1114

101

102

103

104

105

106

107

108

109

110

11

112

113

114

115

Rothman, J.E., and Fine, R.E., Coated vesicles transport newly
synthesized membrane glycoproteins from endoplasmic reticulum
to plasma membrane in two successive stages. Proc. natl Acad.
Sci. USA 77 (1980) 780-784.

Rothman, J.E., Fries, E., Dunphy, W.G., and Urbani, L.J., The
Golgi apparatus, coated vesicles, and the sorting problem.
CSH 5QB 46 (1982) 797-805.

Sachs, H., Fawcett, P., Takabeatake, Y., and Portanova, R., Bio-
synthesis and release of vasopresin and neurophysin. Rec. Prog.
Horm. Res. 25 (1969) 447-484.

Sando, H., Borg, J., and Steiner, D.F., Studies on the secretion of
newly synthesized proinsulin and insulin from isolated rat islets of
Langerhans. J. clin. Invest. 57 (1972) 1476-1485.

Sando, H., and Grodsky, G. M., Dynamic synthesis and release of
insulin and proinsulin from perifused islets. Diabetes 22 (1973)
354-360.

Schatz, H., Nierle, C., and Pfeiffer, E.F., (Pro-)insulin biosyn-
thesis and release of newly synthesized (pro-)insulin from isolated
islets of rat pancreas in the presence of amino acids and sulpho-
nylureas. Eur. J. clin. Invest. 5 (1975) 477-485.

Scholler, Y., De Maertelaes, V., and Malaisse, W.J., Mathe-
matical modeling of stimulus-secretion coupling in the pancreatic
B-cell. I. Dynamics of insulin release. Acta diabet. lat. 20 (1983)
329-340.

Sharoni, Y., Eimerl, S., and Schramm, M., Secretion of old versus
new exportable protein in rat parotid slides. J. Cell Biol. 71 (1976)
107-122.

Simpson, R. G., Benedetti, A., Grodsky, G. M., Karam, J. H., and
Forsham, P. H., Stimulation of insulin release by glucagon in non-
insulin-dependent diabetics. Metabolism 15 (1966) 1046-1049.
Slaby, F., and Bryan, J., High uptake of myo-inositol by rat pan-
creatic tissue in vitro stimulates secretion. J. biol. Chem. 251
(1976) 5078-5086.

Sopwith, A.M., Hutton, J.C., Naber, S.P., Chick, W.L., and
Hales, C.N., Insulin secretion by a transplantable rat islet cell
tumor. Diabetologia 21 (1981) 224-229.

Stagner, J.I., Samols, E., and Weir, G.C., Sustained oscillations
of insulin, glucagon, and somatostatin from the isolated canine
pancreas during exposure to a constant glucose concentration. J.
clin. Invest. 65 (1980) 939-942.

Steiner, D.F., Clark, J.L., and Nolan, C., The pathogenesis of
diabetes mellitus, in: Proc. 13th Nobel Symposium, p.123. Eds E.
Cerasi and R. Luft. Almquist and Wiksell, Stockholm 1970.
Steiner, D.F., Cunningham, D., Spigelman, L., and Aten, B., In-
sulin biosynthesis: Evidence of a precursor. Science 157 (1967)
697-700.

Steiner, D.F., Kemmler, W., Clark, J.L., Oyer, P.E., and
Rubenstein, A.H., The biosynthesis of insulin, in: Handbook of
Physiology, Section 7: Endocrinology, vol.1, pp.175-198. Eds
D.F. Steiner and N. Freinkel. Waverly, Baltimore 1972,

Islet cell interactions with pancreatic B-cells

by D. Pipeleers

Experientia 40 (1984), Birkhiuser Verlag, CH-4010 Basel/Switzerland

116

117

118

119

120

121

122

123

124

125

126

127

128

129

Suwa, S., and Friesen, H., Biosynthesis of human placental pro-
teins and human placental lactogen (HPL) in vitro. II. Dynamic
studies of normal term placentas. Endocrinology 85 (1969) 1037-
1045.

Swearingen, K. C., Heterogeneous turnover of adenohypophysial
prolactin. Endocrinology 89 (1971) 1380-1388.

Tartakoff, A.M., and Vassalli, P., Plasma cell immunoglobulin
secretion: Arrest is accompanied by alterations of the Golgi com-
plex. J. exp. Med. 146 (1977) 1332-1345.

Tartakoff, A.M., and Vassalli, P., Comparative studies of intra-
cellular transport of secretory proteins. J. Cell Biol. 79 (1978)
694-707.

Track, N.S., Insulin biosynthesis, in: Insulin and Metabolism,
p.13. Ed. J. Bajaj. Excerpta Medica, Amsterdam 1977.

Trimble, E.R., and Renold, A.E., Ventral and dorsal areas of rat
pancreas: Islet hormone content and secretion. Am. J. Physiol.
240 (1981) E422-E427.

Tsumura, Y., Kobayashi, K., Yashida, K., Kagawa, S., and Ma-

_ tsuoka, A., Dynamics of insulin and cyclic adenosine 3',5', mono-

phosphate release from the perifused islets of Langerhans under a
slow-rise stimulation with D-glucose and its anomers. Endocrinol-
ogy, Japan 26 (1979) 245-253.

Virji, M. A. G., Steffes, M. W., and Estensen, R.D., Phorbol my-
ristate acetate: Effect of a tumor promoter on insulin release from
isolated rat islets of Langerhans. Endocrinology 102 (1978) 706—
711.

Wollheim, C.B., and Sharp, G.W.G., Regulation of insulin
release by calcium. Physiol. Rev. 67 (1981) 914-973.

Wollheim, C. B., Tsien, R.Y., and Pozzan, T., Cytosolic free Ca™*
increases during stimulation of insulin release from RINSF cells.
Diabetes 32, suppl. 1 (1983) 7A.

Wolters, G.H.J., Pasma, A., Konijnendijk, W., and Boom, G.,
Calcium zinc and other elements in islet and exocrine tissue of the
rat pancreas as measured by histochemical methods and electron-
probe micro-analysis. Effects of fasting and tolbutamide. Histo-
chemistry 62 (1979) 1-17.

Wolters, G.H.J., Pasma, A., Konijnendijk, W., and Bouman,
P.R., Effects of calcium manipulation and glucose stimulation on
a histochemically detectable mobile calcium fraction in isolated
rat pancreatic islets. Histochemistry 66 (1980) 125-135.

Wolters, G.H.J., Pasma, A., Wiegman, J.B., and Konijnendijk,
W., Glucose-induced changes in histochemically determined Ca?*
in B-cell granules, **Ca uptake, and total Ca®" of rat pancreatic
islets. Diabetes 33 (1984) 409-414.

Zawalich, W., Brown, C., and Rasmussen, H., Insulin secretion.
Combined effects of phorbol ester and A23187. Biochem. bio-
phys. Res. Commun. 117 (1983) 448-455.

0014-4754/84/101105-10$1.50 + 0.20/0
© Birkhéduser Verlag Basel, 1984

Department Metabolism and Endocrinology, Brussels Free University, Laarbeeklaan 103,
B-1090 Brussels (Belgium)

Key words. Islets; islet cells; insulin; paracrine effects; junctions.

Introduction

The exquisite glucose-sensitivity of the pancreatic B-cell
plays a key role in the hormonal control of glucose ho-
meostasis. The B-cell response is characterized by a
rapid discharge of the hormone and by a precise titra-
tion of the amount to be released. Its secretory activity

is adjusted to other hormonal regulators, so that meta-
bolic demands are quickly met without disturbing other
insulin-dependent processes.

A well developed vascular and neural network is
thought to rapidly inform the pancreatic B-cells about
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the prevailing metabolic conditions. Less clear are the
mechanisms involved in the recognition of the various
messages, in their integration and their transformation
into an insulin secretory response. It is unknown
whether these mechanisms are solely located in the pan-
creatic B-cells or whether they require the participation
of other islet cell types. According to a well propagated
hypothesis, metabolic and (neuro)hormonal signals are
transmitted to the various islet cells which — through
intercellular interactions — translate the messages into a
finely tuned and coordinated release of pancreatic hor-
mones® % The present review is focused upon islet
cell interactions with pancreatic B-cells, and pays par-
ticular attention to their possible role in generating the
essential features of the B-cell response, namely a rapid
and metabolically appropriate release of insulin.

A. Indirect interactions

Islet cell products are released in the interstitial space
before their discharge into the vascular compartment.
Their possible interaction with islet cells can therefore
occur in two ways, either with the islet interstitial fluid
as sole vector or following their passage in the islet cap-
illary network (fig. 1). Both pathways appear attractive
from a physiologic standpoint, in particular in view of
the characteristic organization of the various endocrine
cell types within the islet of Langerhans™. However,
their significance might remain hypothetical as long as
the islet interstitial space is undefined in terms of com-
position, flow and compartmentalization. The likeli-
hood of such intra-islet regulation can nevertheless be
assessed from a large body of indirect approaches.

1. Local chemical mediators

Most living cells release substances which can act as lo-
cal chemical mediators on neighboring cells. Several of
these agents are rapidly destroyed, cleared or diluted so
that their plasma concentration is low and probably
physiologically irrelevant. Cell products such as prosta-
glandins, opioid peptides, biogenic amines and cyclic
nucleotides have been detected in the effluent of pan-
creatic islet cells'®*>*#, Their administration to islets in
vitro alters insulin release, which is compatible with a
role as local mediators of B-cell function®’>* ' The
main question remains however whether their in vivo
concentration in the islet interstitial fluid is sufficiently
high to permit effects upon neighboring cells. Correct
interpretations also require an identification of their
principal source and a description of their acute and
chronic effects upon B-cells. Without these clari-
fications, proposals on local chemical mediators in islets
have an all too speculative basis.

2. Pancreatic hormones
2.1 Extracellular concentration in islets

The release of pancreatic hormones in the interstitial
fluid creates local concentrations which are far in excess
of the levels measured in peripheral plasma or in the
vicinity of peripheral receptors. Interstitial hormone
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Figure 1. Possible role of islet cell interactions in B-cell function. Islet
cells can interact with B-cells either directly via membrane contacts or
indirectly via released products. Chemical or hormonal mediators might
reach the B-cell immediately after their discharge in the islet interstitium
(a) or following passage in the vascular compartment (b). Both types of
islet cell interaction could aid the pancreatic B-cell in responding
rapidly and appropriately to the metabolic needs.

concentrations are almost impossible to estimate as no
information exists on pancreatic hormone distribution
in the islet intercellular space. A heterogenous distribu-
tion can be predicted from the clustered localization of
the B and non-B cell populations®™™; in rat islets for
example, a central mass of insulin-containing B-cells is
surrounded by a peripheral layer of non-B-cells® ™. Dif-
ferences in local hormone concentration are also ex-
pected when homologous cells vary in secretory activity
or when a compartmentalization exists within the inter-
cellular space. Other variables are the distance between
the site of hormone release and that of their discharge
in the islet capillaries, the flow characteristics of inter-
stitial and vascular fluid, and the properties of endo-
thelial cells and basement membrane. It is evident from
these reflections how difficult it will be to gain complete
insights in the islet interstitium in vivo. What can be
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concluded at the present time, is that marked differ-
ences will certainly occur between the intercellular hor-
mone concentrations in the intact pancreas and those
present in isolated islets. The role of locally released
hormones might thus differ with the type of islet prepa-
ration.

Pancreatic hormone concentrations in the islet vascular
compartment are somewhat easier to estimate. In the
afferent arterioles, the in vivo levels should be similar to
those measured in peripheral blood. The levels are ex-
pected to increase in the islet capillary network and
should be maximal in the collecting venules which leave
the islets. These maximal concentrations can be derived
from the hormone levels in the pancreatic effluent® 16
and the blood flow distribution over endocrine and exo-
crine pancreas®-'. The values thus obtained (table, see
also Weir et al.'®) lack sufficient experimental support
and should therefore be solely considered as an attempt
to quantify a frequently cited notion. Extrapolation of
these data to the in vivo situation would indicate that
rat islet cells are exposed to plasma pancreatic hormone
levels varying between 107" and 10" M for insulin, be-
tween 107'° and 10~® M for glucagon and between 107!
and 10° M for somatostatin (table). It is obvious that
these figures will vary with the size and cellular compo-
sition of the islets, with the secretory activity and local-
ization of the various cell types, and with the rate of
islet blood flow.

2.2 Access to target cells

2.2.1 Compartmentalization

Whether paracrine or endocrine, the effects of pancreat-
ic hormones upon B-cells require their access to the tar-
get cells. The properties of the islet interstitium are the-
refore important determinants in the possible intra-islet
regulation via release products. According to Kawai et
al., the intercellular space in islets is compartmentalized
in hormone-rich regions which transfer the released
hormone to the venous capillaries, and in hormone-
poor regions where circulating hormones can interact
with specific receptors®; according to the same authors,
these compartments are sealed by tight junctions which
prevent diffusion of locally released hormones to the
receptor-pole of the cells, and which thus maintain the
islet cell sensitivity to the low plasma hormone lev-
els**. In rat and human pancreas however, in ‘t Veld et
al. were unable to detect tight junctions in islets in
situ®. In fact, tight junctions were so far only described
after mechanical or proteolytic treatment of the pan-
creatic gland® %% as if they assume their sealing func-
tion in conditions of chemical aggression®. These obser-
vations rather suggest that, if clearly separated inter-

Pancreatic hormone levels in the rat
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stitial compartments do exist in the normal endocrine
pancreas, they should be generated by other structures
than tight junctions.

2.2.2 Blood flow

Since B- and non-B cells are not randomly distributed
but clustered in particular microdomains®™ ™, it is im-
portant to know which population is first irrigated be-
fore making predictions about possible endocrine routes
of intra-islet regulation.

According to Fujita et al., the blood of the islet vas
afferens first streams through the non-B cell region and
then reaches the B-cell region. A similar pattern was
described in adult human islets, where A- and D-cells
border the penetrating vessels and surround the more
centrally located B-cells””. Such irrigation pattern
creates an anatomical basis for glucagon and soma-
tostatin to exert immediate endocrine effects upon the
pancreatic B-cells".

More recently, Bonner-Weir and Orci have re-examined
the three-dimensional organisation of the microvascula-
ture in rat islets®. In contrast to the earlier observations,
the afferent vessels were found to enter the islets in
areas devoid of non-B cells and to send their capillaries
through the B-cell core before passing through the non-
B cell mantle®. These results rather indicate that in
terms of endocrine regulation, rat pancreatic B-cells are
only accessible to pancreatic hormones which have cir-
culated through the organism, but not to those which
were just discharged into the blood stream.

2.2.3 Cellular topography

The access of pancreatic hormones to islet cells might
be considerably facilitated if they are released in the vi-
cinity of their target cells. A morphological relationship
between two islet cell types might therefore be physio-
logically relevant.

A close topographical association has been noted be-
tween somatostatin-containing D-cells on one hand and
insulin-containing B-cells or glucagon-containing A-
cells on the other hand. Examples of this relationship
were found throughout the ontogeny and phylogeny of
the endocrine pancreas, and were particularly well illus-
trated in reports on the islet cell distribution in verte-
brate species® 26773,

The preferential association of D-cells with pancreatic
B-cells was already recognized more than a decade ago,
when it led to the first speculations about insulin release
being regulated by a local inhibitory factor, later identi-
fied as somatostatin®™?. Even after islet dissociation,
many somatostatin-containing D-cells remain attached
to B-cells, while almost all glucagon-containing A-cells

In vitro perfused pancreas
Organ effluent

Basal in vivo

Islet venous capillary Peripheral plasma

Insulin 10790 t0 1078
Glucagon 0.5%107%t0 1.5 x 107
Somatostatin 107 to 0.5 x 10710

107% to 1077 10710
0.5x% 1072 to 1.5 x 1072 10710
1079 t0 0.5 x 107° 1o~

The range of hormone concentrations (mol/I) is taken from studies where the three hormones were measured in rat pancreatic effluent'*% or in rat
peripheral plasma'S. The levels in islet venous capillaries were calculated from those in the organ effluent, assuming that the islets account for

approximately 10% of the total pancreatic blood flow!®.
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Figure 2. Preferential association of D-cells with pancreatic B-cells after islet dissociation. When single B- and non-B-cells are prepared from islet

S
cell suspensions”” 1!

L a cell fraction is left which contains structurally coupled islet cells and which is composed of 90 95% B-cells, less than 2%

A-cells and 5 10% D-cells. After fluorescent identification of the pancrcatic hormones in this (raction, the rare glucagon-containing A-cells (g) were
detected as single units, whereas the more abundant somatostatin-containing D-cells (s) were all structurally coupled 1o insulin-containing B-cells (i).
In unpurified islet cell suspensions. A-cells are 4-fold more abundant than D-cells (not shown).

occur as single cells” (fig. 2). This higher coupling ten-

dency of the D-cells has been attributed to their multi-
ple cytoplasmic processes™, which could  just as in the
antral gland" - provide an anatomical basis for close
and strong contacts with putative effector cells.

The characteristic topography of the pancreatic D-cells
might thus facilitate access of somatostatin to a small
proportion of B-cells, and can therefore be considered
as indirect evidence for paracrine effects in pancreatic

islets®.

2.3 Receptors upon pancreatic B-cells

If pancreatic hormones interact with islet cells, they are
expected to do so via membrane receptors. The recogni-
tion and characterization of specific binding sites for
pancreatic hormones can thus be indicative for the exis-
tence of intra-islet regulatory mechanisms. Such investi-
gation faces two technical problems, firstly the need to
prepare large cell numbers and, secondly, the risk that
endogenously released hormone can markedly reduce
the specific activity of the tracer. Despite these obsta-
cles, evidence has been reported in favor of glucagon,
insulin and somatostatin receptors in islet cells.

The presence of insulin receptors has been examined in
isolated islets'™. Specific binding of I'”-insulin was de-
tected during 20-min incubations of 100-pl samples
containing 100 islets. Scatchard analysis was compatible
with the existence of high affinity receptors with a
dissociation constant of 0.46 nM. Crucial in this study
is the assumption that the endogenous insulin levels re-
mained under 50 pM and thus exerted no interference
with tracer binding. In support for a biological signif-
icance of insulin binding to islet B-cells was the finding
that the K, of insulin binding corresponded to the insu-
lin concentrations which inhibited glucose-induced insu-

lin relcase from isolated islets'”. However, it is unclear

from the prescnted binding experiments on which cell
type the high affinity receptors for insulin arc located.
This identification seems important as several investiga-
tors have been unable to demonstrate an effect of insu-
lin upon its own release in vitro®"¥. To answer this
question, autoradiographs were performed on mono-
layer islet cell cultures which had been exposed to I'*-
insulin for 60 min at 37°C™. Specific binding of insulin
was detected in approximately 50% B-cells, 30% A-
cells and 15% D-cells™. Unfortunately, no distinction
could be made between receptor binding and intracellu-
lar incorporation, nor between low and high affinity
sites. A better characterization of insulin interactions
with islet cells can be expected if binding studies are
carried out on purified islet cell preparations. The re-
cent development of islet cell purification techni-
ques™ '™ has created the possibility to undertake such
experiments. Employing this novel approach, Van
Schravendijk et al. were unable to detect high affinity
insulin receptors upon cultured pancreatic A-cells'” nor
B-cells (unpublished observations).

In the same purified preparations, glucagon receptors
were identified upon insulin-containing B-cells (Van
Schravendijk et al., unpublished observations). Earlier
studies had already demonstrated specific binding of I'*
glucagon to insulin-secreting tumoral cells*"". In autora-
diographs of monolayer cultures, I'* glucagon was
found on the surface of and inside A-, B- and D-cells
but only 15-37% of the cells interacted specifically with
the labeled hormone™.

Somatostatin receptors have been described in isolated
islets and in insulinoma cells®®. Interestingly, condi-
tions which stimulate insulin release, increased the num-
ber of somatostatin receptors™®. This phenomenon
was attributed to receptor recruitment from secretory
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vesicles, and led to the hypothesis that hormone release
can be modulated by receptor interactions at the junc-
tion of secretory vesicles and the plasma membrane™*,
If such mechanism really exists, it might explain the het-
erogenous labeling of islet monolayers exposed to I'*
somatostatin™. Again, studies on purified islet cells are
necessary to confirm the existence of somatostatin re-
ceptors on B-cells and to evaluate their role in the regu-
lation of insulin release.

2.4 Effects upon insulin release
2.4.1 Exogenous hormones

Exogenous glucagon stimulates insulin release in vivo
and in vitro™*®. The hormone is expected to bind to
surface receptors on pancreatic B-cells, thereby stimu-
lating adenylcyclase activity and cyclic AMP produc-
ti0n41’91’98.

The administration of somatostatin blocks insulin
release under various in vivo and in vitro conditions®”.
The peptide is thought to interact with B-cells, but the
mechanism leading to a reduction in hormone release is
not yet identified. Both pancreatic polypeptide and in-
sulin have been reported to inhibit insulin release in
vivo* %1% the PP-effect has not yet been reproduced in
vitro, while in vitro testing of the insulin effect has re-
mained controversial?" #9219,

2.4.2 Endogenous hormones

The marked effects of exogenous glucagon and soma-
tostatin upon insulin release have raised the hypothesis
that endogenously released pancreatic hormones mod-
ulate the secretory activity of B-cells® %, Several exper-
imental models have been used to test this possibility
and to examine whether such actions are transmitted
via paracrine or endocrine routes. It seems essential to
discuss these studies according to the experimental
model used, since the way islet cells interact will vary
with the type of islet cell preparation. Paracrine or en-
docrine pathways within the endocrine pancreas are in-
deed likely to undergo profound changes as soon as the
normal architecture of the pancreatic organ is dis-
turbed.

In vivo models

Although it is most relevant to know whether insulin
release in vivo is regulated by endogenous pancreatic
hormones, this condition has been the least well exam-
ined. One approach consists in monitoring insulin
release while the secretory function of pancreatic A-, D-
or PP-cells is selectively suppressed or stimulated. Un-
fortunately, selective modulators of glucagon, somato-
statin or PP-release have not yet been described. It has
been argued that — at certain concentrations — the
somatostatin analog ALA’-TRP3-SS, interacts solely
with the pancreatic D-cells thus diminishing somatosta-
tin release without affecting directly the other islet cell
types®. In this case, the parallel increase in glucagon
and insulin levels following the in vivo administration
of the analog, might well express an in vivo intra-islet
effect of pancreatic somatostatin®.
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Other suggestive evidence for a participation of islet
non B-cells in the secretory function of B-cells can be
sought in the insulin release characteristics of organisms
with an abnormal proportion of islet non-B-cells rela-
tive to islet B-cells. Among the animal models of
disease, the obese BL/6J mouse represents a suggestive
example in this context, as its hyperinsulinemic diabetic
state was associated with a reduced number of pan-
creatic D-cells®. This anomaly in the endocrine pancreas
could result in a diminished local somatostatin release
which would permit an increased secretory activity of
A- and B-cells and lead to the disturbed glucose homeo-
stasis which is characteristically observed in this animal
strain. The search for similar examples in human dia-
betes is considerably hindered by the heterogeneity of
the disease and by the technical difficulties in analyzing
the endocrine pancreas in a sufficient number of pa-
tients and age-matched controls. It is thus not surpris-
ing that divergent results have been reported on the vol-
ume density of the various islet cell types in type 2 dia-
betics'>**8! However, the data do not exclude the possi-
bility that certain forms of non-insulin dependent dia-
betes are associated with an altered islet composition
and thus with a disturbed intra-islet regulation of insu-
lin release.

More experimental support has been collected for a
causal relationship between an abnormal cellular com-
position of the endocrine pancreas and conditions of
persistent neonatal hypoglycemia. The hyperinsulinemic
state of these infants has been attributed to a reduction
in the number of somatostatin-containing cells>'* and
could thus result from an unrestrained secretory activity
of B-cells. In a detailed analysis of 15 cases, Rahier et
al. correlated the hypoglycemic syndrome to the pres-
ence of B-cells with larger nuclei; they also reported an
increase in the number of PP-cells in addition to the
reduced number of D-cells®. The hypoglycemic condi-
tion might thus be attributed to a hyperactive B-cell
population, but it is unknown whether this increased
activity is causally related to an altered number of D- or
PP-cells.

That endogenously released pancreatic hormones can
regulate insulin release in man, is best illustrated in pa-
tients with a pancreatic glucagonoma or somatostati-
noma. In both conditions, alterations in insulin release
have been described and were attributed to an increased
and/or anarchic release of tumoral glucagon — or so-
matostatin-like material*-**%,

Perfused pancreas

The possible role of endogenous hormones in the regu-
lation of insulin release has been more extensively in-
vestigated in perfused pancreas preparations. Most ex-
periments consisted in measuring insulin release under
conditions which alter the secretory function of A- or
D-cells. In several reports, the observed variations in
effluent insulin were explained on the basis of regula-
tory effects of endogenously released glucagon or so-
matostatin®*-#%,  Other studies underlined the
dissociation between glucagon and insulin release and
questioned the existence of a local regulation®. The
complexity of the endocrine pancreas and insufficient
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knowledge about cell specific interactions make it
presently extremely difficult to draw firm conclusions
from these data.

In terms of insulin release, more suggestive evidence has
been collected in support of a regulatory role of endoge-
nous somatostatin than of endogenous glucagon. This
notion has been illustrated both for locally released and
for circulating somatostatin®**. In the first report, glu-
cagon-induced insulin release became progressively less
marked when increasing glucagon concentrations were
infused in an isolated rat pancreas®. As the reduced
secretory activity of the B-cells coincided with a
progressive rise in somatostatin release, it was con-
cluded that locally released somatostatin regulates insu-
lin release from the perfused pancreas. In the second
study, circulating somatostatin levels — which are far
lower than those generated in the endocrine pancreas —
were found to inhibit arginine — induced insulin release
from the perfused dog pancreas™. This observation
strongly suggests the existence of a somatostatin-poor
islet compartment where low circulating somatostatin
levels regulate B-cell function. According to Kawai et
al., the infused somatostatin acts directly upon the pan-
creatic B-cells®; however, it was not excluded that the
observed reduction in insulin release resulted from a
somatostatin-induced inhibition of glucagon release.
Reports suggesting a regulation of insulin release via
locally released somatostatin or via plasma somatosta-
tin are not necessarily conflicting. Both routes might be
acting in vivo, even without a tight junctional compart-
mentalization. It is for instance conceivable that one
population of B-cells is exposed to the released peptides
of neighboring D-cells, whereas another population un-
dergoes control by circulating somatostatin — either di-
rectly or via the glucagon-releasing A-cells. Caution is
nevertheless required when extrapolating these results
to the in vivo situation, as the isolation of the pancreat-
ic organ, its denervation and its in vitro perfusion con-
ditions can disturb paracrine as well as endocrine routes
of B-cell regulation.

Isolated islets

For obvious reasons, isolated islets represent an inap-
propriate model for assessing intra-islet regulatory
pathways in vivo. The isolation procedure not only de-
stroys the vascular and neural components, but also
profoundly alters flow characteristics and compart-
mentalization of the islet interstitial space. While the
disruption of the in situ architecture is expected to in-
crease paracrine effects, the development of tight junc-
tions during the isolation procedure® might trap re-
leased products within confined areas, and thus expose
islet cell membranes to abnormally high hormone con-
centrations®. Isolated islets have been — and still are —
extremely useful in gaining knowledge about B-cell
function. It seems therefore interesting to know to
which extent insulin release from isolated islets is regu-
lated by paracrine phenomena.

One method consists in measuring insulin release under
conditions where endogenously discharged glucagon or
somatostatin is neutralized by an excess of antibodies.
The validity of this experimental design depends on the
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antibodies’ capability to bind all free hormone before it
exerts any biological effect upon neighboring cells. It is
not clear whether this criterion is met in all reports;
neither has it been excluded that the added glucagon or
somatostatin antibodies interact directly with islet cells,
as has been observed for insulin antibodies* and sug-
gested for glucagon antibodies™.

Somatostatin antibodies increased glucose-induced in-
sulin release from adult rat islets®®®°>* and from
monolayer cultures of neonatal islet cells*. These results
support the view that insulin release from isolated islets
is regulated by locally released somatostatin. Experi-
ments with glucagon antibodies have been less numer-
ous and more controversial as an inhibition of insulin
release was observed in one study®® and a stimulation in
two others'*, This discrepancy can result from differ-
ences in islet cell composition or in antibody properties,
and might be related to the dual effect that glucagon
might exert upon insulin release, namely a stimulating
one via direct interaction with the B-cell and an inhibi-
tory one via an increased somatostatin release™ *.,

The possibility that glucagon exerts paracrine effects in
isolated islets has been better documented by Trimble
and Renold, who compared glucose-induced insulin
release from glucagon-poor and glucagon-rich islets iso-
lated from the same rat pancreas”. This experimental
design bears upon the knowledge that islets in the ven-
tral primordium-derived pancreatic tissue contain many
more pancreatic polypeptide cells and proportionally
less glucagon cells than islets in the dorsal part’. The
observation that glucose released up to 50 % more insu-
lin from dorsal islets than from ventral islets” strongly
suggests that endogenous glucagon amplifies glucose-in-
duced insulin release from isolated islets as has been
proposed 15 years ago®.

Purified B-cells

The possible regulatory role of locally released glucagon
and somatostatin can also be assessed by comparing
glucose-induced insulin release from isolated islets with
that from purified B-cells™. That pancreatic B-cells re-
quire intra-islet factors to respond appropriately to glu-
cose is illustrated by the fact that single purified B-cells
release 30-fold less insulin than B-cells which are lodged
in intact isolated islets™ (fig. 3). This secretory deficiency
of single B-cells was not associated with a reduced rate
of glucose transport or oxidation'®, but was related — at
least in part — to a deficiency in cellular cyclic AMP
levels™ "', When glucagon was added to single B-cells, a
marked increase was measured in both cellular cyclic
AMP and glucose-induced insulin release’”. Inter-
estingly, the stimulatory effect of glucagon upon single
B-cells was detected at lower concentrations than when
the hormone was added to intact islets (fig.4). The
higher glucagon-sensitivity of single B-cells weakens the
argument that cell damage is responsible for their poor
secretory response to glucose; it rather suggests that
isolated islets are already exposed to endogenously re-
leased glucagon which keeps the B-cell cyclic AMP lev-
els higher than in single B-cells without glucagon added.
Paracrine effects of glucagon are therefore thought to
participate in glucose-induced insulin release from iso-
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Figure 3. Insulin release from intact islets (solid line, n = 10), disso-
ciated islet cells (broken line, n = 8) and single purified B-cells (dotted
line, n = 9). The three fractions were cultured for 16 h prior to perifu-
sion’®, Results are expressed as percentage of the hormone release at
5.6 mM glucose (basal) and plotted as mean + SEM. A statistically
significant difference was measured between islets and islet cells
(p < 0.001), and between unpurified and purified islet cell preparations
(p < 0.01). (Reprinted with permission of Proc. Natl Acad. Sci.; Pi-
peleers et al.’®).
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Figure 4. Effect of glucagon upon glucose-induced insulin release from
intact islets ([, n=6), single B-cells ([___ ] n=6) and
structurally coupled B-cells n=35). The three fractions
were cultured for 16 h prior to the 120-min static incubation. Results
are expressed as percentage (mean =+ SEM) of the hormone release
measured at 20 mM glucose without glucagon added. At 10 ng/ml, glu-
cagon significantly increased (p < 0.005) glucose-induced insulin release
from purified B-cells but not from intact islets; at 50 ng/ml, glucagon
was three-fold more potent in stimulating hormone release from pu-
rified B-cells than from intact islets.

lated islets. This notion is further supported by the bet-
ter secretory activity of B-cells that were mixed with
glucagon — containing A-cells®. As somatostatin was
shown to counteract glucagon-induced cyclic AMP pro-
duction in single B-cells®, it is likely that endogenous
somatostatin also regulates insulin release from isolated
islets.

B. Direct interactions

Neighboring cells can interact via their adjacent mem-
branes. Intercellular contacts are established through
adhesion of cell coat molecules or through membrane
specializations such as desmosomes, gap and tight junc-
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tions. Each of these forms of cell contact have been
identified between islet cells*>®7 but their functional
significance is far from understood. In analogy to their
role in other tissues, membrane interactions in islets are
thought to coordinate the secretory function of the vari-
ous islet cells®>®. We will first examine whether insulin
release varies with the number of islet cell contacts, then
discuss how cell contacts could influence insulin release,
and finally illustrate that membrane interactions be-
tween islet cells can represent another regulatory site via
which insulin release can be adapted to physiologic
needs.

1. Role in insulin release

While glucose increases insulin release from intact islets
10-fold, its stimulating effect upon dispersed islet cells is
much less marked (fig. 3). The decreased secretory activ-
ity of dissociated B-cells can be attributed to cellular
damage inflicted during their preparation, to dimin-
ished paracrine effects due to the immediate dilution of
the released hormones or to disruption of cell contacts.
The dissociated and purified islet cell suspensions have
been extensively tested using various viability criteria®.
No signs of cell damage were detected®, which is also
reflected in the more than 90% cell survival over a 4-
day culture period. The reduced responsiveness of dis-
sociated islet cells seems therefore not caused by cell
lesions. It has been partly attributed to a decrease in
paracrine effects of glucagon, as outlined in the pre-
vious section. Whether the disruption of cell contacts
also contributes to the decreased secretory activity ap-
pears from insulin release studies on B-cell preparations
with a different degree of cell aggregation.

When single purified B-cells are compared to structur-
ally coupled purified B-cells, a markedly higher secre-
tory activity is measured in the aggregated cells* "™,
Both first and second phase insulin release were four-
fold higher in the small groups of aggregated B-cells
that were isolated as such from the rat pancreas
(fig.5)®. A similar difference was noted between hor-
mone release from single B-cells and that from B-cell
clumps that were formed by reaggregation of single
cells*”. Both in perifusion and in static incubations,
basal insulin release from single B-cells was comparable
to that from structurally coupled B-cells”-”™ indicat-
ing that their poor secretory response to glucose origi-
nates from a defect in stimulus-secretion coupling
rather than from an uncontrolled hormone discharge.
As single and structurally coupled B-cells did not differ
in glucose handling® nor in cyclic AMP levels”, their
different secretory responsiveness might well reside in a
different organization of their secretory apparatus.
Studies on unpurified islet cell preparations have also
demonstrated a loss in glucose-induced insulin release
upon disruption of the pancreatic islet”*, According to
Halban et al., this deficient response 1s related to the
lack of single B-cells to restrain their hormone release at
low glucose concentrations®. In their experiments, islet
cells that were reaggregated immediately after dissocia-
tion did indeed release less hormone at low glucose lev-
els and markedly more at high glucose. In recent work
by Chertow et al., a better secretory activity was also
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B-cells (solid iine, n=§) and from single B-cells
(dotted line, n = 9), Results are expressed as in fig-
ure 3. The significance level of the difference with
the single B-cell response is p < 0.001 for first phase
insulin release and p < 0.02 for the second phase.
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(Reprinted with permission of Proc. Natl Acad.
Sci., Pipeleers et al.”®).

observed when the islet cells were reaggregated, but this
improvement was not associated with a reduction in
basal hormone release’.

2. Action mechanism

Several hypotheses can be developed to explain how in-
tercellular contacts could regulate the insulin release
process.

Since the development of contact sites requires an infer-
action between specific membrane components, it is
conceivable that the formation of intercellular contacts
is followed by a further organization of adjacent parts
of the cells and their membranes. Desmosomes are for
example characterized by a symmetrical array of extra-
cellular, membranous as well as intracellular compo-
nents; junctional complexes develop in specific domains
which are associated with microfilaments® ', One can
therefore speculate on the role of intercellular contacts
in maintaining a similar organization in adjacent cells
and in creating a cell polarity. Whether this occurs in
islet cells is unclear. In a study on living mouse pan-
creas in situ, McCuskey and Chapman found no con-
sistent polarity in the endocrine cells™.

Membrane contacts can also regulate the function of
neighboring cells through direct exchange of ions and
small molecules. This form of intercellular communica-
tion is thought to proceed via the membrane channels
of gap junctions. Gap junctions have been identified in
isolated islets, where they were found to connect B-cells
to other B-cells as well as to islet non-B-cells® ¢ %, Elec-
trotonic and metabolic coupling between islet cells has
also been demonstrated in vitro®®3%657.58.6.62 byt the
functional significance of this phenomenon is not yet
defined. The idea that gap junctions coordinate and
synchronize pancreatic hormone release is thus still hy-
pothetical, but attractive.

3. Regulatory site

As in other tissues, membrane interactions between islet
cells represent dynamic events rather than fixed struc-

40 50 60 70 80
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tures. The formation, magnitude or activity of islet cell
contacts can be modulated by agents which are also
known to alter insulin release®™ 5558 Since cell
contacts have been implicated in the regulation of insu-
lin release, one could wonder whether they can function
as regulatory sites in the acute or chronic adaptation of
B-cell function.

3.1 Adhesion

Glucose as well as dibutyry! cyclic AMP stimulate the
reaggregation of single B-cells during short incuba-
tions" (fig. 6). This effect is not the result of an elevated
secretory activity, nor of an increased rate in glucose
metabolism, but was highly dependent on extracellular
calcium®’. The newly formed aggregates were easily dis-
sociated by calcium removal, indicating their depen-
dency on adhesive forces. The better secretory activity
of the reaggregated B-cells¥ further suggests that an in-
creased intercellular adhesion can participate in the in-
sulin release response to glucose or cyclic AMP. Reti-
noids were also shown to increase adhesion between is-
let cells, and were likewise found to amplify the secre-
tory response of B-cells’.

3.2 Tight junctions

Although tight junctions have not been detected in
normal islets in situ®, the islet cell membranes are capa-
ble to rapidly develop tight junctional fibrils under cer-
tain experimental conditions such as proteolytic treat-
ment and mechanical dispersion®™®% (fig.7). In islets
exhibiting a massive proliferation of tight junctions,
glucose still elevated insulin release, but large masses of
secretory material accumulated in the intercellular
space, as if they were trapped in microregions delimited
by tight junctional barriers®, Glucose further increased
tight junction density of enzyme-treated islets™. Thus,
although tight junctions were so far not associated with
the normal insulin release process, it seems quite possi-
ble that they regulate pancreatic hormone delivery in
pathologic conditions of the pancreatic organ.
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Figure 6. Effect of glucose upon reaggregation of single B-cells. Repre-
sentative phase contrast photographs after single purified B-cells were
shaken for 120 min at 37°C in the presence of 1.4 mM glucose (1) or 20
mM glucose (2). (Photographs taken during the study reported in Maes
and Pipeleers’).

3.3 Gap junctions

If gap junctions regulate the secretory activity of B-
cells, it is likely that this effect will be modulated by
alterations in number, distribution and permeability of
gap junctions. Experiments wherein such alterations are
induced by agents which are known to affect insulin
release, are therefore suggestive for a role of gap junc-
tions as regulatory sites in the insulin release process.
The number of gap junctions and gap junctional parti-
cles has been quantified in freeze-fracture replicas of
pancreatic tissue”, isolated islets®™*** and purified B-
cells?. In all studies, the extent of gap junctions between
B-cells varied with the function of these cells. An in-
crease was observed after stimulation by glucose or gli-
benclamide? % but also after inhibiting insulin
release with diazoxide®. While no association could be
established between gap junction formation and the
secretory activity of B-cells, an inverse relationship was
discerned between the surface of gap junctions and the
insulin content of B-cells®. In analogy to other cell
types'?, cyclic AMP was identified as a regulator of the
number of gap junctions between pancreatic B-cells at
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least over a 20-h incubation period”. The increased
number of gap junctions between islet cells cultured at
high cyclic AMP levels” explains the increased inter-
cellular communication which has been observed under
similar circumstances”®. An increased formation of
structures that permit intercellular communication with
B-cells may thus mediate a subacute or chronic regula-
tion of the insulin release process.

Variations in gap junction permeability might transmit
acute influences upon insulin release. Such event can be
monitored via the flux of ions®, dye molecules®, nucleo-
tides® or metabolites® between neighboring cells. Ionic
and metabolic coupling between B-cells has been dem-
onstrated in isolated islets™% and in islet monolayer
cultures®*%. Under basal in vitro conditions, coupling
between B-cells is limited to clusters of 2-8 cells® . The
number of communicating cells can be significantly in-
creased by short exposure to 16.7 mM glucose or to the
calcium ionophore A23157%; their number rapidly de-
creased 1n the presence of somatostatin®, As these three
experimental conditions are also known to rapidly in-
duce alterations in calcium metabolism in islets, it seems
possible that the permeability of gap junctions between
B-cells is regulated by the local cytoplasmic calcium
concentrations, as has been documented for other cell
types®.

It can be concluded that gap junctions with B-cells can
adapt intercellular communication to acute or chronic
alterations in the metabolic and hormonal environment.
Whether, how and to what degree this membrane pro-
cess influences insulin release is not yet clarified.

Conclusion

Microscopic explorations of the endocrine pancreas
have set the stage for physiologically attractive models
on functional cooperation between islet cells. The
present review examines the concept that intercellular
interactions in islets aid pancreatic B-cells in responding
rapidly and appropriately to the metabolic needs.
Indirect intercellular interactions with pancreatic B-cells
could occur via locally released cell products such as
prostaglandins, opioid peptides, biogenic amines and
cyclic nucleotides. Although these substances affect in-
sulin release in vitro, their role as local chemical media-
tors in islets remains speculative until their interstitial
concentration is shown to reach biologically active lev-
els.

Indirect interactions can also be mediated by pancreatic
hormones. Conditions were reported where circulating
insulin, glucagon and somatostatin altered the secretory
activity of B-cells; it is still unknown whether plasma
pancreatic hormones regulate insulin release at normal
peripheral levels and whether such effects result from
their binding to specific receptors upon the pancreatic
B-cell. Pancreatic hormones were also considered as
possible intra-islet regulators of insulin release, acting
via a paracrine route or a short passage in the islet cap-
illary network. In the intact pancreatic organ, an intra-
islet effect was documented for somatostatin but not for
glucagon. Insufficient insights in the islet interstitium
and its irrigation make it impossible to assess the rela-
tive impact of paracrine or local endocrine effects in
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vivo. In isolated islets, locally released glucagon and
somatostatin affect the secretory activity of B-cells. In
the absence of these hormones, glucose-stimulated pu-
rified B-cells release markedly less hormone than in the
presence of non-B-cells or their secretory products. It is
suggested that endogenous glucagon maintains the B-
cell cyclic AMP levels in islets at levels which permit an
immediate hormone discharge upon a sudden rise in
glucose; part of the islet B-cells might escape this mech-
anism as they are closely associated to somatostatin-
containing D-cells. Further work on purified islet cells
is necessary to confirm this concept, to identify and
characterize pancreatic hormone receptors upon islet
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Figure 7. Occurrence of tight junc-
tions in rat islets of Langerhans.
Freeze-fracture replicas of rat islets
in situ displayed gap junctions (ar-
row) but no tight junctions (1). Af-
ter their collagenase-isolation, the
islets contained tight junctional
strands (tj) associated with gap
junctions (gj) (2). (Photographs
taken during the study of in’t Veld
et al.%).

cells and to evaluate their regulatory role in insulin
release.

Islet cells also interact directly with pancreatic B-cells.
Experiments on single and reaggregated islet cells indi-
cated that insulin release from intact islets is in part
determined by islet cell contacts. Various mechanisms
can account for this phenomenon, such as a membrane-
induced cell polarity or an exchange of signal molecules
through gap junctions. Tight junctions were so far not
associated with the normal insulin release process, but
might regulate pancreatic hormone delivery in patholo-
gic conditions.

It is concluded that the insulin release characteristics of
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isolated islets are determined by both direct and indirect
islet cell interactions with pancreatic B-cells. Whether
the B-cell dependency on extracellular factors is also
met in vivo by locally released hormones and by islet
cell contacts is not yet clarified. A possible regulatory
role of somatostatin-containing D-cells has been docu-
mented in both normo- and hyperinsulinemic condi-
tions. It is conceivable that insulin release in vivo is
modulated by islet cell contacts, since membrane inter-
actions with B-cells were described as dynamic events
which adapt to acute or chronic alterations in the meta-
bolic and hormonal environment.
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Introduction

Although hypoglycemic sulfonylureas may have several
effects which are beneficial for the diabetic patient,
there is no doubt that their ability to stimulate insulin
release is an essential property”®. This insulinotropic
capacity has previously been reviewed®> %% and is dis-
cussed in this article with emphasis on such mechanisms
of action as are thought to be shared by various sulfo-
nylurea derivatives with vastly different potencies. At-
tention is paid to how the insulin-releasing actions
relate to the binding of sulfonylureas to B-cells and to
the ensuing effects on metabolism and ion fluxes in
these cells.

General aspects of the effects of sulfonylureas and related
analogues

As covered in more detail by previous reviews, both
first and second generation sulfonylureas can stimulate
insulin release in the absence of glucose but are more

effective as potentiators of glucose-initiated secretion.
The detailed dynamics of the secretory response differs
between various drugs, but rapidity of onset is a general
characteristic. The immediate response of the B-cell to
an acute challenge with sulfonylurea is significantly
faster than the response to a sudden increase of glucose
from basal to stimulatory concentrations. This differ-
ence is a reason for assuming that sulfonylureas act on
a distal sequence of events in the physiological signal
chain in the B-cell.

Cyclic AMP is in general an intracellular messenger ef-
fecting potentiation of insulin secretion in the presence
of some initiator. The fact that sulfonylureas can raise
the islet cyclic AMP level may therefore contribute to
their potentiating action”. Whether the effect on cyclic
AMP is due to the phosphodiesterase inhibiting proper-
ties of sulfonylureas is questionable in the light of data
suggesting a poor ability of the drugs to enter into the
B-cells (see below). There is an intricate inter-



