bucci, M. (1971) Experientia 27,
166-167.

2. McDonald, T. J., Jornvall, H., Nilsson, G., Vagne, M., Gha-
tei, M., Bloom, S. R. & Mutt, V. (1979) Biochem. Biophys.
Res. Commun. 90, 227-233.

3. Brown, M., Allen, R., Villarreal, J., Rivier, J. & Vale, W.
(1978) Life Sci. 23, 2721-2728.

4. Tache, Y. & Brown, M. (1982) Trends Neurol. Sci. 5, 431-433.
5. Reeve, J. R., Jr., Walsh, J. H., Chew, P., Clark, B., Hawke,

D. & Shively, J. E. (1983) J. Biol. Chem. 258, 5582-5588.

6. Erspamer, V. (1980) in Gastrointestinal Hormones, ed. Glass,
G. B. J. (Raven, New York), pp. 343-361.

7. Walsh, J. H., Reeve, J. R., Jr., & Vigna, S. R. (1981) in Gut
Hormones, eds. Bloom, S. R. & Polak, J. M. (Churchill Liv-
ingstone, New York), 2nd Ed., pp. 413-418.

8. Melchiorri, P. (1980) in Gastrointestinal Hormones, ed. Glass,
G. B. J. (Raven, New York), pp. 717-725.

9. Lezoche, E., Basso, N. & Speranza, V. (1981) in Gut Hor-
mones, eds. Bloom, S. R. & Polak, J. M. (Churchill Living-
stone, New York), 2nd Ed., pp. 419-424.

10. Ghatei, M. A., Jung, R. T., Stevenson, J. C., Hillyard, C. J.,
Adrian, T. E., Lee, Y. C., Christofides, N. D., Sarson, D. L.,
Mashiter, K., MacIntyre, I. & Bloom, S. R. (1982) J. Clin.
Endo. Metab. 54, 980-985.

11. Bruzzone, G., Tamburranao, G., Lala, A., Mauceri, M., Anni-
bale, B., Severi, C., De Magistris, L., Leonetti, G. & Delle
Fave, G. (1983) J. Clin. Endo. Metab. 56, 643-647.

12. Schusdziarra, V., Rouiller, D., Harris, V., Pfeiffer, E. F. &
Unger, R. H. (1980) Regul. Peptides 1, 89-96.

13. Vaysse, N., Pradayrol, J. A., Chayvialle, F., Pignal, J. P., Es-
teve, C., Susini, F., Descos, R. & Ribet, A. (1981) Endocrinol-
ogy 108, 1843-1847.

14. McDonald, T. J., Ghatei, M. A., Bloom, S. R., Track, N. S.,
Radziuk, J., Dupre, J. & Mutt, V. (1981) Regul. Peptides 2,
293-304.

15. Ipp, E. & Unger, R. H. (1979) Endocr. Res. Commun. 6, 37-
42.

16. Hermansen, K. (1980) Endocrinology 107, 256-261.
17. Martindale, R., Levin, S. & Alfin-Slater, R. (1982) Regul. Pep-

tides 3, 313-324.
18. Taminato, T., Seino, Y., Goto, Y., Matsukura, S., Imura, H.,

Sakura, N. & Yanaihara, N. (1978) Endocrinol. Japonica 25,
305-307.

19. Santerre, R. F., Cook, R. A., Crisel, R. M. D., Sharp, J. D.,
Schmidt, R. J., Williams, D. C. & Wilson, C. P. (1981) Proc.
Natl. Acad. Sci. USA 78, 4339-4343.

20. Wilson, M. A. & Miles, L. E. M. (1977) in Handbook ofRa-
dioimmunoassay, ed. Abraham, G. E. (Dekker, New York),
pp. 275-297.

21. Makulu, D. R. & Wright, P. (1971) Metabolism 20, 770-781.
22. Wright, P. H., Makulu, D. R. & Posey, I. J. (1968) Diabetes

17, 513-516.
23. Desbuquois, B. & Aurbach, G. D. (1971) J. Clin. Endocrinol.

33, 732-738.
24. Jonsson, S. & Kronvall, G. (1974) Eur. J. Immunol. 4, 29-33.
25. Jensen, R. T., Moody, T., Pert, C., Rivier, J. E. & Gardner,

J. D. (1978) Proc. Natl. Acad. Sci. USA 75, 6139-6143.
26. Westendorf, J. M. & Schonbrunn, A. (1983) J. Biol. Chem.

258, 7527-7535.
27. Marks, V. & Samols, E. (1970) Adv. Metab. Disord. 4, 1-38.
28. Arimura, A. (1981) Biomed. Res. 2, 233-257.
29. Holst, J. J., Knuhtsen, S., Knigge, U., Jensen, S. L., Nielsen,

0. V. & Larsson, L. I. (1982) Digestion 25, 37-38.
30. Bloom, S. R., Edwards, A. V. & Ghatei, M. A. (1982) Diabe-

tologia 23, 464-465.
31. Brown, M., Marki, W. & Rivier, J. (1980) Life Sci. 27, 125-

128.
32. Tache, Y., Marki, W., Rivier, J., Vale, W. & Brown, M. (1981)

Gastroenterology 81, 298-302.
33. Dockray, G. J. (1981) in Gut Hormones, eds. Bloom, S. R. &

Polak, J. M. (Churchill Livingstone, New York), 2nd Ed., pp.
228-239.

34. Walsh, J. H. (1981) in Gut Hormones, eds. Bloom, S. R. &
Polak, J. M. (Churchill Livingstone, New York), 2nd Ed., pp.
163-170.

35. Lee, P. C., Jensen, R. T. & Gardner, J. D. (1980) Am. J. Phys-
iol. 238, G213-G218.

36. Pandol, S. J., Jensen, R. T. & Gardner, J. D. (1982) J. Biol.
Chem. 257, 12024-12029.

37. Sutherland, E. W. & Rall, T. W. (1960) Pharmacol. Rev. 12,
265-299.

38. Peterson, 0. H. (1982) Br. Med. Bull. 38, 297-302.
39. Gardner, J. D. (1979) Annu. Rev. Physiol. 41, 55-66.
40. Schulz, I. & Stolze, H. H. (1980) Annu. Rev. Physiol. 42, 127-

156.

Proc. NatL Acad Sci. USA 81 (1984)


