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Abstract

 

This study demonstrates that rat islet 

 

b

 

 cells constitutively
express an apoptotic program which is activated when
mRNA or protein synthesis is blocked. Apoptotic 

 

b

 

 cells
were detectable by electron microscopy after treatment with
actinomycin D or cycloheximide. With a fluorescence mi-
croscopic assay both agents were found to increase the number
of apoptotic 

 

b

 

 cells dose- and time-dependently, up to 70%
after 1 wk of culture; virtually no apoptotic 

 

b

 

 cells occurred in
control preparations or in conditions leading to primary ne-
crosis. Thus, survival of 

 

b

 

 cells seems dependent on synthe-
sis of proteins which suppress an endogenous suicide pro-
gram. This mechanism explains earlier observed effects of
glucose on survival of cultured 

 

b

 

 cells. Glucose is known to
dose-dependently increase the percentage of 

 

b

 

 cells in active
biosynthesis and the percentage that survives during cul-
ture. It is now demonstrated that the glucose-induced sur-
vival of 

 

b

 

 cells cultured for 1 wk results from a dose-depen-
dent reduction in the percentage of 

 

b

 

 cells dying in
apoptosis (49% at 3 mM glucose, 40% at 6 mM, 9% at 10
mM). Thus, intercellular differences in glucose sensitivity
appear responsible for the heterogeneity in 

 

b 

 

cell sensitivity
to apoptotic conditions. These data indicate that glucose
promotes survival of 

 

b

 

 cells by activating synthesis of pro-
teins which suppress apoptosis. The present model allows
for further investigation of the regulation of apoptosis in

 

b

 

 cells and the identification of agents which induce or pre-
vent 

 

b

 

 cell death. (

 

J. Clin. Invest.

 

 1996. 98:1568–1574.) Key
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Introduction

 

Apoptosis is a genetically and metabolically controlled mecha-
nism of cell death. Its causes differ from those of necrosis, which
provoke cell death through acute injury. Since apoptosis is im-
plicated in normal cell turnover and involution, it plays an im-
portant role in tissue homeostasis and development (1, 2). A
variety of extrinsic and intrinsic factors can trigger apoptosis
through activation of an internally encoded suicide program
(2, 3). In some instances, this process can be suppressed by in-
hibitors of RNA or protein synthesis, suggesting induction af-

ter specific proteins are expressed (4). In other conditions,
these inhibitors induce apoptosis, indicating that its program is
constitutively expressed but suppressed by endogenous pro-
teins (2, 3, 5–9). In a number of mammalian cell types, auto-
crine or paracrine signals appear required to suppress the con-
stitutive suicide program; deprivation of these survival signals
will then result in activation of the program (2, 3, 10). It is con-
ceivable that such a mechanism is responsible for disorders
with massive cell losses (11). Insulin-dependent diabetes is
caused by death of the majority of insulin-producing 

 

b

 

 cells
(12, 13), but it is unknown whether apoptosis is an underlying
event. It is also unclear to which extent and through which
mechanism this form of cell death occurs in the life cycle of the
normal pancreatic 

 

b

 

 cell population. We observed recently
that nutrients and hormones enhance the survival of rat 

 

b

 

 cells
in culture (14), but the action mechanism of these survival fac-
tors has not been identified yet. It is conceivable that some of
these agents suppress apoptosis and, hence, prolong survival of

 

b

 

 cells. To assess the rationale for such study, we have investi-
gated the existence of a constitutive apoptotic program in pan-
creatic 

 

b

 

 cells. An experimental model is developed in which
the number of apoptotic cells can be quantified during culture
so that the regulation by extrinsic and intrinsic factors can be
examined.

 

Methods

 

Preparation of 

 

b

 

 cells.

 

Pancreatic islets were isolated from adult male
Wistar rats as described previously (15). Islet cell suspensions were
obtained by dissociation of freshly isolated islets in calcium-free me-
dium, first in the absence and then in the presence of trypsin and
DNase (15). Preparations of single 

 

b

 

 cells were collected after auto-
fluorescence-activated sorting of the dissociated cells (15). The puri-
fied cells were cultured as single cells or as aggregates.

 

Culture.

 

b

 

 cells were distributed over polylysin-coated microtiter
cups (3 

 

3

 

 10

 

3

 

 cells/cup with 200 

 

m

 

l of medium), in which they rapidly
fixed on the bottom and remained largely (

 

.

 

 80%) single over a pe-
riod of 10 d (14). 

 

b

 

 cell aggregates were formed in a rotary shaking in-
cubator (16) and then suspended in Lux dishes (Nunc, Naperville, IL)
at a concentration of 150 

 

3

 

 10

 

3

 

 cells/dish with 3 ml of medium. The
preparations were cultured in serum-free conditions developed for
rat 

 

b

 

 cells (17). The medium consisted of Ham’s F10 (Gibco Labora-
tories, Grand Island, NY) supplemented with 2 mM 

 

l

 

-glutamine, 50

 

m

 

M 3-isobutyl-1-methylxanthine, 0.075 grams/liter penicillin, 0.1
grams/liter streptomycin, 2 mM calcium chloride, 10 mM glucose, and
5 grams/liter charcoal-treated BSA (fraction V, RIA grade; Sigma
Immunochemicals, St. Louis, MO). Stock solutions of cyclohex-
imide (CHX)

 

1

 

 were prepared in water (10 mg/ml), of actinomycin
D (AMD), and antimycin A in DMSO (1 and 10 mg/ml, respectively).
These agents were added after the first 20 h of culture at final concen-
trations of 1–5 

 

m

 

g/ml CHX, 0.1–1 

 

m

 

g/ml AMD, and 0.5 

 

m

 

g/ml antimy-
cin A. The effect of the glucose concentration (3, 6, 10, and 20 mM)
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1. 

 

Abbreviations used in this paper:

 

 AMD, actinomycin D; CHX, cy-
cloheximide; HO 342, Hoechst 33342; PI, propidium iodide.
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was tested in the above described Ham’s medium at 0.3 mM calcium
chloride and 10 grams/liter BSA without addition of 3-isobutyl-1-meth-
ylxanthine (14).

 

Electron microscopy.

 

Cells from suspension cultures were fixed
in cacodylate-buffered glutaraldehyde (4.5%, pH 7.3), postfixed in
osmium tetroxide (1%), and embedded in Spurr’s resin. Ultrathin
sections were stained with uranylacetate and lead citrate and exam-

ined using a Zeiss EM 109 electron microscope. The 

 

b

 

 cell nature of
the apoptotic cells was confirmed by immunogold labeling for insulin.
Ultrathin sections were treated for 60 min with a saturated aqueous
solution of sodium metaperiodate at room temperature, washed in
H

 

2

 

O and preincubated for 10 min in PBS containing 5% normal goat
serum. The sections were then incubated overnight at 4

 

8

 

C with guinea
pig antiinsulin serum (dilution 1:100 in PBS/0.1% BSA) and washed

Figure 1. Ultrastructural detection of apoptotic cells in cultures with CHX. Typical characteristics are condensation of the cytoplasm (A), mar-
gination of chromatin towards the nuclear membrane (B), condensation and fragmentation of chromatin into spheres (A), and dilatation of the 
endoplasmic reticulum (A and B). Virtually all apoptotic cells present myelin figures (A and B, arrowheads). A, 35,500; B, 38,500.

Figure 2. (A) Immunogold labeling for insulin identifying poorly granulated b cells as apoptotic b cells after culture with CHX. 38,500. (B) 
Apoptotic b cell after culture at 6 mM glucose, exhibiting dense granulation, condensation of nuclear chromatin, dilatation of endoplasmic retic-
ulum, and a myelin figure (arrow). 37,500.
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in PBS. The second incubation was performed with a goat anti–
guinea pig antibody coated with 15-nm diameter colloidal gold com-
plex (Janssen Pharmaceutica, Beerse, Belgium) for 60 min at room
temperature. The sections were washed several times and finally
stained with uranylacetate and lead citrate.

 

Fluorescence microscopic assay.

 

The percentages of viable, ne-
crotic, and apoptotic cells were assessed in the single cell preparations
after a culture period of 1, 3, 5, or 7 d. For this purpose, the cells were
exposed to the DNA binding dyes Hoechst 33342 (HO 342; Calbio-
chem-Novabiochem Corp., La Jolla, CA) and propidium iodide (PI;
Sigma Immunochemicals) (18–20). HO 342 freely passes the plasma
membrane and readily enters cells with intact membranes as well as
cells with damaged membranes and stains DNA blue, whereas PI, a
highly polar dye which is impermeable to cells with preserved mem-
branes, stains DNA red. Medium (100 

 

m

 

l) was removed from the mi-
crotiter cups and replaced by the same volume containing 20 

 

m

 

g/ml
HO 342 and 10 

 

m

 

g/ml PI. After 5 min of incubation at room tempera-
ture, the cells were examined in an inverted fluorescence microscope
with ultraviolet excitation at 340–380 nm. Viable or necrotic cells
were identified by intact nuclei with, respectively, blue (HO 342) or
yellow (HO 342 plus PI) fluorescence. Apoptotic cells were detected
by their fragmented nuclei which exhibited either a blue (HO342) or
yellow (HO342 plus PI) fluorescence depending on the stage in the
process. In early apoptosis, only HO342 will reach the nuclear mate-
rial, while in the later phase PI will penetrate the cells also (18). In
each condition and experiment minimally 1,000 cells were counted.
Percentages of living, apoptotic, and necrotic cells were expressed as
means

 

6

 

SEM. Statistical analysis of differences was calculated by a two-
sided paired or unpaired 

 

t

 

 test using a Stat Works computer program.

 

Results

 

Electron microscopical identification of apoptosis.

 

b

 

 cell aggre-
gates were cultured in the absence or presence of 5 

 

m

 

g/ml
CHX for 2, 3, 4, and 5 d. The presence of apoptotic cells was
first examined by electron microscopy. Control preparations
contained very few apoptotic cells (

 

, 

 

0.5%), which were iden-
tified as contaminating acinar cells on the basis of their zy-
mogen granules. Exposure to CHX induced apoptosis in insu-
lin-containing 

 

b

 

 cells; after 3 or 4 d of culture, 4–9% presented
the typical ultrastructural features of apoptosis. This was also
the case after exposure to AMD (1 

 

m

 

g/ml), with 13–20% of the

 

b

 

 cells exhibiting apoptosis during this time period.
The apoptotic cells were identified on the basis of the fol-

lowing ultrastructural characteristics: condensation and mar-
gination of chromatin towards the nuclear membrane or frag-
mentation of condensed nuclear chromatin into round spheres,
condensation of the cytoplasm, dilatation of the endoplasmic
reticulum, and budding of the plasma membrane which re-
mains intact (Fig. 1). Numerous laminated membranous struc-
tures with the aspect of myelin figures (myelinoid bodies)
were observed in apoptotic cells obtained from cultures with
CHX or AMD (Fig. 1). In CHX- or AMD-treated prepara-
tions, virtually all apoptotic cells presented insulin-containing
granules (Fig. 2 

 

A

 

). These granules were surrounded by one
membrane suggesting that they belong to insulin-producing 

 

b

 

cells rather than to cells which have ingested secretory vesicles,
in which case they should be surrounded by two membranes
(21). Apoptotic cells after CHX or AMD treatment contained
markedly less insulin granules than control 

 

b

 

 cells. They fre-
quently adhered to nonapoptotic 

 

b

 

 cells, sometimes with des-
mosomes bridging both cells.

The CHX and AMD-treated preparations exhibited also
dead 

 

b

 

 cells with disrupted cytoplasmic membranes. These

cells became more numerous with longer culture periods. Most
of them displayed features that are reminiscent of apoptotic
cells, such as the presence of two or more condensed chromatin
spheres (Fig. 3 

 

B

 

). Such features were not encountered in 

 

b

 

 cells
which died after exposure to antimycin A (Fig. 3 

 

A

 

). There-
fore, they were considered as markers for secondary necrosis
which is known to represent a late stage of apoptosis (1, 20).
Their absence in antimycin A–treated cells indicates that this
condition causes primary necrosis.

 

Fluorescence microscopical assay for apoptosis.

 

After ultra-
structural identification of conditions leading to either apoptosis

Figure 3. Electron microscopical distinction between b cells in primary 
(A) and secondary (B) necrosis. Both antimycin (A) and CHX (B) 
treated preparations contained cells with ruptured membranes but 
only the CHX-treated cells presented nuclear fragmentation (ar-
rows). 38,500.
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or necrosis, we developed a method to distinguish and quantify
both processes in a fluorescence microscope (see Methods).
Control 

 

b

 

 cell preparations were composed of a majority of cells
with one intact and blue fluorescent nucleus (Fig. 4 

 

A

 

). When

 

b

 

 cells have been exposed to antimycin A (0.5 

 

m

 

g/ml), their nu-
clei remained intact but exhibited a yellow fluorescence as a
result of their binding to both HO 342 (blue) and PI (red); no
nuclear fragmentation was observed during the 7-d culture pe-
riod (Fig. 4 

 

B

 

). Exposure to CHX or AMD caused the appear-
ance of cells with two or more (in some cases up to 10) nuclear
fragments with either a blue (only HO342) or yellow (HO342
plus PI) fluorescence (Fig. 4 

 

C

 

); blue fragmented nuclei corre-
spond to cells in early apoptosis, yellow fragmented nuclei are
typical for the late phase when the cells present signs of sec-
ondary necrosis (18, and present electron micrographs).

The ability to distinguish cells in both early and late apop-
tosis allows for the quantification of the number of cells under-

going apoptosis over an extended period of time. This is neces-
sary when the cells are not synchronized for their sensitivity to
apoptotic conditions (18). We examined whether this is the
case for 

 

b

 

 cells exposed to CHX and/or AMD. After 1 d of cul-
ture, the percentage of apoptotic cells was 

 

,

 

 5% in control,
CHX, and AMD preparations (Fig. 5). This was still the case in
the 7-d cultured control cells. The presence of CHX or AMD
induced a time-dependent increase in the number of apoptotic
cells; this effect was already clearly detected after 3 d and af-
fected up to 70% of the cells after 7 d (Fig. 5). When CHX was
removed after 3 d, the number of apoptotic cells did not fur-
ther increase during the following 2 d of culture (33

 

6

 

6% on
day 3 vs. 25

 

6

 

3% on day 5, 

 

P

 

 

 

.

 

 0.05). When CHX and AMD
were added together, 

 

.

 

 50% of the cells exhibited fragmented
nuclei after 3 d of culture. The percentage of necrotic cells re-
mained low in the three conditions (Table I), indicating that
CHX and AMD caused 

 

b

 

 cell death through apoptosis.

Figure 4. Distinction between living, necrotic, and apoptotic b cells by fluorescence microscopy. Cells were cultured for 5 d in the control condi-
tion (A), in the presence of antimycin A 0.5 mg/ml (B), or of CHX 5 mg/ml (C). The control preparation consisted primarily of living cells as indi-
cated by the blue HO-fluorescence of an intact nonfragmented nucleus (A). Exposure to antimycin A results in primary necrosis and leads to a 
yellow fluorescence of an intact nonfragmented nucleus, which binds both HO 342 and PI (B). Treatment with CHX leads to apoptotic cells 
which are characterized by fragmented nuclei; blue fluorescence of these fragments indicates an early phase in apoptosis where the cell mem-
brane is still intact, while a yellow fluorescence is an index for cells in the late phase of apoptosis, where the cell membrane integrity is lost (C). 
3215.
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Effect of glucose on apoptosis. When the glucose concentra-
tion of the medium was reduced from 10 to 6 or 3 mM, the per-
centage of surviving cells decreased dose-dependently; a parallel
increase in the percentage of apoptotic cells was noticed,
whereas the percentage of necrotic cells was similar in the three
conditions (Fig. 6). The use of 20 mM glucose instead of 10 mM
did not alter the percentages of apoptotic or necrotic cells. The
glucose-dependent survival of cultured b cells is thus achieved by
suppression of apoptosis (Fig. 6). Electron microscopy confirmed
the presence of numerous apoptotic cells after culture at 3 or 6
mM glucose. At variance with the apoptotic cells after CHX or
AMD treatment, these cells were not severely degranulated and
only occasionally presented myelin figures, indicating that these
two features are not characteristic of apoptosis (Fig. 2 B).

Discussion

Identification of factors that induce or prevent apoptosis in a
particular cell type is necessary before any physiologic or
pathologic role can be attributed to this form of cell death.
Such study can be undertaken if the cell type is isolated from
its natural environment and cultured under defined conditions

during which the appearance of apoptotic cells is quantified.
Apoptotic cells can be identified by ultrastructural characteris-
tics (1); their presence can also be demonstrated by techniques
which detect fragmentation of cellular DNA (22). However,
quantification of the number of cells undergoing apoptosis
faces several difficulties (18, 23). When the cells are not syn-
chronized for their sensitivity to apoptotic conditions, longer
observation periods are required which can lead to a loss or a
considerable overlap of the identification features, such as the
labeling pattern of tailing or nick translation techniques (23).
Transition to secondary necrosis (1, 20) and subsequent cellu-
lar disintegration can result in cell losses during preparation
for flow cytometric analysis. Contaminating cells can lead to
erroneous interpretations in unpurified preparations. The
present method overcomes these obstacles.

A fluorescence microscopic assay allows counting of the
percentage of apoptotic cells during culture, even after their
transition to secondary necrosis. DNA-binding dyes identify
the apoptotic cells through their fragmented nuclei; in an early
stage, these fragments exhibit blue HO 342 staining, while in a
later stage they fluoresce yellow as a result of the additional
binding of PI which is known to penetrate the membranes of
cells in secondary necrosis. Apoptotic cells in secondary necro-
sis are easily distinguished from cells in primary necrosis,
which are characterized by an intact nucleus. The results of the
assay were compatible with parallel observations in electron
micrographs.

The use of purified b cell preparations avoided misinter-
pretations as a result of cellular contamination. Previously, we
developed methods for the purification of adult rat b cells and
their culture under serum-free conditions (14–17). A medium
was defined in which . 80% of the cells survive during 10 d of
culture (14, 17). It is now shown that the cells dying in this con-
dition do not exhibit signs of apoptosis. However, a block of
protein synthesis or mRNA formation leads to apoptosis of
b cells from the second day of culture. From this time on, pro-
gressively more b cells undergo apoptosis and subsequent sec-
ondary necrosis, up to 70% after 7 d. The process of apoptosis
is clearly evidenced by the ultrastructural features that are typ-

Figure 5. Effect of CHX (left) and AMD 
(right) on the percentage of apoptotic b 
cells as detected by fluorescence micros-
copy after 1, 3, 5, or 7 d of culture. Data ex-
press means6SEM of three or four inde-
pendent experiments. Statistical 
significance of differences with control (0) 
are determined by paired t test analysis. 
*P # 0.05, **P # 0.01, ***P # 0.001.

Table I. State of Islet b Cells after 7 d of Culture

Culture condition

State of b cells*

Living Necrotic Apoptotic

% of total

Control 7461 2161 , 5
CHX 5 mg/ml , 5‡ 2161 7862‡

AMD 0.1 mg/ml , 5‡ 2962 7062‡ 

Antimycin A 0.5 mg/ml , 5‡ 9861‡ , 5

*Determined by fluorescence microscopy. Data are expressed as
means6SEM from three or four independent experiments. Statistical
significance of differences with control condition was calculated by two-
sided paired t test. ‡P , 0.001.
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ical for this form of cell death such as condensation and mar-
gination of chromatin and its fragmentation, dilatation of
endoplasmic reticulum, and budding of membranes (1). De-
granulation and the presence of myelin-like structures are not
characteristic for apoptotic b cells as these features are much
less prominent when apoptosis was caused by a reduction in
glucose levels. Myelin figures may result from cellular incorpo-
ration of drugs such as CHX and AMD, which could inhibit

membrane digestion (24). With the transition to secondary ne-
crosis, the ultrastructural signs of apoptosis became less prom-
inent, making electron microscopy less suited for a distinction
from primary necrotic cells. The presently developed fluores-
cence microscopic assay allows detection of apoptotic cells in
both the early and late phases of this type of cell death.
Throughout the culture period, these cells remained clearly
distinguishable from those which died from primary necrosis,
such as after exposure to the mitochondrial poison antimycin A.

The observation that adult rat b cells undergo apoptosis
when their RNA or protein synthesis is blocked strongly sug-
gests that the normal protein synthetic activity of these cells
suppresses a constitutively expressed apoptotic program. In
other words, survival of b cells depends on their production of
factors which inhibit an endogenous suicide program. That the
synthesis of such protective factors is blocked more effectively
when CHX and AMD are added together has already been
observed in other cell types (7), possibly resulting from an ad-
ditional action of one of these drugs such as DNA damage
caused by AMD, a DNA intercalating agent (25). Most b cells
can overcome a 1-d period without protein synthesis, but
longer periods lead to a progressive increase in the number of
apoptotic cells. That b cells differ in their individual sensitivity
to a block in transcription or translation is a further illustration
of the functional heterogeneity in the pancreatic b cell popula-
tion (26). We have shown previously that individual b cells dif-
fer in their protein synthetic activity (27). A proportion of b cells
is already biosynthetically active at low (3 mM) glucose, while
the other cells become activated at higher glucose concentra-
tions up to 10 mM. The dose-dependent recruitment of b cells
into biosynthetic activity is attributed to an intercellular heter-
ogeneity in the metabolic threshold for glucose metabolism
(28). Prolonged exposure to 10 mM glucose maintains the ma-
jority of b cells in an activated state (28, 29); in this condition,
the rates of cell death and of apoptosis (14, and present data)
are low. Culture at lower glucose concentration results in
lower percentages of activated b cells (10 mM . 6 mM . 3
mM) (28, 29), and increased percentages of dying cells (14 and
present data). The present study demonstrates that the in-
creased cell death at lower glucose concentration is the end
point of an apoptotic process. In view of the data after treat-
ment with CHX and AMD, it can be concluded that the pro-
longed inactive state of the glucose-unresponsive b cells makes
them sensitive to apoptotic conditions. The extent of apoptotic
b cell death will depend on the number of cells which have re-
mained inactive for 2 d or longer. The existence of an intercel-
lular heterogeneity in glucose sensitivity will thus be responsi-
ble for intercellular differences in sensitivity to an apoptotic
process.

So far, apoptotic b cells have only been sporadically ob-
served in vivo (30–32). According to the present observations,
this may result from the intercellular differences in sensitivity
to apoptotic conditions and the short duration of the phase
with the ultrastructural characteristics of cellular apoptosis.
The phenomenon has been described in vitro but the underly-
ing mechanism has not yet been identified (33). The present
study indicates that adult rat b cells express an apoptotic pro-
gram which is activated after prolonged suppression of RNA
and protein formation. Survival of b cells thus seems depen-
dent on production of particular proteins which inhibit an en-
dogenous suicide program. The glucose sensitivity of the indi-
vidual b cells determines their potential to suppress their

Figure 6. Effect of glucose concentration during 8 d of culture on the 
percentages of living, apoptotic, and necrotic b cells as detected by 
fluorescence microscopy. Data express means6SEM of nine inde-
pendent experiments. Statistical significance of differences between 3 
and 10 mM glucose and between 6 and 10 mM glucose is calculated 
by paired t test. ***P # 0.001, NS (nonsignificant) P . 0.05.
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apoptotic program. Sustained reduction in this glucose sensi-
tivity (or in glucose concentration) may thus result in increased
cell death. Among the future questions to be addressed, it will
be important to examine whether exogenous survival factors,
other than glucose exist which stimulate b cells to synthesize
the putative proteins that suppress their apoptotic program
(3). Identification of these factors can be undertaken in the
presently described model for detection of apoptosis. Depriva-
tion of such signals or cellular unresponsiveness to their mes-
sage may well result in b cell losses, leading to activation of the
immune system and development of diabetes. Such phenome-
non would certainly add strong support to the view that apop-
tosis plays an important role in the pathogenesis of autoim-
mune and degenerative diseases (11, 34).
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