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Summary In vitro studies on purified rat beta cells
have indicated a functional diversity among insulin-
containing cells. Intercellular differences were found
in the rates of glucose-induced insulin synthesis and
release. They are attributed to differences in cellular
thresholds for glucose utilization and oxidation, as
can be caused by varying activities in rate limiting
steps such as glucokinase-dependent phosphoryla-
tion. The percent of functionally active beta cells in-
creases dose-dependently with the glucose concentra-
tion, making cellular heterogeneity and its regulation
by glucose major determinants for the dose-response
curves of the total beta-cell population. Beta cells
which are already responsive to low glucose concen-
trations are characterized by a higher content in pale

immature granules; their activated biosynthetic and
secretory activity accounts for preferential release of
newly-formed hormone by the total beta-cell popula-
tion. At any glucose level, the amplitude of insulin re-
lease depends on the percent glucose-activated cells
and their cyclic AMP content, an integrator of (neu-
ro)hormonal influences. The in vitro described het-
erogeneity in beta-cell functions may bear physiologi-
cal relevance as several of its characteristics are also
detectable in intact pancreatic tissue; furthermore, in
vitro signs of heterogeneity can be altered by prior
in vivo treatment indicating that they express proper-
ties of the cells in their in situ configuration. Elevated
basal levels of (pro)insulin may reflect the existence
of an increased number of beta cells that are activat-
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ed at low physiologic glucose concentrations. Reduc-
tions in stimulated insulin levels can be caused by de-
creased numbers of beta cells that are activated at the
prevailing glucose concentration or by insufficient
cyclic AMP levels in beta cells, possibly as a result of
inadequate signalling from hormones of local or dis-
tal origin. Only few markers are currently available
with which to explore these mechanisms in vivo. Ad-

ditional markers and tests should help assess the pos-
sible role of variations in beta-cell heterogeneity in
the pathogenesis of diabetes mellitus. [Diabetologia
(1994) 37 [Suppl 2]: S57-S64]
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New paths of investigation in purified beta-cell
preparations

The Minkowski lecture of 1986 reviewed the methods
which we developed for the purification of rat beta
cells, and illustrated the usefulness of the isolated
cell preparations in assessing properties of the insu-
lin-producing cells [1].

The availability of purified beta cells offered a di-
rect approach to mechanisms which influence survi-
val and function of this cell type. We examined the
mode of action through which environmental agents
interfere with the life of pancreatic beta cells or regu-
late their activities [1-4]. The model also allowed us
to investigate influences from inside the beta-cell po-
pulation, such as the number of cells, their aggregat-
ed state and their functional diversity [1]. These stu-
dies led us to describe two critical levels in the gen-
eration of beta-cell responses to glucose (Fig. 1).

One important level of regulation was located at
the cellular cyclic AMP production, expressing the
control by hormones and neurotransmitters [1, 5]. In
purified beta cells, glucose-induced insulin release
was highly dependent on the presence of peptides
which activate cellular adenyl cyclase activity. In
freshly isolated islet preparations, locally discharged
glucagon was capable of keeping the cellular cyclic
AMP levels sufficiently high so as to synergize the
glucose signal for release [3, 6]. In vivo, messengers
from both local and distal origin were proposed to
regulate the beta-cell content in this nucleotide and
hence to prepare the cells for a physiologically appro-
priate response to glucose [1, 5]. For many years, in-
testinal factors have been considered as potentiators
of insulin release following meals [7-9]. Two gut pep-
tides, gastric inhibitory peptide and glucagon-like
peptide 1 (GLP-1) [7-37], are thought to mediate
this role [10-14]. Both amplify glucose-induced insu-
lin release from isolated islets and from perfused pan-
creas preparations [9, 11, 15]. The stimulatory action
of GLP-1 is observed at physiologic concentrations
and associated with an increased adenylcyclase activ-
ity [16, 17]. The messages from GLP-1 and from other
gut factors are expected to be integrated with those
from other tissues [1, 5], resulting in a cyclic AMP sig-
nal which sets the amplitude for the secretory re-
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Fig.1. View on the regulation of insulin release, as proposed in
the 1986 Minkowski Lecture [1]. The pancreatic beta-cell po-
pulation is composed of functionally diverse subpopulations;
cellular heterogeneity was noticed in the beta-cell topography
towards (neuro)}hormonal signals as well as in the cellular glu-
cose recognition. The amplitude of glucose-induced insulin re-
lease is determined by a synergistic interaction between the
nutrient signal and the cyclic AMP levels which express influ-
ences from (neuro)hormonal messengers
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sponse to glucose (Fig.1). An insufficient level of glu-
cose-induced insulin release may therefore not neces-
sarily be caused by failure in glucose recognition by
the beta cells [1, 5]. It could also result from inade-
quate cyclic AMP formation [1, 5], either as a conse-
quence of defects in intracellular signal transduction
or of imbalances in the extracellular messages. Such
a defect is to be considered in patients with non-insu-
lin-dependent diabetes who release insulin following
administration of glucagon or GLP-1 [18, 19] but not
— or much less — following injection of glucose. It of-
fers a possibility for GLP-1 receptor agonists to be
used in the treatment of certain cases with non-insu-
lin-dependent diabetes [20]. Clinical success along
this route would certainly be the best illustration for
the physiologic relevance of the model developed
from studies on purified cells (Fig.1).

A second level of regulation was discerned in the
functional diversity within the beta-cell population
[1]. The marked differences in the properties of indi-
vidual beta cells were proposed to be complemen-
tary in function and hence contribute to the homeo-
static control [1]. The observation of intercellular dif-
ferences in glucose responsiveness [1, 21, 22] led us to
a subsequent series of experiments in which the func-
tional consequences and physiologic relevance of this
phenomenon were investigated. The present paper
reviews the studies which we have undertaken on
this subject since 1986.

Beta-cell heterogeneity in glucose responsiveness

Preparations of single and pure beta cells allow
comparisons of individual cell activities. The cells
were found to exhibit differences in glucose respon-
siveness using two independent methods of investiga-
tion.

In flow cytometry, individual cells were examined
for their metabolic redox state at various glucose con-
centrations [21-23]. Measurement of the cellular
NAD(P)H fluorescence intensity monitors the for-
mation of reducing equivalents as a result of glucose
metabolism. An increase in NAD(P)H content after
15 min exposure to a particular glucose concentra-
tion can be taken as an index for the cell’s sensitivity
to this nutrient level [21, 22]. The magnitude of the in-
crease will depend on the rate of glucose metabolism
as well as on the cellular content in pyridine nucleo-
tides. Marked differences were noticed in the cellu-
lar sensitivities to glucose [21-23]. The percent beta
cells with elevated NAD(P)H levels increased dose-
dependently with the glucose concentration. A rise
from 1 to 5 mmol/l recruited 25 % of the cells into
metabolic activities; a further increase to 20 mmol/l
activated another 30 % of the cells [23]. This dose-de-
pendent recruitment of beta cells into metabolic ac-
tivity is to be distinguished from an effect of further
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rises in glucose upon the amplitude of the metabolic
response in recruited beta cells.

Autoradiographs of isolated beta cells allowed
counting of the percent of cells which were activated
into protein synthesis by a particular glucose concen-
tration [24]. Newly-synthesized proteins were label-
led with a tritiated amino acid tracer. The fraction of
biosynthetically active cells increased dose-depen-
dently with the glucose concentration, from 5% at
1 mmol/l, to 27 % at 3 mmol/l, 50 % at 5 mmol/l and
70 % at 10 mmol/l. These data demonstrate that inter-
cellular differences are found in the individual bio-
synthetic activities of beta cells. Glucose dose-depen-
dently increases the number of beta cells which pro-
duce new proteins. This glucose-induced recruitment
of cells is to be distinguished from amplifications in
the rate of biosynthesis which may occur when acti-
vated beta cells are exposed to further rises in glu-
cose concentration.

Unpurified islet tissue or cells are less adequate to
examine the existence of functional differences
among individual beta cells. Besides possible errors
in the recognition of beta cells, these beta-cell pre-
parations are under the influence of additional vari-
ables, such as the state of cellular aggregation and in-
tercellular communication, the presence of other cell
types and of damaged cells. Data obtained from
these unpurified cell preparations are nevertheless
compatible with the concept of an intercellular het-
erogeneity in glucose responsiveness. Intercellular
differences were noticed in the threshold for glu-
cose-induced electrical activities [25], variations in
cytoplasmic calcium [26, 27] and release of insulin
[28-31].

The fact that isolated beta-cell preparations are
composed of cells with different thresholds for glu-
cose-induced activities strongly suggests that their
dose-response curves represent integrations of re-
sponses from increasing numbers of activated cells
(Fig.2). Typical characteristics such as low responses
at low glucose levels, several-fold stimulation by
high glucose levels and dose-dependent variations in
the intermediate range of glucose concentrations
may require the existence of subpopulations with dif-
ferent glucose sensitivity. Their relative proportions
will determine the shape of the curves as well as the
amplitude of the glucose response. In the physiologic
range of glucose concentrations, the percent activat-
ed cells is increased two- to three-fold which may ac-
count for a similar rise in glucose-induced functions.
Higher rises may result from additional effects of glu-
cose, such as dose-dependent amplification of the nu-
trient signal in recruited cells. Studies on the total
beta-cell population have indicated that the ampli-
tude of glucose-induced insulin release depends on a
synergistic interaction between the nutrient signal
and the cellular cyclic AMP levels (Fig.1). It there-
fore seems conceivable that the rate of insulin re-
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Fig.2. Effect of cellular heterogeneity on dose-response
curves. Model of pancreatie beta-cell population composed of
subpopulations with different sensitivities to glucose. A rise in
glucose dose-dependently increases the percent activated
cells. The shape and amplitude of the dose-response curves
are determined by the relative sizes of the activated subpopu-
lations, and by their respective functional capacities

lease is determined by the percent beta cells activated
by the prevailing glucose levels and by the cyclic
AMP production in these cells generated by interact-
ing hormones and neurotransmittors.

Analysis of functionally heterogeneoiis beta-eell
subpopulations

The flow cytometric detectioh of beta cells with dif-
ferent sensitivity to glucose was utilized to separate
cell subpopulations which differ in their respofsive-
ness to a particular glucose stimutus {21-23]. This se-
paration technique involves sorting of cells accord-
ing to their NAD{P)H autofluorescence intensity
after 15 min incubation at a selected glucose coneen-
tration. At 7.5 mmol/l glucose, approximately 50 %
isolated rat beta cells were recruited into metabolic
activities [23]. These cells were separated from the
unresponsive cells so that both subpopulations could
be compared for their metabolic, functional and mor-
phologic properties.

Virtually all cells that were isolated as metaboli-
cally responsive after 15 min exposure to 7.5 mmol/l
glucose were biosynthetically activated when subse-
quently incubated for 60 min at the same glucose
level [23]. In contrast, the subpopulation of cells
with no or low metabolic responsiveness was poorly
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recruited during the second incubation at glucose lev-
els up to 7.5 mmol/l. These differences in the respec-
tive percentages of biosynthetically activated cells ac-
counted for the different rates of total protein and in-
sulin biosynthesis that were measured in the two sub-
populations. Both subpopulations also differed cofi-
siderably in their secretory responsiveness when peri-
fused, 2-4 h later, at various glucose concentrations
[32]. The metabolically responsive subpopulation ex-
hibited a first phase insulin release from 4.2 mmol/l
glucose onwards, whereas the unresponsive subpopu-
lation reacted only from 8.3 iii6l/l. The amplitude of
both responses increased dose-dependertly with glu-
cose, the rates in the high responsive subpopulation
being two-fold higher than those in the low respon-
sive one: The heterogeneity in metabolic and biosyn-
thetic activity is thus associated with a parallel het-
erogeneity in secretory responsiveness to glucose. It
was therefore concluded that glucose dose-depen-
dently recruits beta cells into biosynthetic and secre-
tory activities through a step in its cellular metabo-
lism. In normal rat Beta-cell populations, increases in
glucose concentration reduce but do not eliminate
the percent inactive cells. Co-existence of inactive
and activated cells is responsible for a preferential re-
lease of newly-synthesized over preformed hormone
during glucose stimulation [33].

Sorting according té fiietabolic responsiveness at
7.5 mmol/l glucose thus separatés ¢ctls which will or
will not become functionally activated during subse-
quent inciibations at glucose levels up to 7.5 mmol/l
glucose. Recogiition of the step(s) which predispose
for this metabolic heter6geneity may thus identify (a)
key site(s) in the regulation of glucose-induced func-
tions by the beta cells. We therefore compared glu-
cose metabolism in both subpopulations [34]. The
7.5 mniol/i tesponsive subpopulation exhibited two-
to four-fold higher i4tes of glucose utilization and oxi-
dation than the unresponsive otie. In both subpopula-
tions, the rates of protein synthesis were strongly cor-
related with those of glucose utilization and oxida-
tion. The higher rates of glucose degradationin the re-
sponsive subpopulation were not attributable to high-
er rates of glucose transport but were associated with
higher rates of glucose phosphorylation. The latter
ranged also within those of glucose utilization,
whereas the rates of glucose transport were at least
50-fold higher. The high responsive subpopulation ex-
hibited a higher glucokinase activity as well as higher
glucokinase mRNA levels whereas its GLUT2
mRNA levels were similar to those in the low respon-
sive cells. These data indicate that intercellular differ-
ences in glucose phosphorylation — rather than in glu-
cose transport — contribute to the cellular heterogene-
ity in glucose sensitivity [34]. They are cpmpaﬂble
with the view that glucose phosphorylation repre-
sents one — but not the sole — key step in the regula-
tion of glucose-dependent functions. They further-



D. Pipeleers et al.: Heterogeneity among beta cells

more suggest that mutations in the glucokinase gene
may cause diabetes through shifting the distribution
of beta cells towards subpopulations with higher
thresholds for glucose-induced activation (Fig.2).
Electron microscopical analysis of the two subpo-
pulations did not reveal any differences in purity or
cellular integrity [23]. The cells in the responsive sub-
population were slightly larger and contained a high-
er hormone content. Since these characteristics may
— in themselves — predispose to more insulin release
per cell, the rate of secretion is better expressed as
percent of the cellular hormone content, at least
when the purpose is to compare the secretory respon-
siveness to a given stimulus [32]. Using a haemolytic
plaque assay, a correlation was found between the
size of the beta cells and their insulin discharge after
maximal glucose stimulation [35] but it remains un-
known whether larger cells are more sensitive to glu-
cose. As this technique only measures accumulated
hormone discharge per cell, it cannot discriminate be-
tween a higher secretory responsiveness and a higher
insulin output as a result of higher cellular hormone
content or a higher basal discharge [28-31, 35]. If, in-
stead, fractional release rates are measured during
perifusion at intermediate glucose concentrations,
differences in glucose sensitivity are detected at a
higher sensitivity and reliability [32]. The metaboli-
cally responsive subpopulation appeared to contain
the larger part of newly-synthesized hormone, as
judged from their three-fold higher density in pale se-
cretory granules [32]. The proinsulin-rich pale gran-
ules seem thus heterogenously distributed over the
pancreatic beta cells with the highest density in cells
that are sensitive to the lower glucose concentra-
tions. They can thus be taken as a morphologic mar-
ker for beta cells which synthesize and secrete hor-
mone at physiologically low glucose levels [33].

Variability in heterogeneity of isolated beta cells

In order to assess whether the pattern of intercellular
heterogeneity is variable, we examined whether
chronic exposure to high glucose alters the propor-
tions of beta-cell subpopulations with low and high
sensitivity to glucose. Isolated rat beta cells were cul-
tured for 10 days at 6 or 20 mmol/l glucose, and then
analysed for their individual responses to various glu-
cose concentrations (unpublished observations).
After culture at 6 mmol/l, the beta-cell population
was still composed of subpopulations with largely dif-
ferent sensitivities to an acute glucose challenge. At
1 mmol/l glucose, less than 20 % of the cells were me-
tabolically or biosynthetically active. Raising the glu-
cose concentration from 1 to 10 mmol/l resulted in a
dose-dependent activation of 50 % of the cells. After
culture at 20 mmol/l, more than 60 % of the celis
were already activated at 1 mmol/l glucose and rais-

Sel

ing the glucose levels to 5 mmol/l recruited most of
the remaining cells into metabolic and biosynthetic
activities. These data indicate that the metabolic het-
erogeneity among beta cells is subject to variation.
Glucose qualifies as a physiologic regulator of the
proportions of beta-cell subpopulations with differ-
ent sensitivity to glucose.

Relevance of in vitro model

The concept that heterogeneity in the beta-cell popu-
lation determines its functional responsiveness to glu-
cose (Table 1) has been exclusively derived from in
vitro findings on adult rat beta cells which were puri-
fied from isolated islets. That this concept may also
apply to the in vivo situation is suggested by the fol-
lowing experiments.

We first examined whether the purified cell pre-
parations can be considered as a representative sam-
ple of the pancreatic beta-cell population. Since
these were isolated from islets which had been se-
lected by their larger size, first during elutriation and
then during hand-picking [36], it was necessary to ex-
amine whether their pattern of heterogeneity was
also valid for the discarded beta cells, i.e. those pre-
sent in smaller islets and representing approximately
one third of the initial beta-cell mass [36]. Beta cells
were therefore purified from both the small and the
larger islet structures, using a combination of elutria-
tion gradient centrifugation and cell sorting (method
to be published elsewhere). The patterns of metabol-
ic and biosynthetic heterogeneity were superimpossi-
ble for all purified beta-cell preparations, i.e. those
isolated from hand-picked islets and those prepared
without hand-picking from the small or large islet
structures. It could thus be concluded that the pre-
viously obtained data were representative for the en-
tire beta-cell population. The data also validate an
isolation procedure without hand-picking, which was
used for the second part of this study.

It was then investigated whether the in vitro pat-
tern of heterogeneity can vary with the in vivo condi-
tions to which the beta-cell population has been ex-
posed prior to its isolation. We chose to test the ef-
fects of a two-day treatment with glibenclamide at
concentrations which were previously shown to de-
granulate the beta cells and enhance their gap junc-
tional communication [37]. When isolated, the beta-
cell population from glibenclamide-treated animals
was found to contain larger proportions of cells that
were already activated in the absence of glucose; fur-
thermore, virtually all of the remaining cells were re-
cruited by glucose [38]. This altered pattern of het-
erogeneity was associated with a shift in the dose-re-
sponse curves towards higher rates of insulin syn-
thesis, in particular in conditions with or without low
glucose concentrations [38]. These data show that in
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Table 1. Role of beta-cell heterogeneity in glucose homeostasis

Regulation

Intercellular differences in glucose metabolism
(marker = glucokinase)

Intercellular differences in glucose-induced biosynthesis and
release (marker = pale granules)

Dosegresponse curves of total beta-cell population
(marker = release of newly formed hormones)

vivo conditions influence the pattern of heterogene-
ity which is observed during analysis of the isolated
beta-cell population. As with all in vitro studies, it
cannot be excluded that the isolation procedure mod-
ulates — in itself — certain in vivo characteristics. For
this reason, the heterogeneity in the beta-cell popula-
tion should also be examined in situ.

Beta-cell heterogeneity in the intact pancreas

The pancreatic beta-cell population also exhibits
signs of functional heterogeneity in its in situ loca-
tion. In perfusion studies on the rat pancreas, glucose
dose-dependently stimulates insulin release over a si-
milar concentration range as in purified beta-cell pre-
parations [39]. The intact pancreas may thus also be
composed of beta-cell subpopulations with different
sensitivities to glucose. This was assessed by count-
ing the percent beta cells in active biosynthesis dur-
ing perfusion at different glucose concentrations
with *H leucine as marker for newly-synthesized pro-
teins. This percentage increased dose-dependently,
with virtually all beta cells labelled at 10 mmol/l glu-
cose [24]. In adult rats, prolonged glucose stimula-
tion did not lead to the same degree of degranulation
in all beta cells [40], suggesting differences in cellular
responsiveness or in the initial state of degranulation.
In untreated animals, the intensity of the insulin im-
munostaining varies considerably among beta cells;
most cells are weakly positive for proinsulin but a
few exhibit an intense positivity [41]. This variability
in hormone staining is also noticed in dispersed islet
cell preparations; the stronger intensity in beta cells
that are structurally coupled to somatostatin-contain-
ing cells [1] suggests topographic differences in func-
tionally diverse beta cells. In situ heterogeneity was
also found for the proliferative activity of the beta
cells, with only a small proportion of cells involved
in DNA synthesis [42].

The sequence of events which was derived from
studies on purified rat beta cells has not yet been
documented in vivo. Current data support the exis-
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tence of a beta-cell heterogeneity in the intact pan-
creas and its variability under influence of well-
known beta-cell tropic agents such as glucose and sul-
phonylurea. Knowledge about the mechanisms which
are operative in vitro may provide markers for the
detection of these processes in vivo. In vivo analysis
is necessary to further examine the hypothesis that
the heterogeneity among beta cells plays an impor-
tant role in the physiology and pathology of the endo-
crine pancreas [33, 43].

Markers for analysing beta-cell heterogeneity in situ

The analysis of beta-cell heterogeneity in situ would
be facilitated if markers were available which iden-
tify — in the intact organ or organism — the activated
state of the cells, in particular for their metabolic, bio-
synthetic and secretory activities (Table 1). There are
presently three markers which can be useful in this
respect.

Glucokinase regulates the rate of glucose metabo-
lism in beta cells and, consequently, that of glucose-in-
duced functions [44, 45] (Table 1). The enzyme is ex-
pressed more strongly and is more active in beta cells
with high sensitivity to glucose [34]. It may, there-
fore, qualify as a marker for the cellular glucose sensi-
tivity if the protein and its activity can be quantified in
individual cells or cell subpopulations. Using immu-
nocytochemistry on islet sections, Jetton and Magnu-
son [46] detected intercellular differences in glucoki-
nase immunoreactivity, adding support to the exis-
tence of a metabolic heterogeneity among beta cells.
It will be interesting to correlate this heterogeneity
in immunostaining with the metabolic properties of
the cells so that this in situ analysis of cellular hetero-
geneity can be interpreted in physiologic terms.

Pale granules were more abundant in the beta-cell
subpopulation with sensitivity to low glucose levels
[23]. A high cellular density in this type of granule
may mark the beta cells which are already activated
at basal glucose levels [33]. When determined in in-
tact pancreatic tissue, the percent beta cells with a
high absolute and relative content in pale granules
may indicate the size of the high responsive subpopu-
lation. It is then expected that conditions with in-
creased proportions of this subpopulation will gener-
ate increased rates of insulin release at basal glucose
levels. To our knowledge, this type of analysis has
not yet been performed on individual beta cells of in-
tact tissue. Previous studies have, however, counted
the ratio of pale over total granules in the beta-cell
area. Increased ratios were found in conditions with
increased basal insulin levels such as in animals un-
dergoing cortisone treatment [47] or with a growth
hormone producing tumour [48], in obese [49] and
pregnant [50] rats. The insulin-containing cells of an
insulinoma are also characterized by a high content
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of pale granules. It seems likely that further analysis
of these conditions will demonstrate that the higher
basal activities are indeed generated by the presence
of increased numbers of beta cells with high density
of pale granules. The counting and typing of granules
in a sufficient number of beta cells remains, how-
ever, a tedious technique, despite the availability of
image analysers. Until easier markers become appli-
cable, the pale granule can be used as an index for
high responsive beta cells.

The release of newly-formed insulin expresses the
activity of beta cells which have been recruited into
biosynthetic and secretory activities [32, 33]. The
beta-cell population contains a subpopulation which
is activated at low glucose levels and which is charac-
terized by a higher content of pale proinsulin-rich
granules [33]. It is thus conceivable that the circulat-
ing proinsulin levels at basal glucose concentrations
reflect the activity of the high responsive beta-cell
subpopulation. Conditions with an increased size of
this subpopulation may therefore be associated to
higher basal proinsulin levels. Serum proinsulin
could thus represent an easily accessible marker for
the size of the high responsive beta-cell subpopula-
tion. It is, of course, known that the circulating proin-
sulin levels are also influenced by factors other than
the activity of the pancreatic beta cells, which raises
the need for developing additional functional tests
which specifically evaluate the high responsive cells.
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