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For almost a century, diabetes research has focused on
the endocrine pancreas and its secretory products. This
particular orientation started in 1889, after von Mering
and Minkowski had noted the development of diabe-
tes in pancreatectomized dogs [1]. Four years later,
Minkowski demonstrated that the antidiabetic activity
of the pancreatic organ was not the result of its exo-
crine secretion [2]. Within the same year, the islets of
Langerhans were held responsible for an internal se-
cretion which regulated glucose homeostasis [3, 4]. It
then took seven decades before the islet tissue was sub-
mitted to functional analysis. The development of tech-
niques for the isolation of pancreatic islets [5-7] finally
created opportunities to study the insulin releasing B
cells in vitro. Reviews by previous Minkowski lecturers
have outlined how this in vitro work has elucidated
major events in the process of insulin biosynthesis and
release [8-14]. The recognition of a cellular heterogen-
eity in mammalian islets raised, however, the question
to which extent the functions of the pancreatic B cells
depend on a particular organisation of these cells with-
in their own society or within other (neuro)endocrine
systems (Fig.1). In order to investigate this issue, we
developed methods for the purification of islet cells
and for their in vitro analysis. It was the purpose to
first examine the functional characteristics of B cells
which had been isolated from their natural environ-
ment, and then to reconstitute, step by step, their in si-
tu configuration and functional activities.

The purification of islet cells

Techniques for the purification of islet cells have been
developed in the rat, where standardised methods exist
for the reproducible isolation of pancreatic islets [7, 15]
and for their dissociation into single and viable cells
[15, 16]. They take advantage of the differences which
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Fig.1. Hypothetical model for the functional organisation of pan-
creatic B cells. The ability of glucose to stimulate insulin release
from an individual B cell may depend (1) on the relationship of this
cell with other members of the B-cell society and (2) on its interac-
tions with signals which originate, locally or distally, from other cell

types

Table 1. Methods for the purification of islet cells

Parameter Technique

1. Sedimentation velocity
2. Cell density

Centrifugal elutriation

Isopycnic gradient centrifuga-
tion

Fluorescence - activated cell
sorting

3. Surface binding to B-cell spe-
cific antibodies

Autofluorescence-activated cell
sorting

4. Cellular endogenous fluores-
cence

have been identified in the chemical, physical and bio-
logical properties of the various islet cell types
(Table 1).

Cell size was the first detected parameter for the
separation of islet cells [17]. Both in volumetric and
surface analysis, insulin-containing B cells were found
to be two- to three-fold larger than the other islet cell
types (Fig.2, [16]). According to Stokes’” law, islet B
cells should thus exhibit a higher sedimentation veloci-
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Fig.2. Size distribution of rat pancreatic islet cells. Cell surfaces
were measured by semi-automatic analysis of dissociated islet cells
fixed in glutaraldehyde. Reprinted with permission from [16]

cell number

Fig.3. Analysis of rat islet cells during autofluorescence-activated
cell sorting. The tridimensional display plots the cells according to
their light scatter activity and endogenous FAD fluorescence. The
two distinct populations correspond to single non-B cells (I) and sin-
gle B cells (II)

ty than islet non-B cells. Centrifugal elutriation, which
separates cells according to their sedimentation veloci-
ty [18-20], distributed the islet cells over a first single
cell fraction enriched in islet non-B cells, a second sin-
gle cell fraction composed of more than 90 percent B
cells and a third fraction of mostly structurally coupled
cells [16]. The knowledge that islet B cells were separa-
ble on the basis of their larger size [16, 17] led to at-
tempts to purify islet cells by flow cytometry, with the
cellular light scatter activity as separation parameter.
In our experience, light scatter alone discriminates
poorly between islet B and non-B cells and can there-
fore not be adequately used for their isolation [21, 22].
Other laboratories also were unsuccessful in purifying
islet non-B cells by light scatter flow cytometry, but re-
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ported on the ability of this technique to isolate islet B
cells [23-26], albeit at a lower cell yield and a lower de-
gree of purification than with other methods [15, 16,
21).

Differences in cell density can be employed to pu-
rify glucagon-containing A cells from islet cell prepara-
tions which are already enriched in islet non-B cells
[16]. Isopycnic gradient centrifugation of elutriated is-
let non-B cells yields preparations with more than 90%
A cells between densities 1.067 and 1.07 g/ml, but the
final cell yield is less than 20% [16].

The availability of isolated islet B and non-B cells
led to the recognition of circulating islet cell surface
antibodies (ICSA) which bind to the insulin-containing
cells but not to the other islet cell types [27]. These IgG
antibodies were primarily detected in recently diag-
nosed Type1 (imsulin-dependent) diabetic patients
younger than 30 years of age [27], the population
wherein ICSA were first described [28]. They have
been used to fluorescently label the islet B cells so that
they become separable by fluorescence-activated cell
sorting [27]. Monoclonal antibodies binding selectively
to B cells have also been employed for this purpose
[29, 30]. Sorting of B cells labeled with cell selective
antibodies is, however, hindered by two disadvantages:
first, the inability to eliminate islet non-B cells which
are attached to fluorescent B cells and which therefore
contaminate the isolated preparation, and second, the
persistence of surface antibodies on the isolated cells
which limits further cell biological experimentation.

The endogenous fluorescence of the cells was
found to be a most useful parameter for the purifica-
tion of islet cells [15, 21]. In addition to yielding highly
purified islet cell suspensions, autofluorescence-acti-
vated cell sorting offers the advantage of preparing
cells free of exogenous ligand. It also provides a meth-
od to distribute the cells according to their functional
activities [31, 32]. The technique takes advantage of the
ubiquitous presence of the autofluorescent flavin and
pyridine nucleotides [33, 34]. Islets represent a rich
source of both constituents and, more importantly, un-
dergo rapid glucose-induced variations in the nucleo-
tides’ fluorescence intensities [35-37]. At 2.8 mmol/1
glucose, the histogram of the cellular flavin-adenine
dinucleotide (FAD)-autofluorescence intensity con-
tains two distinct peaks when plotted against the light
scatter activity of the cells (Fig.3, [15, 21]). The cell
population with low FAD values consists of more than
95% single non-B cells, while the cells with higher
FAD content correspond to more than 95% single B
cells [15, 21]. When the isolated non-B cells are re-ana-
lysed at 20 mmol/1 glucose, most cells maintain the
low nicotinamide adenine dinucleotide (NAD)(P)H
levels that are recorded at 2.8 mmol/1 glucose, and on-
ly 10 to 15% increases their NAD(P)H fluorescence in-
tensity two- to four-fold. Sorting of the population
with unchanged NAD(P)H content yields virtually
pure A cells {15].
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Table 2. Selection of technique for the purification ‘of islet cells
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Fig.4a and b. Purified A- (a) and B- (b)
cell suspensions after immunostaining for
glucagon (a 182 x) and insulin (b 126 x)

Table 3. Characteristics of purified islet cells

Access to cell sorter

- ) +
\

Elutriation Autofluorescence-activated cell sorting

at 2.8 mmol/1 glucose
- FAD/scatter

Non-B cell  Pure B cells Pure non-B cells Pure B cells
enriched

f

Isopycnic gradient Autofluorescence-activated cell sorting
centrifugation at 20 mmol/1 glucose
NAD(P)H/scatter
{ {
Pure A cells Pure A cells
(low yield)

At present, the selection of a technique for islet cell
purification depends on the availability of a cell sorter
(Table 2). Most of the work discussed in this review
has been conducted on islet cells purified by autofluo-
rescence-activated cell sorting. The quality control data
have been outlined in previous publications [15, 21, 22,
38]. The purity of the A- and B-cell preparations was
demonstrated by immunostaining the cells for gluca-
gon and insulin (Fig.4) and was confirmed by cell typ-
ing in electron micrographs (Fig.5). The purified cells

A cell B cell
Size um’ 250-550 700-1300
ug 8-11 11-14
Water space “fl 200 800
Glucose oxidation
Km mmol/1 20 8
Vinas fmol CO,/h 30 85
Hormone content  pg glucagon 10 -
pg insulin - 50
Number of
Cells per average 570 1300
isolated islet
Cells per adult 400,000 1,200000
pancreas
% Yield in pure 15 25
preparation

Data are taken from [15, 16 and 38] and express values per cell

were well granulated and exhibited an intact ultra-
structure of their membranes and organelles (Fig. 5); in
scanning micrographs, A cells were characterized by a
smooth surface and B cells by multiple short microvil-
lous extensions (Fig.5). The structural integrity of the
cells was also demonstrated by their survival in culture
[15]. The purity and viability of the isolated cell prepa-
rations allowed us to fill in a number of basal charac-
teristics on the passports of rat islet A and B cells
(Table 3).



Fig.5a-f. Electron micrographs of purified A (a-c) and B (d-f) cell preparations. The purity of both fractions is illustrated at low magnifica-
tion: more than 95% A cells in a (x 1130); more than 95% B cells in d (x 940). At higher magnification the well-preserved ultrastructure and
granulation are noted in both A cells (b x3850) and B cells (e x2540). In scanning micrographs, pancreatic A cells are characterized by a
smooth surface (¢ x 3850) while the pancreatic B-cell surface contains multiple microvilli (f x 2540). Bar, 10 pminaand d, and 2 pmin b, ¢, e

and f. Reprinted with permission from [15]
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Table 4. The biosociology of pancreatic B cells

Sociologic organisation Biological impact

I. Coexistence of functionally di- Complementarity in functions
verse subpopulations
1. Topography
2. Hormone content
3. Responsiveness to glucose
4. Replicative activity

I1. Aggregated state of the cells Potentiation of cell response

I11. Synergistic interaction with en-  Integration and coordination
vironmental signals _ in glucose homeostasis

Sociologic organisation of pancreatic B cells

Functional analysis of purified islet cells indicated that
adult pancreatic B cells are sociologically organised at
three different levels. A first level is expressed in the
coexistence of functionally diverse subpopulations, a
second level is associated to the aggregated state of the
cells and a third Ievel is achieved by the synergistic in-
teractions of the B cells with their environmental sig-
nals (Table 4).

Coexistence of functionally diverse B-cell subpopulations

Evidence for the coexistence of functionally diverse B-
cell subpopulations can be derived from the differ-
ences in topography of the insulin-containing cells
within the endocrine pancreas. In the rat, a proportion
of B cells are juxtaposed to the peripheral layer of islet
non-B cells; the remaining B cells form a central mass
of homogenous composition [39-42]. The peripherally
located B cells can be structurally and functionally
coupled to islet non-B cells [43-45], and exhibit, in ad-
dition, a larger gap junctional area than B cells in the
center of the islet [46]. It is now technically feasible to
isolate structurally coupled B cells from rat islet tissue
[15, 16] and to examine the kinetics and regulation of
their formation [47]. Glucose and cyclic AMP rapidly
increase the number of structurally coupled B cells in
the presence of extracellular calcium [47]. These condi-
tions also regulate the number and configuration of the
gap junctional units between the coupled cells [48, 49].
It will be discussed later how variations in the degree
of B-cell aggregation relate to the functional activities
of the cells.

Of the coupled B cells that were isolated from the
dissociated islet cell suspension, 5 to 10 percent were

Fig.6a-c. Electron micrographs of the isolated coupled islet cell
fraction. More than 90% of the cells correspond to B cells, many of
which are structurally coupled (a x 950). Almost all non-B cells are
identified as D cells, which are often coupled to each other or to B
cells (b x 1700). In scanning micrographs, the D cells are recognised
by their smaller size and their long microvilli (¢ x 1700). Bar, 10 pm,
Reprinted with permission from [15]
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Fig.7a and b. Double immunofluorescent reaction of Ia-positive is-
let cells for (a) membranous Ia-antigens and (b) cytoplasmic insulin.
Approximately 1% of dissociated islet cells present surface Ia-anti-
gens and can be isolated on this basis. More than 50% of the isolated
cells with thodamine labeled surface antibodies (a) exhibit a positive
cytoplasmic staining for insulin (b arrows) ( x 600) [52]
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Fig.8. Diversity in B-cell responsiveness to glucose: implications
for cytotoxic effects of alloxan. Pancreatic B cells differ in their
metabolic responsiveness to glucose. Cells in which glucose fails to
generate reducing equivalents are markedly more sensitive to oxida-
tive damage by alloxan than cells with a high generation rate. Glu-
cose can prevent the cytotoxic effects of alloxan by increasing the
level of reduced cofactors ptior to or during exposure of the glucose-
sensitive cells to the oxidative agent [1]. The sugar can also coun-
teract irreversible cell injuries in glucose-sensitive cells that are al-
ready exposed to oxidative damage [2]

attached to islet non-B cells, which were almost all
identified as somatostatin-containing D cells (Fig.6,
[16, 50]). These heterologous cell formations corre-
spond to the more peripherally located B cells which
probably represent a functionally distinct subpopula-
tion, not in the least as a result of their attachment to
somatostatin-containing cells. We have, for example,
consistently noticed that B cells coupled to D cells
were more densely granulated than B cells in homolo-
gous cell couples (P.In’t Veld and D. Pipeleers, unpub-
lished observations).

An uneven cellular hormone content represents a
second sign of heterogeneity in the B-cell population.
Differences in the degree of B-cell granulation have
been often described by histologists who examined
pancreatic sections in aldehyde fuchsin stain [40]. The
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form of the stored hormone can also differ from one
cell to another, as indicated by the presence of proinsu-
lin-rich cells adjacent to the more numerous insulin-
rich cells [51]. The variation in insulin content of indi-
vidual cells was also evident from the differences in
the cellular fluorescence intensity after an immuno-
stain for insulin. Cells with low and high insulin con-
tent could be separated by sorting according to FAD
content and light scatter activity. The B cells with low
hormone content were ultrastructurally intact and dis-
played the typical morphologic features of pancreatic
B cells. They are to be distinguished from other islet
cells which contain small but distinct accumulations of
insulin-immunoreactive material. The latter cell type
was recognised in the Ia-positive islet cell population
after its isolation by fluorescence-activated cell sorting
[52]. Approximately 50 percent of the Ia-positive islet
cells stained positively for insulin (Fig.7). Insulin im-
munoreactive material was also detected in electron
micrographs of Ia-positive islet cells, where it was lo-
cated in vacuoles of varying size and electron density
[52]. The insulin-containing cells with Ia expression
lacked the ultrastructural characteristics of endocrine
cells, but rather corresponded to myeloid cells with
macrophagic properties [52]. The existence of macro-
phages in normal islet tissue was already previously
suggested [53-55]. Our observations have demon-
strated that these cells may exhibit the capability to in-
corporate fragments of damaged B cells [52]. Addi-
tional cell markers may thus become necessary to
distinguish, in pancreatic sections, insulin-containing
myeloid cells from pancreatic B cells with induced
MHC-class II expression, in particular since both cell
types can be associated to processes of B-cell destruc-
tion [56, 57].

Functionally, diverse B-cell subpopulations can al-
so be identified on the basis of the individual cell re-
sponses to glucose. While measuring electrical activi-
ties in isolated islets, Dean and Matthews [58] noted
differences in the glucose-induced effects per cell and
postulated that B cells may vary in their individual glu-
cose sensitivity. The availability of pure and single B-
cell suspensions led us to measure directly the individ-
val B-cell responses to glucose. The technique of
autofluorescence-activated cell sorting was used to de-
termine the metabolic redox state of the cells at varying
glucose concentrations [31]. A stepwise increase in ex-
tracellular glucose levels resulted in a stepwise increase
in the number of B cells with an elevated NAD(P)H
and a reduced FAD fluorescence intensity. At
20 mmol/1 glucose, 80 to 90% of the B cells exhibited
two- to four-fold higher NAD(P)H fluorescence inten-
sities than at 2.8 mmol/1 glucose [31]. The 10 to 20%
cells with unaltered NAD(P)H content at high glucose
levels appeared ultrastructurally intact and were able
to permanently correct the fasting plasma glucose lev-
els when isografted in streptozotocin-diabetic rats. The
subpopulation of glucose-unresponsive cells was, how-
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ever, markedly more susceptible to oxidative damage
than the glucose-responsive cells. Furthermore, only
the glucose-responsive cells were found to benefit from
the protective effect of the sugar against alloxan-in-
duced damage [59]. These results can be explained by
the opposite effects of glucose and alloxan upon the
cellular redox state and, hence, upon cell survival [59,
60]. Besides its ability to prevent a drop in cellular
NAD(P)H following alloxan exposure, glucose is also
capable of counteracting the cell-destructive conse-
quences of a cytotoxic interaction with the B cells
(Fig.8, [59]). In combination with nicotinamide, glu-
cose enhances the defense reactions in cells which
have been exposed to alloxan, streptozotocin, hydro-
peroxide or B-cell surface antibodies plus complement
[59]. The B-cell toxicity of diabetogenic conditions
seems thus dependent on the sensitivity as well as on
the defensive capability of the target cells. As both pa-
rameters will be determined by the glucose sensitivity
of the cells, it becomes evident that the diabetogenicity
of certain environmental conditions can vary with the
relative proportion of glucose-unresponsive cells and
with the metabolic conditioning of the glucose-respon-
sive ones. It seems therefore conceivable that metabol-
ic derangements in the B-cell population can predis-
pose to, or accelerate cell-destructive processes of
various origin.

A fourth basis for heterogeneity within the pancre-
atic B-cell population is found in the replicative acitivi-
ty of the cells. In the adult islet, only 3% of the cells
have maintained the ability to form new B cells [61].
With the aim of identifying this functionally distinct
subpopulation, we tested whether islet cells could be
separated according to their DNA content. The cells
were labeled with bisbenzimidine (Hoechst 33342,
Hoechst AG Frankfurt, FRG), a vital compound
which fluoresces when bound to cellular DNA [62, 63],
and is then distributed by fluorescence-activated sort-
ing. The technique resulted in the isolation of single B
cells with one swollen or with two nuclei; the prepara-
tion also contained few structurally coupled cells
(Fig.9). Studies are in progress to further characterise
the B cells with higher DNA content.

The ability to isolate B cells according to functional
properties led us to conceive the pancreatic B-cell pop-
ulation as a society which is composed of functionally
diverse subpopulations. As a result of this sociologic
organisation, the pancreatic B cells may benefit in situ
from a complementarity in functions, each being sub-
ject to a specific regulation at the subpopulation level.
It can, in this light, be expected that each subpopula-
tion contributes for a variable extent to the hormonal
control of glucose homeostasis.

Aggregated state of the cells

The aggregated state of pancreatic B cells represents a
second level of sociologic organisation. Its possible
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Fig.9. Immunostaining for insulin in islet cells isolated on the basis
of a DNA-related fluorescence intensity which is more than 50%
higher than in the large majority of islet cells. The fluorescence origi-
nates from binding of bisbenzimidine (Hoechst 33342) to cellular
DNA. The isolated cell preparation contains single cells with one
swollen nucleus or with two nuclei; few structurally coupled B cells
were also noted. Most cells stained weakly positive in the fluorescein
reaction for insulin ( x 640)
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Fig.10. Insulin release from intact islets (solid line) and from single
purified B cells (dotted line) perifused at 5.6 and 20 mmol/1 glucose.
Glucose released 30-fold more insulin from B cells lodged within in-
tact islets than from single purified B cells. Reprinted with permis-
sion from [66]

biologic impact appeared from the fact that single B
cells release markedly less insulin in response to glu-
cose than B cells lodged in intact islets (Fig. 10, [64]). It
was more directly illustrated by comparing hormone
release from single B cells with that from structurally
coupled B cells which were either isolated as such
from islet cell preparations (Fig.11, [64]) or which had
been reaggregated from single B cells (Fig. 11, [47, 65]).
In both experimental designs, glucose-induced insulin
release was several-fold higher in coupled B-cell prep-
arations than in single ones. A similar phenomencn
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Fig.11. Glucose-induced insulin release from purified B cells under different states of cell aggregation. The left panel illustrates hormone re-

lease from perifused preparations of single B cells (shown in phase contrast ina x80),

and of B cells isolated as structurally coupled units from

the dissociated islet cell suspension (b x 80). The right panel compares total insulin release over 120 min during a static incubation of single B
cells with that of reaggregated B cells (shown in phase contrast in ¢, x 85). Reprinted with permission from [66 and 67]

was also discerned in unpurified islet cell suspensions
that were tested in dissociated and aggregated condi-
tions [66-68].

The higher insulin releasing action of glucose in
structurally coupled B cells could not be attributed to
an increased rate of signal production as judged by the
rate of glucose transport and oxidation [38] or of cyclic
AMP formation [69]. It is, however, conceivable that
the aggregated state of the cells confers an intracellular
organisation which facilitates the process of hormone
transport and release [70]. Structurally coupled cells
may also coordinate - and hence amplify - their secre-
tory activity via an intercytoplasmic exchange of signal

molecules [71, 72], but direct evidence for such regula-
tory mechanism is still lacking. Gap junctions have
been recognised between reaggregated B cells [65], with
a number of junctional units which increases with the
cellular cyclic AMP levels [48] and a configuration
which rapidly varies with the extracellular glucose and
calcium concentrations [49]. That the celiular structures
implicated in the communication between B cells are
regulated by calcium, glucose and cyclic AMP certain-
ly strengthens the hypothesis that intercellular interac-
tions between adjacent B cells may play a role in the
potentiation of the individual cell responses (Table 4).
Further studies on purified B cells can substantiate the
molecular and structural basis of this mechanism.
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Fig.12. Parallelism between cyclic AMP formation and glucose-in-
duced insulin release in pancreatic B cells. In the absence of added
hormones, both functions proceed at a 3- to 4-fold lower rate in pure
B cells than in isolated islets. Addition of glucagon stimulates the
two parameters in both B-cell preparations, but pure B cells are
100-fold more sensitive to the exogenous hormone. In the presence
of 5.10~° mmol/1 exogenous glucagon, pure B cells and isolated is-
lets exhibit comparable rates of cyclic AMP formation and glucose-
induced insulin release

Synergistic interaction with environmental signals

A third level of sociologic organisation was recognised
in the interactions of pancreatic B cells with environ-
mental signals

That the secretory function of B cells may be influ-
enced by products from surrounding islet non-B cells
was already suggested in the sixties by Young [73] and
by Samols et al. [74] for glucagon, and by Lernmark
and Hellman [75] for an inhibitory islet substance later
identified as somatostatin [76, 77]. Experimental evi-
dence for both types of indirect islet cell interactions
has been largely indirect and controversial [50]. The
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availability of pure islet cell preparations provided a
model to assess more directly the actions of glucagon
and of somatostatin on pancreatic B cells.

In binding studies with '»I-labelled glucagon, Van
Schravendijk et al. [78] demonstrated that islet B cells
possess high affinity receptors for glucagon from
which labeled hormone was half-maximally displaced
by 5-10~° mol/1 unlabeled hormone. Within a similar
concentration range, glucagon also provoked a half-
maximal stimulation of cyclic AMP production in pure
B cells (Fig.12, [69]). Besides confirming earlier reports
on glucagon-induced adenylcyclase activation in islet
cells [79, 80], our experiments discerned an exquisite
glucagon sensitivity in the pancreatic B cells [69]. In
previous work on isolated islets, the glucagon effects
upon cyclic AMP formation have been noted for hor-
mone concentrations of 10~7 mol/1 or higher [82-84].
Measurements in pure B cells demonstrated, however,
that the cells are sensitive to 100-fold lower concentra-
tions (Fig.12, [69]). The relative insensitivity of isolated
islets to exogenous glucagon can be attributed to the
presence of endogenously released glucagon, which
can also account for the higher basal cyclic AMP levels
in islet tissue as compared to isolated B cells [65, 69).
Compatible with this view is the finding that the cyclic
AMP content of isolated B cells can be restored to the
levels measured in intact islets by the addition of islet
A cells or of exogenous glucagon (Fig.12, [69]).
Interestingly, the variations in the cellular cyclic AMP
levels were associated with parallel variations in the se-
cretory responsiveness to glucose (Fig.12, [65]). Thus,
pure B cells were poorly responsive to glucose, while
addition of dibutyryl cyclic AMP, of glucagon or of
glucagon-containing A cells enhanced their secretory
responsiveness up to the activities measured in intact
islets [65]. A similar cyclic AMP dependency was also
measured for the B-cell response to leucine, another
nutrient secretagogue [65].

These observations led us to postulate that the insu-
lin release process depends on a synergistic interaction
between cyclic AMP and a nutrient-induced messenger
(Fig.13, [65, 85)). In isolated islets, locally released glu-
cagon is thought to elevate the cyclic AMP levels in B
cells, thus enabling them to generate a potent insulin
release upon nutrient stimulation (Fig.13). A rise in
plasma glucose is also rapidly followed by a marked
discharge of pancreatic insulin. It seems therefore like-
ly that, under normal in vivo conditions, islet B cells al-
so benefit from stimulatory actions on their adenyl-
cyclase system so that they readily release the appro-
priate amount of hormone (Fig.13) Glucagon may
participate in this in vivo regulation, since islet B cells
were found to be sensitive to concentrations (5-
10~ mol/1) which are expected to be present in the af-
ferent arterioles that enter the islets [50, 65, 69]; wheth-
er a proportion of B cells is also exposed to higher
concentrations of locally released glucagon. is un-
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known, and cannot be predicted from the poor current
insights into the properties of the islet interstitium [50].

Other islet cell products such as somatostatin-14
and norepinephrine may also participate in the in vivo
regulation of the cyclic AMP-messenger system in B
cells (Fig.13). The inhibitory action of somatostatin-14
was, however, only detectable from 107 mol/1 on
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Fig.13. Model for the regulation of insulin release from pancreatic
B celis. Studies on purified B cells (top) have demonstrated a syner-
gistic control by nutrients and (neuro)hormones. The secretory re-
sponsiveness to glucose varies with the rate of cyclic AMP forma-
tion, and, hence, with the cellular interactions with (norjepinephrine,
glucagon and somatostatin-14. (Neuro)hormones which regulate cy-
clic AMP formation in islet B cells exert similar effects upon glu-
cose-induced insulin release. In isolated islet preparations (middle),
the addition of glucose alone is sufficient to cause an excessive re-
lease of insulin. Experimental evidence suggests that endogenously
released glucagon generates sufficient hormone-induced signals -
conceivably cyclic AMP - to permit a marked secretory response to
glucose. Normal islets in situ (bottom) are known to rapidly and
massively release insulin in response to glucose. Their endocrine B
cells are therefore expected to be submitted to a sufficient (neu-
ro)hormonal stimulation of the adenylcyclase system. Signals from
local or distal origin are responsible for maintaining the synergistic
control unit in a state of optimal glucose sensitivity

above [65, 69, 86], which strongly suggests that if this
pancreatic peptide exerts an in vivo action on B cells it
may only affect the cells which are located adjacent to
the secretory pole of the islet D cells. Another subpop-
vlation of B cells may be subject to an @;-adrenergic
inhibition by norepinephrine. This neurotransmitter
did indeed suppress cyclic AMP formation, and hence
the secretory responsiveness to glucose, at concentra-
tions which are expected to be present at neural end-
ings [87].

The extent to which locally released substances set
the glucose sensitivity of the islet B cells in vivo will
vary with the activity of the producer cells as well as
with their topographic relationship with the islet B
cells. It will also depend on the nature and intra-islet
concentration of signals which originate in distal sites
(Fig.13). In establishing a varying and multifactorial
regulation of their adenylcyclase system, the B cells
seem capable of integrating multiple signals from dif-
ferent origins into an intracellular message which will
determine the physiologically most appropriate sensi-
tivity of the cells to nutrient stimuli. This form of socio-
logic organisation should provide a fine adjustment of
the secretory function of pancreatic B cells to that of
other pancreatic and extrapancreatic cells which are
involved in glucose homeostasis (Fig. 13, Table 4). It is
evident that similar adjustments can result from syner-
gistic interactions with other messenger units such as
the protein kinase C regulatory system. Further experi-
mentation on pure B cells will have to assess the parti-
cipation and relative importance of these routes. From
a broader physiologic standpoint, it seems interesting
to examine whether comparable coordinate pathways
occur in other endocrine cell populations. A similar
pattern has been noted in the regulation of pancreatic
A cells, in which a synergistic interaction between cell
specific nutrient and (neuro)hormonal signals was
found to regulate the rate of glucagon release [86-88].
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Biosociology of B cells and diabetes

Pathogenesis

The recognition of three levels of sociologic organisa-
tion within the pancreatic B-cell population, and their
implications in biological processes which are critically
important to the function of the endocrine pancreas,
raises a number of questions with respect to the patho-
genesis of diabetes. Can the disease, for example, re-
sult from a perturbation in the biosociology of the pan-
creatic B cells, or can a diabetogenic condition be
counteracted by adaptations in the sociologic organisa-
tion of these cells? It also seems worthwhile to ex-
amine to which extent the present in vitro observations
influence the interpretation of current diagnostic tests
in diabetes, and how they may lead to more accurate
and sensitive techniques to monitor pancreatic B cells
in vivo.

Transplantation

The notion that the function of islet B cells depends on
their sociologic organisation stresses the need to define
the optimal conditions for transplantation of islet tis-
sue in diabetic recipients. First, the wish to reinstall
functionally diverse B-cell subpopulations can be met
by a precise selection of donor tissue. Second, the need
to preserve the aggregated state of the transplanted
cells will demand control on the nature and size of the
graft, on its revascularisation and on its inflammatory
reactions. Third, the functional impact of synergistic
interactions with environmental signals will require an
optimalisation of the cellular composition of the graft
as well as of its implantation site.

That these reflections are not purely theoretical is
illustrated in the model of intraportal islet transplanta-
tion. When isolated islets are isografted in the liver of
streptozotocin-diabetic rats, they settle in the terminal
radicles of the portal circulation, where they become
revascularised and intimately associated with sur-
rounding hepatocytes [89]. The overt signs of insulin
deficiency disappear in the grafted animals, but their
basal plasma glucose and insulin levels remain slightly
higher than in age-matched controls, a feature which
may be caused by the ectopic site of the insulin-releas-
ing tissue [89]. The transplanted animals display nor-
mal glucose tolerance curves after oral loading but are
slightly glucose-intolerant after an intravenous injec-
tion [90]. They develop, however, frank hyperglycaemia
in conditions of stress, and this despite apparently suf-
ficient insulin reserves in the liver [89, 90]. The altered
biosociology of the implanted B cells can explain
several of these findings. In their intraportal site, the
grafted cells will be intermittently exposed to levels of
gastrointestinal hormones and nutrients which are con-
sistently higher than in a pancreatic localisation. Fur-
thermore, the juxtaposition of hepatocytes and the al-
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Table 5. Survival of allografted islet tissue (RT1u) in streptozotocin-
diabetic rats (RT1n)

Graft Weeks post-transplant

<3 3-10 10-20 >20
Freshly isolated islets 7/7 0/7  0/7 0/7
Cultured isolated islets 71 1/7 177 0/7

Islet cell aggregates after elimi-  6/6 3/6  1/6 0/6

nating Ia positive cells

Purified islet cell aggregates af- 10/10  7/10  7/10 7/10

ter eliminating Ia positive cells

Purified B-cell aggregates 10710 10/10 10710  10/10

5 weeks cyclosporin

Length of graft survival is determined by normal fasting plasma glu-
cose levels and normal daily urine volumes. Data express number of
recipients with surviving grafts on total number of recipients in each

group
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Fig.14. Allograft of pure B-cell aggregates 20 weeks after intrapor-
tal injection in streptozotocin-diabetic rats. The recipient exhibited
normal fasting blood glucose levels and a normal daily urine volume
when killed. The donor cells are well granulated as indicated by the
peroxidase-immunostaining for insulin

tered microanatomy of the grafted islets will create a
local environment which differs markedly from that in
the endocrine pancreas. In particular, the denervated
state of the grafted cells can be considered as a func-
tionally important alteration, since it results in a hyper-
sensitivity of the transplanted cells to circulating cate-
cholamines [90].

Along with the view that the biosociology of intra-
portally transplanted islets does not sufficiently meet
the metabolic needs of the recipient, one could consid-
er its optimalisation via adjustments in the cellular or-
ganisation of the graft and in its interactions with the
new environment. Starting from purified islet cell prep-
arations, aggregates of different cellular composition
can be prepared [65] and tested for their ability to con-
trol glucose homeostasis after implantation in a partic-
ular site. Besides indicating the type of donor tissue
which achieves an optimal metabolic control for a giv-
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en site, this model may also create the possibility to
eliminate cells which induce the acute rejection of islet
allografts [91, 92].

Since the biosociology of islet allografts will be pri-
marily determined by their immune incompatibility, we
examined first how the immunogenicity of the graft
could be reduced by varying its cellular composition.
The immunogenicity of freshly isolated mouse islets
has been attributed to the presence of Ia-presenting
cells, which constitute less than 5% of the total islet cell
population [93]. It was therefore tested whether newly
formed aggregates which are exclusively composed of
Ia-negative islet cells can be transplanted across a ma-
jor histocompatibility barrier. Our experiments were
conducted in streptozotocin-diabetic rats, and used flu-
orescence-activated cell sorting to eliminate Ia-expres-
sing cells from the donor cell preparation [52]. Aggre-
gates composed of Ia-negative islet cells were rejected
within 3 weeks after transplantation (Table 5, [94-96]).
However, when the Ia-negative islet cells were submit-
ted to autofluorescence - activated cell sorting to puri-
fy the endocrine islet cells [15, 21] - aggregates could
be prepared which survived longer than 20 weeks in
7/10 allografted recipients (Table 5, [94-96]). Insulin-
containing cells were readily recognised in the livers of
long-term recipients of pure endocrine islet cell allo-
grafts (Fig.14). Several grafts presented mononuclear
cell infiltrations at their periphery, suggesting that the
purified endocrine islet cells express a moderate im-
munogenicity which may have been responsible for re-
jection in 3/10 recipients. These mononuclear cell in-
filtrations were virtually absent when the recipients of
pure endocrine grafts were treated for 5 weeks with a
relatively low dose of cyclosporin [94-96]. In the drug-
treated group, all animals maintained a functioning
graft for over 20 weeks (Table 5, [94-96]). A temporary
cyclosporin treatment was, on the other hand, unable
to permit survival of unpurified islet tissue. Our studies
with islet cell grafts of different cellular composition
thus confirm that islet tissue represents a highly immu-
nogenic allograft in rats [97, 98]. They indicate, how-
ever, that in contrast to the mouse, the elimination of
Ta-positive cells is not sufficient to produce a graft
which is immunologically tolerated in rats. The purifi-
cation of endocrine islet cells is, on the other hand, a
much more successful method to prepare allografts
which permanently survive in streptozotocin-diabetic
rats. It should now be examined whether purification
techniques also improve the survival of allografted B
cells in recipients with autoimmune diabetes.

Sociology of the 21st Minkowski Lecture

Soon after discovering an antidiabetic activity in the
pancreas, Minkowski examined whether the pancreatic
organ could be used in the treatment of diabetes. Dia-
betic dogs received pancreatic tissue orally or subcu-
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Fig.15. The urge to purify and the need to feed back

taneously; others were injected with pancreatic ex-
tracts [2]. Although each of these initial attempts failed,
they have indicated the routes along which the cure for
diabetes could be sought. Today, almost one hundred
years later, considerable progress has been achieved
along each of these three routes. The advances are pri-
marily the result of improvements in the form and in
the purity of the administered preparations (Fig.15,
[99-103]). Besides contributing to treatment, the tech-
niques that were developed for the isolation and purifi-
cation of insulin and of insulin-releasing tissue have
provided successful tools for the study of diabetes
(Fig.15). The present work can be considered as a fur-
ther extension of the project that was started by Min-
kowski and continued by numerous investigators
(Fig.15). Tt describes how insulin-releasing B cells can
be purified from the mammalian pancreas, and illus-
trates the potential usefulness of pure islet cell prepa-
rations in several areas of diabetes research.

Being elected for this Minkowski lecture has been
an honor for the nominee, but also for his early super-
visors, Dr. W.Malaisse at the Université Libre de Brux-
elles and Dr. D.Kipnis at Washington University in
St. Louis, who deeply influenced his thoughts, views
and experimentation. They are gratefully acknowl-
edged for their generosity and advice. Dr. P.Lacy,
Washington University, is thanked for his stimulating
introduction to the field of islet transplantation, and
Dr. W.Gepts, Vrije Universiteit Brussel, for his close
collaboration and continuous support.

The work presented in this review has been collect-
ed after a long investment in a demanding project. It
was therefore very dependent on the long-term support
by the Belgian National Fund for Scientific Research,
the Belgian Ministry of Scientific Policy and the Vrije
Universiteit Brussel. It was achieved with the devoted
technical assistance of M.Jacobs, N. Harnie, L. Heylen,
J.C.Hannaert, S.Duys, G.Schoonjans, R. De Proft and
B.Van Brabant and with the most reliable secretarial
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aid of A.M.Kiggen and N.Van Slycke. The experi-
ments enjoyed an excellent collaboration of M. Van De
Winkel, E.Maes, F.Gorus, C.Van Schravendijk,
F.Schuit, P.In’t Veld and M. Marichal. The availability
of pure islet cells also led us into interesting collabora-
tions with other institutions, thus enlarging the stimu-
lating environment or “biosociology” of a project
which is far from completed.
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