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Cyclic Adenosine-3',5'-monophosphate Stimulates
Islet B Cell Replication in

Neonatal Rat Pancreatic Monolayer Cultures

ALEXANDERRABINOVITCH, BENIGNABLONDEL, THOMASMURRAY,and
DANIEL H. MINTz, Departments of Medicine and Biochemistry, University of
Miami School of Medicine, Miami, Florida 33101; Institut de Biochimie Clinique
and Institut d'Embryologie et d'Histologie, University of Geneva,
Geneva, Switzerland

A B S T RA C T A possible role for cyclic adenosine-
3',5'-monophosphate (cAMP) in islet B cell replication
was examined in neonatal rat pancreatic monolayer cul-
tures. Islet cells deteriorated and insulin release
decreased during 12 d of culture in medium with 5.6
mMglucose, whereas the cells survived and insulin re-
lease increased during culture in medium with 5.6 mM
glucose plus the phosphodiesterase inhibitor, 3-
isobutyl-l-methylxanthine (IBMX, 0.1 mM), or in
medium with 16.7 mMglucose with or without IBMX.
IBMX also increased the mitotic index and stimulated
dose-dependent increases in [3H]thymidine in-
corporation in nuclei of islet B cells in aldehyde-
thionine stained radioautographs; maximal stimulation
of B cell replication occurred with addition of 0.1 mM
IBMX to 5.6 mMglucose (+170%, P < 0.001), and this
increase was similar to that observed with 16.7 mMglu-
cose (+185%, P < 0.001). Also, 8-bromo-adenosine-
3',5-monophosphate, but not 8-bromo-guanosine-3',5'-
monophosphate produced dose-dependent increases
in islet B cell replication in medium with 5.6 mMglu-
cose. Measurement of cAMP levels in the cultures re-
vealed dissociations between effects on B cell replica-
tion and insulin release. Thus, addition of 0.1 mM
IBMX, or 0.1 nM cholera toxin, to 5.6 mMglucose pro-
duced slightly greater increases in cAMP levels and B
cell replication than did 16.7 mMglucose, whereas
insulin release was increased significantly more with
16.7 mMglucose. Also, addition of 0.1 mMIBMX, or
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0.1 nM cholera toxin, to 16.7 mMglucose stimulated
further increases in cAMP levels and insulin release
in the cultures, but no further increases in B cell repli-
cation. Weconclude that (a) cAMP stimulates islet B
cell replication, (b) cAMPmay mediate the effects of
glucose on B cell replication, and (c) mechanisms regu-
lating B cell replication may be more sensitive to cAMP
and/or different from those regulating insulin secretion.

INTRODUCTION

Development of tissue culture methods for the study of
pancreatic islet B cell function has demonstrated that
glucose occupies a central role in the regulation of a
variety of B cell functions. Thus, culture of pancreatic
islets, or islet cells, in the presence of high concentra-
tions of glucose (15-20 mM) has been shown to in-
crease glucose metabolism (1, 2), insulin release and
content (3-6), and insulin biosynthesis (7), and also to
improve the survival (6) and to stimulate the replication
(8-11) of islet B cells. Glucose has also been reported
to stimulate adenylate cyclase (5, 12) and to increase
cyclic adenosine-3',5'-monophosphate (cAMP) levels
(13) in cultured islets. In view of recent reports that
cAMPstimulates proliferation in a variety of epithelial
cells (14-16), the present study was undertaken to de-
termine whether this cyclic nucleotide might also
stimulate replication in pancreatic islet B cells, and,
thereby, might play a role in glucose-induced B cell
replication. Accordingly, neonatal rat pancreatic
monolayer cultures were maintained in the presence of
agents known to increase cAMP levels in islets (3-iso-
butyl-l-methyl xanthine [IBMX],1 8-bromo-adeno-

IAbbreviations used in this paper: 8-Br-cAMP, 8-bromo-
adenosine-3',5'-monophosphate; IBMX, 3-isobutyl-1-
methylxanthine; PBS, phosphate-buffered saline.
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sine-3',5'-monophosphate [8-Br-cAMIP], cholera
toxin), ancd the time- atnd dose-dependlent effects of
these agents on islet B cell replication andl insulin
levels in the cultures were measuired.

MI E T HODS

Preparation of islet cell tnoIolaqet (ultu-c.res. A modifica-
tion of the method of Lamnbert et al. (17) was use(l. 3-d-old
WVistar-Lewvis inbred rats (Charles River Bree(inlg Labora-
tories, Wilmington, Mass.) were killed by decalpitation. The
pancreases were removed aseptically in a lamiinlar flow! hood,
ancI placed in cold (4°C) sterile phosphate-buffered saline
(PBS), pH 7.0. The pancreatic tissue was washed three times
in calcium- and magnesium-free PBS, finely minced for 5 min,
washed wvith genitle magnetic stirrinig for 10 min, then dis-
sociated at 37°C by adding 10 ml per 100 pancreases of freshly
prepared calcium- and magniesiumiii-free PBS (pH 7.4) containi-
ing 5.6 mMglucose, 5 mg/mli of trypsin (Difco Laboratories,
Detroit, NMich., 1:250), ancl 0.2 mg/mI of collageniase (CLS
IV, Worthington Biochenmical Corp., Freehold, N. J.). After 8
min gentle magnietic stirring at 37°C, the tisstue was allowed
to settle and the supernatant fluid( was decantel. Freshl tryp-
sin-collageniase solution was added to the resiclual tissiue and
the digestion and decanitationI proce(lure wvas repeated 10
times, unltil the tissue wvas dissociatecl into single cells and
small cluisters. The first two superniates were (liscarded and
subsequent supernates \vere pooledl andl (lillitedI with cold
(4°C) culture medium 199 with moldified Earle's salts, L-gluta-
minle, and phenol red (Gibco Laboratories, Grand(l Islanid Bio-
logical Co., Grand Island, N. Y.), buffered w\ith 25 mnMsodium
bicarbonate and supplemented with penicillini (100 U/ml),
streptomycin (100 ,ug/ml), fungizone (0.25 ,ug/ml), 10% fetal
calf serum, and 16.7 mMglucose (standard culture medium).
The cells were centrifuged for 10 min at 300 g. The pellet of
cells was then resuspended in fresh mediuml.

To establish monolayer cultures, the cells were diluted with
standard culture medium to -7.5 x 105 cells/ml, transferred
into 100-mm plastic culture dishes (Falcon Labware, Div. Bec-
ton, Dickinson & Co., Oxnard, Calif.), and incubated at 37°C
in a humidified atmosphere of 5% CO2 in air. Fibroblasts
attached to the bottom of the dishes more rapidly than did
islet cells, so that after 15 h of incubation, the primary cell
suspension was decanted into new dishes, thereby increasing
the ratio of islet to fibroblastic cells in the cultures. A second
decantation into 35-mm dishes, 5 h later, eliminated more
fibroblasts. 44 h later, the standard culture medium wvas re-
placed by medium free of both cystine (18) and serum, for
24-36 h, until the great majority of fibroblasts were killed and
detached. Standard culture medium was then replaced and,
4 d later, the islet cells had spread out in monolayer clusters.

Test and control media additions to the cultures were begun
at this time (7 d after first plating the enzymatically-dissociated
pancreatic tissue) and this was referred to as culture day zero.
IBMX (Aldrich Chemical Co., Milwaukee, Wisc.), 8-Br-cAMP
and 8-Br-cGMP (Sigma Chemical Co., St. Louis, Mo.), and
cholera toxin (Schwartz/Mann Div. Becton, Dickinson & Co.,
Orangeburg, N. Y.) were dissolved in medium 199 contain-
ing 5.6 mMor 16.7 mMglucose. The media were sterilized
by filtration through a membrane (0.45 jcm, Millipore Corp.,
Bedford, Mass.) and added to the monolayer cultures (2 ml/
35-mm culture dish).

Insulin in media and cultured cells. Media were collected
from the cultures and replaced by fresh test or control media
each 2-3 d, and after 2-12 d, the monolayers were extracted
in acid-ethanol (19). Samples of culture media and acid-
ethanol extracts of cultured cells were diluted in glycine buf-

fer (pH 8.6) containinlg 1 mg/mill of hutimian seriium albumin and
assayed for inistulini conotenit by a charcoal selparation imietho(d
of radioimmunnoassay (20). Purified porcinie instulin was io-
clinate(d wvith 1251 by the chloramiiine-T metlhod (21), and puiri-
fiedl on a cellulose coltumniii (5 x 0.5 cmii) by eluting w%ith 20 mMN
iodloacetanmide in normiial plasmiia. Guiinea pig aniti-porcilie in-
suilini anitisertim wvas uisedi ats antibodv, a(icl rait inisuilinl was ised
as standclard in the assay.

Islet B cell replicationt studies. Dturing the last 18 h of al
2-12 cd culture, the monolavers Xwere incubated wvith fresh test
or control media containiing [methyl-3H]thyrnidine (10 ,uCi/
ml, 40-60 Ci/mmol; Amersham Corp., Arlington Heights, Ill.).
The ctultures were then wvashed three times wvith control
medium to remove and dilute [3H]thymidine not incorporated
into DNA, and reincubated for 32 h in conitrol medium containi-
ing 5.6 mnM glucose in order to regranutilate the B cells. The
cells were fixed with Bouiin's soluition and(l stainied with alde-
hyde-thionine (22), and radioautographs were prepared (23)
with Ilford L-4 photographic emulsion (Polysciences, Inc.,
Warrington, Pa.) (23). At least 500-1,000 aldehyde-thionine
stained B cells were counted in each tisstue cullture dish and
the percentage of these B cells containinlg [3H]thymidine-
labeled nuclei was noted.

To determine that the [3HIthymicline incorporation index
of islet B cells represented DNA replicationi, N-desacetvl-N-
methylcolchicine (coleemid, 1 ,ug/ml, Gibeo Laboratories) was
added to the monolayers for the last 18 h of the culture pe-
riod, in the place of [3H]thymidine, in order to arrest cells in
metaphase. The cells Nere then svollen in lhypotonic soluition
(0.075 MKCl) to improve subsequent identification of mitotic
figuires (24), fixed, stained, and the percentage of B cells in
metaphase was determineed b couinting at least 500-1,000
B cells in each cultture.

DNAassays. The DNAcontent of islet cell monolayer cul-
tures was measured by the fluorophotometric method of Kis-
sane andi Robins (25), as modified for paincreatic islets bv
Green ancd Taylor (26).

cAMPassays. After collection of media and washing three
times with PBS, the cultures vere extracted in 6% trichloro-
acetic acid and their cAMPcontent was meastured by using a
radioimmunoassay kit (New England Nuclear, Boston, Mass.),
and employing an acetylation method (27) that detected as
little as 0.01 pmol cAMPper assay ttube.

RESULTS

Time-dependent effects of glucose and IBMX on
islet B cell survival. Insulin release decreased
progressively in islet cell monolayers cultured in me-
dium containing 5.6 mMglucose (Fig. 1). In contrast,
insulin release rates increased in cultures maintained
in 5.6 glucose and 0.1 mMIBMX or in 16.7 mMglucose,
without or with 0.1 mMIBMX. The total insulin release
during 12 d of culture in 5.6 mMglucose and 0.1 mM
IBMX (5042+841 ng/dish, mean+SEM) was signifi-
cantly greater than that observed during culture in 5.6
mMglucose alone (875+ 138 ng/dish, P < 0.001), and not
significantly less than the insulin released during culture
in 16.7 mMglucose (6,087±817 ng/dish); addition of 0.1
mMIBMX to 16.7 mMglucose increased total insulin
release during the 12-d culture to 8,417±720 ng/dish
(P < 0.05, vs. 16.7 mMglucose).

Fig. 2 shows that the islet cell monolayer clusters cul-
tured in medium containing 5.6 mMglucose retracted

1066 A. Rabinovitch, B. Blondel, T. Murray, and D. H. Mintz
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FIGURE 1 Time-course of the effects of glucose and IBMX
on rates of insulin release in islet cell monolayer cultures.
Media were collected from the cultures and replaced by fresh
media each 2-3 d. Accumulation of insulin in medium, at the
end of each collection period, is expressed as a daily rate
(mean+SEM) for six culture dishes. (-), control; ( ),

+10-4 IBMX.

and deteriorated during the 12-d culture, whereas islet
cell monolayers cultured in 5.6 mMglucose and 0.1
mMIBMX, or in 16.7 mMglucose, without or with 0.1
mMIBMX, remained intact. The number of islet cells
(DNA) recovered after 12 d of culture in 5.6 mMglucose
was about one-half that recovered in cultures main-
tained in 5.6 mMglucose plus 0.1 mMIBMX, or in 16.7
mMglucose, without or with 0.1 mMIBMX (Table I).
DNArecoveries in the cultures were accompanied by
proportional changes in cellular insulin levels, sug-

gesting that islet cell recovery (DNA) reflected islet B
cell survival under the different culture conditions.

Islet B cell replication studies. Addition of 0.1 mM
IBMX to 5.6 mMglucose increased [3H]thymidine in-
corporation in islet B cell nuclei by 88% (P < 0.01) to
a level not significantly different from that observed
with 16.7 mMglucose, without or with 0.1 mMIBMX
(Table II). Similarly, addition of 0.1 mMIBMX to 5.6
mMglucose increased the B cell mitotic index by 83%
(P < 0.001), and this was not significantly different
from the effect observed with 16.7 mMglucose, without
or with 0.1 mMIBMX.

The dose-dependent effects of IBMX on [3H]thy-
midine incorporation in islet B cells are shown in Fig.
3. In medium containing 5.6 mMglucose, increasing
concentrations of IBMX (from 1 aM to 0.1 mM) pro-
duced progressive increases in B cell labeling, whereas
the highest concentration of IBMX tested (1 mM) was

ineffective. Similarly, Fig. 4 shows that, in medium
containing 5.6 mMglucose, islet cell survival was pro-
gressively improved by addition of IBMX, from 1 ,uM
to 0.1 mM, whereas 1 mMIBMX was toxic to the cells.
Fig. 3 also shows that the stimulatory effect of 0.1 mM
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FIGURE 2 Phase-contrast photomicrographs (x400) of pan-

creatic islet cells in monolayer culture in medium supple-
mented with 10%serum and glucose, with and without IBMX.
A cluster of islet cells is shown on (a) day 0 (7 d after first
plating the enzymatically-dissociated pancreatic tissue),
(b) day 4, and (c) day 12 of culture in medium with 5.6 mM
glucose. A second islet cell cluster is shown on (d) day 0, (e)
day 4, and (f) day 12 in 5.6 mMglucose and 0.1 mMIBMX.
A third islet cell cluster is shown on (g) day 0, (h) day 4, and
(i) day 12 in 16.7 mMglucose. A fourth islet cell cluster is
shown on (j) day 0, (k) day 4, and (1) day 12 in 16.7 mMglu-
cose and 0.1 mMIBMX.

IBMX on B cell labeling in medium with 5.6 mM
glucose (+ 170%, P < 0.001) was similar to the effect of
16.7 mMglucose (+185%, P < 0.001). Addition of in-
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TABLE I
Effects of Glucose and IBMX on Insulin and DNA

Contents in Islet Monolayer Cultures

Additions to culture
medium*

Glucose IBMX Insulint DNA§ Insulin/DNA

mm ngldish ngIlO dishes

5.6 0 64+5 88±+12 0.73
5.6 0.1 142±+17 193±+15 0.74

16.7 0 132+22 164+5 0.80
16.7 0.1 158+30 189+29 0.84

* Cultures were incubated for 12 d in media with additions as
indicated, then all dishes were incubated in 5.6 mMglucose
for 32 h to regranulate islet B cells.
t Acid-ethanol extractable insulin in the cultured cells; mean
values+SEM for six dishes.
§ Cells were pooled from 10 dishes for each DNAassay; mean
values+SEM for three separate groups of 10 dishes.

creasing concentrations of IBMX (1 ,uM to 0.1 mM) to
16.7 mMglucose did not significantly change B cell
labeling; however, addition of 1 mMIBMX to 16.7 mM
glucose was clearly inhibitory (P < 0.001), and this was
accompanied by toxic effects to the islet cells (Fig. 4).

Because the phosphodiesterase inhibitor IBMX in-
creases tissue levels of both cAMP and cGMP (28),
these two cyclic nucleotides were tested, separately,
for possible effects on islet B cell replication (Fig. 5).
Addition of 10 AM8-Br-cAMP to 5.6 mMglucose in-
creased [3H]thymidine labeling of B cells by 75%
(P < 0.05), 0.1 mM8-Br-cAMP increased B cell label-
ing by 133% (P < 0.01), and 1 mM8-Br-cAMP in-
creased B cell labeling by 205% (P < 0.001). Addition
of 8-Br-cAMP to 16.7 mMglucose did not significantly
increase B cell labeling above the level observed with

TABLE II
Effects of Glucose and IBMX on Islet B Cell Replication

Additions to culture medium*
['H]Thymidine

Glucose IBMX incorporationt Mitotic index§

mM %labeled B cells %B cells in mitosis

5.6 0 3.4±0.3 2.4±0.1
5.6 0.1 6.4+0.5 4.4+0.2

16.7 0 5.6+0.3 4.5+0.5
16.7 0.1 6.3+0.5 5.1+0.5

* Cultures were incubated for 12 d in media with additions
as indicated.
t Cultures were incubated in 10 ,Ci/ml [3H ]thymidine during
the last 18 h of a 12-d culture; mean values+SEM for five
dishes.
§ Cultures were incubated in 1 ,.g/ml colcemid during the
last 18 h of a 12-d culture; mean values+SEM for five dishes.
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FIGURE 3 Dose-dependent effects of IBMX (1 ,uM-I mM)
on [3H]thymidine incorporation in nuclei of islet B cells cul-
tured for 12 d in medium containing 5.6 mMor 16.7 mMglu-
cose. Each value is the mean+SEMfor five culture dishes.

16.7 mMglucose. In contrast to the stimulatory ef-
fects of 8-Br-cAMP on [3H]thymidine labeling of islet
B cells cultured in 5.6 mMglucose, 8-Br-cGMP (1 ,uM
to 1 mM) had no significant effects in the presence of
either 5.6 or 16.7 mMglucose.

Comparison of the effects of cAMPon insulin release
and B cell replication. Cyclic AMPlevels in islet cell
monolayer cultures were increased by addition to the
culture media of either the phosphodiesterase inhibi-
tor, IBMX, or the adenylate cyclase stimulator, cholera
toxin. The effects on insulin release and B cell repli-
cation were compared after 2 d of culture, at which time
the number of cells present (DNA content of the cul-
tures) was not significantly different for the different
culture conditions (Table III). Addition of 0.1 mM
IBMX to 5.6 mMglucose produced a slightly greater
increase in cAMP(+ 118%, P < 0.05) than did 16.7 glu-
cose (+68%, P < 0.01), and this was accompanied by a
slightly greater increase in B cell replication with 5.6
mMglucose plus 0.1 mMIBMX (+214%, P < 0.001)
than with 16.7 mMglucose (+ 159%, P < 0.001). In con-
trast, 16.7 mMglucose increased insulin release to a
significantly higher level than that observed with 5.6
mMglucose plus 0.1 mMIBMX (P < 0.001). Addition
of 0.1 mMIBMX to 16.7 mMglucose stimulated further
significant increases in cAMPlevels and insulin release
in the cultures, whereas B cell replication was not in-
creased significantly above the level observed with
16.7 mMglucose alone. In another experiment, addi-
tion of 0.1 nMcholera toxin to 5.6 mMglucose produced
greater increases in cAMP(+ 165%, P < 0.01) and B cell
replication (+166%, P < 0.001) than did 16.7 mMglu-
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FIGLURE 4 Phase-contrast photomicrographs (x400) of pancreatic islet cells in monolayer culture
after 12 d of incubation in medium containing 5.6 mMglucose: (a) alone, (b) + 1 ,IM IBMX, (c) + 10
,uM IBMX, (d) + 0.1 mMIBMX, and (e) + 1 mMIBMX; and 16.7 mMglucose; (f) alone, (g) + 1
juM IBMX, (h) + 10 I.M IBMX, (i) + 0.1 mMIBMX, and (j) + 1 mMIBMX.

cose (+49%, P < 0.05; and + 110%, P < 0.001, re-
spectively), whereas insulin release was increased to a
significantly higher level with 16.7 mMglucose than
with 5.6 mMglucose plus 0.1 nM cholera toxin (P
< 0.001). Addition of 0.1 nM cholera toxin to 16.7 mM
glucose stimulated further increases in cAMP levels
and insulin release in the cultures, whereas B cell repli-
cation was not significantly different from that ob-
served with 16.7 mMglucose alone.

DISCUSSION

There is now abundant evidence that cyclic nucleo-
tides have a profound influence on cellular growth and
differentiation in a variety of tissues (29). Possible inter-
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FIGURE 5 Dose-dependent effects of 8-Br-cAMP (1 AM-1
mM) and 8-Br-cGMP (1 i.M-1 mM) on [3H]thymidine incor-
poration in nuclei of islet B cells cultured for 12 d in medium
containing 5.6 mMor 16.7 mMglucose. Each value is the
mean±+-SEM for five culture dishes.

actions of cyclic nucleotides in the growth and dif-
ferentiation of pancreatic islet cells have not been ex-
amined in any detail. The studies of Pictet et al. (30)
suggest that development of islet B cell insulin secre-
tory competence in the fetal pancreas may be influ-
enced by cyclic nucleotides. This group has also de-
scribed a cAMP-dependent effect of a mesenchymal
factor on DNA synthesis in embryonic pancreatic
epithelial cell cultures (31). Maintenance of adult rat
islets in culture medium with dibutyryl cAMPhas been
shown to increase the recovery of insulin in medium
and islets after 8 d of culture (32). Also, the phospho-
diesterase inhibitor, IBMX, has recently been reported
to promote the formation of islet cell monolayer cul-
tures from isolated rat islets (33).

The present study demonstrates that agents known to
increase cellular levels of cAMP (IBMX, 8-Br-cAMP,
and cholera toxin) promoted the survival of insulin-pro-
ducing B cells in monolayer culture and significantly
increased B cell replication, as measured by the
[3H]thymidine labeling index, as well as by the fre-
quency of mitosis in these cells. The effects on B cell
replication of adding 0.1 mMIBMX, 1 mM8-Br-cAMP,
or 0.1 nM cholera toxin to a low glucose concentration
(5.6 mM)were similar to the effects observed by adding
a high glucose concentration (16.7 mM) to the cultures.
Since a high glucose concentration stimulates
adenylate cyclase (5, 12) and increases cAMP levels in
cultured islets (13), the present results suggest that
cAMP may mediate, at least in part, the stimulatory
effects of glucose on replication of insulin-producing
B cells in tissue culture.

There is abundant evidence implicating cAMPas an
important modulator of insulin secretion (34), and this
study provides the first demonstration that cAMPcan
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TABLE III
Effects of Agents that Increase cAMPon Insulin Release and B Cell Replication

Additions to culture medium*
Insulin B Cell

Glucose IBMX Cholera toxin DNAI cAMP5 release' replication$

mM ng/8 dishes pmol/8 dishes ngldish per 18 h %Labeled B cells

5.6 0 0 423+50 1.88+0.15 49±4 2.9±0.3
5.6 0.1 mM 0 480±39 4.09±0.71 287±24 9.1±0.9

16.7 0 0 493±62 3.16±0.19 769±65 7.5±0.7
16.7 0.1 mM 0 543±58 7.65±0.14 1,067±46 8.7±0.5

5.6 0 0 1.36±0.17 141±22 2.9±0.2
5.6 0 0.1 nM 3.60±0.41 509±47 7.7±0.3

16.7 0 0 2.03±0.31 893±81 6.1±0.4
16.7 0 0.1 nM 5.57±0.87 1,009+87 6.5±0.2

* Cultures were incubated for 2 d in media with additions as indicated.
t Cells were pooled from eight dishes for each DNAassay; mean values±SEM for three groups of eight
dishes after 2 d of culture.
§ Cells were pooled from eight dishes for each cAMPassay; mean values±SEM for three groups of eight
dishes after 2 d of culture.
"Insulin accumulation in medium during the last 18 h of a 2-d culture; mean values±SEM for 16-24 dishes.
¶ Cultures were incubated in 10 ,"Ci/ml [3H]thymidine during the last 18 h of a 2-d culture; mean values
±SEM for five to seven dishes.

also stimulate replication of islet B cells. However, the
stimulatory effects of cAMPon islet B cell replication
could be separated from its effects on insulin secretion.
Thus, addition of 0.1 mMIBMX, or 0.1 nM cholera
toxin, to 5.6 mMglucose produced slightly greater in-
creases in cAMPlevels and B cell replication than did
16.7 mMglucose, whereas insulin release was in-
creased significantly more with 16.7 mM glucose
(Table III). Furthermore, addition of 0.1 mMIBMX, or
0.1 nM cholera toxin, to 16.7 mMglucose stimulated
further increases in cAMPlevels and insulin release in
the cultures, but no further increases in B cell replica-
tion. These results indicate that the increases in islet
levels of cAMPobtained with IBMX or cholera toxin at
a low (5.6 mM) glucose concentration are sufficient
to stimulate B cell replication maximally, whereas in-
sulin release is increased maximally only in the com-
bined presence of agents such as IBMX or cholera toxin
and a high (16.7 mM) glucose concentration. Thus,
cAMPmay serve as a sufficient mediator of B cell repli-
cation, in contrast to its secondary role as an amplifier of
insulin release primarily mediated by actions of glu-
cose that are independent of cAMP (34).

A dissociation between the effects of cAMP
on B cell replication and insulin release was also re-
ported by King et al. (11), who found that high concen-
trations of theophylline (-1 mM) significantly de-
creased B cell replication in neonatal rat pancreatic
monolayers cultured in the presence of a high (16.5
mM) glucose concentration. Wealso found that lower
concentrations of I'BMX (1 ,uM to 0.1 mM)decreased B

cell replication slightly in medium with 16.7 mMglu-
cose, and 1 mMIBMX decreased B cell replication
markedly (Fig. 3), however the latter effect was accom-
panied by toxic effects to the islet cells (Fig. 4). These
observations highlight the importance of assessing ef-
fects of cyclic nucleotides on cell replication at lower,
possibly more physiological concentrations.

It has been assumed in the present work that meas-
urements of cAMP in the cultures reflect levels of this
nucleotide in islet B cells. This is likely to be the case,
since we have found that the proportion of B cells
(aldehyde-thionine positive) in the monolayers aver-
aged 88% (range, 82-92%), and this figure is in agree-
ment with the value of 86% B cells in isolated islets of
adult rats (35). Nevertheless, a possible contribution of
other islet cell types to the measured levels of cAMP
must be borne in mind.

In conclusion, we have demonstrated that agents that
increase cAMPlevels in pancreatic islet cell monolayer
cultures also stimulate replication in the islet B cells.
Because the effects of these agents (IBMX, 8-Br-cAMP,
cholera toxin) on B cell replication were maximal at a
low glucose concentration (5.6 mM), and since a high
glucose concentration (16.7 mM) also increased the
level of cAMP in the cultures, it is proposed that this
cyclic nucleotide may mediate the stimulatory effect of
glucose on B cell replication. Finally, since a limited
ability of the islet B cell to replicate may contribute
to the pathogenesis of diabetes mellitus (36), further
study of mechanisms involved in cAMP-induced B cell
replication appears warranted.
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