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SUMMARY: Several reports propose that apoptosis of pancreatic beta cells may play a central role in the pathogenesis of both
spontaneous and induced insulin-dependent diabetes mellitus (IDDM) in animal models. Whether apoptosis is a major cell death
pathway during diabetes development, however, is highly controversial. The aim of this study was to examine the mode of islet
cell death in prediabetic diabetes-prone (dp) BB rats, which spontaneously develop diabetes and serve as an animal model for
human IDDM. In addition we investigated the cell death pathway of islet cells treated with the widely used diabetogenic
compound streptozotocin or with nitric oxide (NO), which during IDDM development has been found to be present in inflamed
islets in high concentrations because of the expression of inducible NO synthase. Islets of prediabetic BBdp rats were analyzed
for DNA strand breaks and screened by electron microscopy. The mode of islet cell death in vitro after treatment with cytotoxic
concentrations of streptozotocin or of NO was investigated using different methods including morphologic analysis by electron
microscopy, detection of DNA strand breaks, poly(ADP-ribose) polymerase cleavage, and annexin V staining. Although cells with
DNA stand breaks—often accepted as a proof for apoptosis—could be identified, we did not find apoptosis-specific features
during islet cell death. Instead we observed massive necrosis as evidenced by disrupted plasma membranes and spilled-out
cellular constituents in vitro as well as during disease manifestation in BBdp rats. These results may have serious consequences
with regard to the treatment of humans to prevent the development of IDDM. (Lab Invest 2003, 83:549–559).

I n humans, insulin-dependent diabetes mellitus
(IDDM) results from a progressive and irreversible

islet cell loss during a preceding asymptomatic period
that may start many years before clinical onset. Stud-
ies on animal models of IDDM—the BB rat and the
nonobese diabetic mouse—revealed that cells of the
innate and the adoptive immune system are involved
in islet cell destruction. Two distinct modes of cell
death, apoptosis or necrosis, can be distinguished
because of differences in morphologic, biochemical,
and molecular changes. During necrosis, cells swell
and lyse. The cell content is released in an uncon-
trolled manner into the surrounding tissue and attracts
immune cells, leading to inflammatory reactions (Fig.
1). In contrast, apoptosis is characterized by a se-
quence of events ultimately leading to cell fragmenta-
tion into small apoptotic bodies, thus minimizing leak-
age of cellular contents and inflammation (Fig. 1). In
intact tissues, neighboring cells or phagocytes will
engulf and degrade these apoptotic bodies. Only
during massive local apoptosis, cells may be unable to

cope with the load of fragments and secondary ne-
crosis may occur.
There are several reports indicating islet cell death

via apoptosis after treatment with proinflammatory
cytokines (Ankarcrona et al, 1994; Delaney et al, 1997;
Dunger et al, 1996; Iwahashi et al, 1996; Saldeen,
2000; Trincavelli et al, 2002), streptozotocin (Sz) (Mor-
gan et al, 1994; Saini et al, 1996), or nitric oxide (NO)
donors (Di Matteo et al, 1997; Kaneto et al, 1995).
However, in most cases, islet cell lines were used
and/or detection of DNA strand breaks or light micro-
scopical analysis was taken as proof of apoptosis.
After screening of pancreata of murine diabetes ani-
mal models by morphologic analysis via light micros-
copy or by methods to detect DNA strand breaks on
tissue sections, islet cell apoptosis has been sug-
gested to occur in these animals (Augstein et al, 1998;
Cardinal et al, 2001; George et al, 2002; Hill et al,
1999; Kurrer et al, 1997; Lally et al, 2001; O’Brien et al,
1996, 1997). In contrast, in mice treated with low-dose
Sz, analysis by electron microscopy showed necrosis
to be the dominant or even sole mode of islet cell
death (Aughsteen, 2000; Kolb-Bachofen et al, 1988;
Like et al, 1978; Papaccio et al, 1991), and apoptosis
was found only in infiltrating lymphocytes (Sainio-
Pöllänen et al, 1998). It is thus unclear whether islet
cell death during IDDM development occurs by necro-
sis, by apoptosis, or by a combination of both (Eizirik
and Darville, 2001; Mauricio and Mandrup-Poulsen,
1998; Pipeleers et al, 2001).
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Because the type of cell death may define the
strategy to prevent IDDM, we investigated the mode of
islet cell death in prediabetic diabetes-prone (dp) BB
rats. In addition, we searched for apoptotic features
during cell death of rat islet cells that was induced by
Sz or by the NO donor S-nitroso-N-acetyl-D,L-
penicillamine (SNAP), mimicking inducible NO syn-
thase activity.

Results

Mode of Islet Cell Death During Disease Manifestation in
BBdp Rats

Pancreata of 20 prediabetic BBdp rats (9 rats, 35–40
days of age; 6 rats, 41–49 days; 5 rats, 50–60 days)
were investigated by light microscopy after visualiza-
tion of DNA fragmentation by in situ nick translation. A
total of 203 islets were analyzed. In BBdp rats 35 to 40
days of age, no cells with DNA strand breaks could be
identified. In the 41- to 49-day-old BBdp rats and in
the 51- to 60-day-old BBdp rats, one islet and seven
islets, respectively, were found containing single cells
positively staining for DNA strand breaks (Fig. 2A). As
a positive control, islets of mice treated with a high

dose of the diabetogenic compound Sz (200 mg/kg
body weight) were used. Investigating 25 islets from
pancreata of 2 animals, intensive DNA strand breaks
were found in nearly all � cells, and staining was
restricted to the islets (Fig. 2B). Staining by the TUNEL
technique (terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling) yielded virtually
identical results (data not shown). Because DNA
strand breaks may point to ongoing apoptosis, islet
cell morphology during diabetes development in
BBdp rats was examined by electron microscopy.
Pancreatic islets from 17 prediabetic BBdp rats (3
rats, 60 days of age; 5 rats, 65 days; 4 rats, 66 days;
5 rats, 69 days) with various stages of islet infiltration
were screened. Examining 63 islets containing more
than 3000 islet cells, only one single islet � cell with a
nucleus of apparent apoptotic morphology was found
(Fig. 3D). In addition, 19 apoptotic nuclei were identi-
fied. However, these nuclei were mostly phagocy-
tosed by macrophages, and nuclear morphology
points to lymphocytes (Figs. 3, B and C). In contrast,
large areas of lysed islet cells were found in islets
infiltrated by immunocytes (Fig. 3A). Disrupted plasma
membranes, loss of cytoplasmic electron contrast,
and leakage of cellular constituents point to necrosis
as the mode of islet cell death (Figs. 4, A to C). These
results show that necrosis is by far the predominant
cell death pathway in BBdp rats during disease
development.

Morphologic Analysis of Islet Cells Treated with Sz or NO
In Vitro

To investigate whether dying adult rat islet cells may
show apoptotic features, we performed a series of in
vitro investigations. Electron microscopic analysis of
islet cells (n � 638) after long-term treatment (7 days)
with 5 �g/ml cycloheximide (CHX) showed few (1.4%)
intact � cells with clear-cut apoptotic nuclear mor-
phology (Fig. 5C). However, the majority of the cells
(63.8%) showed lysis, often exhibiting condensed
nuclei indicative of apoptosis and subsequent sec-
ondary necrosis. These results confirm that primary rat
islet cells are indeed capable of performing an apo-
ptotic cell death program (Hoorens et al, 1996). Treat-
ment of islet cells with increasing concentrations of Sz
or of the NO donor SNAP (0.1–1 mM each) for 15 hours
resulted in concentration-dependent lysis (1 mM Sz:
99.6% dead cells, n � 1581; 1 mM SNAP: 100% dead
cells, n � 1018). At all of the concentrations used,
nonviable islet cells were swollen, showing disrupted
plasma membranes and decreased cytoplasmic elec-
tron contrast caused by loss of cell constituents (Fig.
5, A and B). Islet cells with the typical apoptotic
nuclear morphology as found after CHX treatment
were not detected. We also examined whole rat islets
treated with Sz or with SNAP. To prevent loss of dead
cells, the islets were encapsulated in small alginate
beads before treatment. Encapsulated islets cultured
in the absence of Sz or SNAP for 24 hours showed

Figure 1.
Scheme representing the two death pathways necrosis and apoptosis (modi-
fied from Kerr, 1995). Necrosis is characterized by cell swelling, plasma
membrane damage, and loss of cytoplasmic contents into the extracellular
space, which leads to uncontrolled presentation of antigens to the immune
system and may cause inflammatory reactions. In contrast, apoptotic cells
shrink while retaining intact plasma membranes. Their cellular contents are
packaged into apoptotic bodies that subsequently will be phagocytosed by
neighboring cells or by professional phagocytes. Usually, the apoptotic cell
death pathway does not lead to inflammation.
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only single necrotic cells, similar to results published
previously (Wiegand et al, 1993). In contrast, large
areas of lysed necrotic � cells were found after treat-
ment with 0.5 mM Sz (Fig. 5E) or with 1 mM SNAP (not
shown) for 24 hours. A few cells with apoptotic mor-
phology were always located near or within capillaries
(Fig. 5D), but because of morphology and lack of
hormone-containing vesicles, none of them appeared
to be an endocrine islet cell.

Analysis of DNA Strand Breaks

To analyze whether DNA strand breaks can be found
during necrosis, DNA isolated from islet cells treated
with cytotoxic Sz or NO concentrations for 3 or 5
hours was isolated and labeled by in situ nick trans-
lation. Visualization of the isolated DNA after gel
electrophoresis confirmed that similar amounts of
DNA were loaded (Fig. 6A). Southern blotting and

Figure 2.
Detection of in vivo DNA strand breaks. Islets of prediabetic BBdp rats (A) or of C57/BL6 mice injected with a high dose (200 mg/kg body weight) of streptozotocin
(Sz) (B) were investigated. Islets of prediabetic BBdp rats (50–60 days old) showed single cells staining for DNA strand breaks. A, An islet of a 60-day-old BBdp
rat. In contrast, nearly all islet cells in the high-dose Sz mice showed intense labeling for DNA strand breaks 15 hours after Sz injection, with staining being found
exclusively within the islets (B). Bar represents 50 �m.
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staining for incorporated biotin-dUTP to quantify DNA
strand breaks showed that DNA from islet cells treated
with 1 mM Sz for 3 hours was strongly stained but
remained at a high molecular weight, indicative of
single-strand break formation during DNA excision
repair (Fig. 6B). DNA of islet cells treated with 1 mM

SNAP for 3 hours was weakly stained and still found to
be of high molecular weight. However, with longer
incubation times, staining for DNA strand breaks in-
creased. Additionally, a significant shift from high
molecular to lower molecular weights was found,
indicative of ongoing DNA fragmentation. Absence of
the typical DNA ladder as a characteristic feature of
apoptosis argues against Sz- or NO-induced
apoptosis.

Analysis of PARP Cleavage

Caspase-3–mediated cleavage of the enzyme
poly(ADP-ribose) polymerase (PARP) represents a
prominent early event during apoptosis (Nicholson et
al, 1995; Tewari et al, 1995). We therefore searched for
the presence of PARP fragments after treatment of
islet cells with cytotoxic NO concentrations. Thymo-
cytes treated with the topoisomerase II inhibitor eto-
poside (Eto) served as a positive control. Western blot
analysis showed that treatment of thymocytes with 50
�M Eto for 8 hours resulted in complete PARP cleav-
age as an indication of caspase-3–mediated apopto-
sis (Fig. 7). In contrast, the 116-kDa band of intact
PARP detected in lysates of islet cells treated with 1

Figure 3.
Electron micrographs of prediabetic BBdp rat islets. Rats were 60 (A and C), 65 (B), or 69 (D) days old. Large areas of lysed islet cells and numerous infiltrating
macrophages (M), lymphocytes (Ly) and unidentified nonendocrine cells (*) were found (A). Occasionally, apoptotic bodies with highly condensed chromatin were
detected. Higher magnifications show that these apoptotic bodies were phagocytosed by infiltrating macrophages (B and C). Only one single � cell with apoptosis-like
morphology was detected after examining more than 3000 islet cells (D). Bars represent 2 �m (A) or 1 �m (B to D).
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mM SNAP for 15 hours was even stronger compared
with untreated islet cells. No PARP fragments could
be detected, pointing to the absence of NO-induced
apoptosis in islet cells.

Annexin-V Staining

During early phases of apoptosis, phosphatidylserine
residues are translocated from the inner to the outer

surface of the plasma membrane and can be detected
by fluorescent annexin V binding. Simultaneous stain-
ing with propidium iodide (PI) and quantitation by flow
cytometry was performed to analyze early events
during islet cell death induced by cytotoxic Sz or NO
concentrations. As a positive control for apoptosis,
thymocytes were incubated with Eto, and as a control
for necrosis, with formaldehyde (Fearnhead et al,
1994). Compared with untreated thymocytes (Fig. 8D),
treatment with 50 �M Eto for 6 hours (Fig. 8E) resulted
in a significant shift to annexin V-positive staining
(quadrant 4) plus a significant shift to dual staining
(quadrant 2) because of permeable plasma mem-
branes, which led to the intracellular accessibility of
phosphatidylserines for annexin V-binding as a con-
sequence of primary or secondary necrosis (Fig. 8E).
In contrast, lysis of thymocytes by formaldehyde only
induced a shift toward quadrant 2 (Fig. 8F). Compared
with untreated islet cells (Fig. 8A), treatment with 1 mM

Sz for 6 hours (Fig. 8B) or for 12 hours (not shown) only
led to a significant shift toward quadrant 2, indicative
of necrosis, whereas treatment with 1 mM SNAP for 6

Figure 4.
High-powered electron micrographs of necrotic islet cells found in islets of
prediabetic BBdp rats. Rats were 65 (A), 66 (B), or 69 (C) days old. Islet cell
plasma membranes are disrupted (arrowheads in A), and the cytoplasmic
contents released into the surrounding tissue indicate necrosis (B and C).
Morphology of islet cell nuclei shows no signs of chromatin condensation.
Bars represent 2 �m.

Figure 5.
Electron microscopic characterization of necrotic and apoptotic islet cells.
Treating isolated islet cells with 1 mM Sz (A) or with 1 mM of the nitric oxide
(NO) donor S-nitroso-N-acetyl-D,L-penicillamine (SNAP) (B) for 15 hours
resulted in a necrotic mode of cell death as characterized by swollen cells, loss
of cytoplasmic electron contrast, and nuclei devoid of chromatin condensation.
In contrast, treatment of isolated islet cells with 5 �g/ml CHX for 7 days
yielded apoptotic as well as lysed islet cells containing nuclei with condensed
chromatin, indicative of apoptosis followed by secondary necrosis (C).
Treatment of alginate-encapsulated whole rat islets with 0.5 mM Sz for 24
hours resulted in massive necrosis of the � cells with only small regions of
intact non �-islet cells at the rims of the islets (E). The only apoptotic cells
detected were nonendocrine islet cells near or within islet capillaries, probably
endothelial or duct cells (D). Bars represent 2.5 �m (A to D) or 5 �m (E).
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hours did not result in any significant shift (Fig. 8C).
Thus, annexin V staining experiments do not point to
early apoptotic events in islet cells after treatment with
cytotoxic concentrations of Sz or NO.

Discussion

It is well established that there are two fundamentally
different ways through which eukaryotic cells can die,
namely by the active cell death program apoptosis or
by necrosis, which is considered to be a passive
process. During necrosis, cells swell, followed by
disintegration of the plasma membrane integrity and
subsequent loss of the cellular content into extracel-
lular spaces (Fig. 1). In contrast, cells undergoing

apoptosis display a characteristic pattern of structural
changes in their nuclei, including extensive cleavage
of their DNA into oligonucleosomal-length fragments,
and chromatin condensation. Cells shrink, while the
plasma membrane remains intact. Ultimately, the cell
content is packaged into small apoptotic bodies (Fig.
1) that are phagocytosed, thus minimizing contact to
surrounding tissues. Although necrosis usually pro-
vokes inflammation, conditions causing apoptosis are
normally not associated with inflammatory reactions
or cell-mediated immunity. In fact, anti-inflammatory
and immunosuppressive effects of apoptotic cells as
well as induction of tolerance have repeatedly been
found (Barker et al, 1999; Fadok et al, 1998; Steinman
et al, 2000; Voll et al, 1997).

Convincing results showing apoptotic islet cell
death during neonatal development (Petrik et al, 1998;
Scaglia et al, 1995) or in cultures of islet cell lines
(Ankarcrona et al, 1994; Di Matteo et al, 1997; Kaneto
et al, 1995; Morgan et al, 1994) suggest that apoptosis
can be induced in islet cells or cell lines with a high
proliferation rate. However, under certain conditions
(eg, using double-stranded RNA plus either IL-1� or
IFN-�, thus mimicking viral infection [Liu et al, 2001;
Scarim et al, 2001]; after incubation with free fatty
acids [Lupi et al, 2002]; or after long-term treatment
with CHX [Hoorens et al, 1996]) apoptotic cell death
can also be induced in primary rat islet cells; this
shows that indeed adult islet cells are able to undergo
apoptosis in vitro. Since in situ nick translation or the
TUNEL technique allows detection of DNA strand
breaks at the single cell level, light microscopical
identification of such cells is easy to perform using
isolated cells or tissue sections. Based on DNA strand
break detection on tissue sections or on morphologic
investigations by light microscopy, evidence for apop-
tosis occurring in islets during disease development in
IDDM animal models has repeatedly been reported
(Augstein et al, 1998; Cardinal et al, 2001; George et
al, 2002; Hill et al, 1999; Kurrer et al, 1997; Lally et al,
2001; O’Brien et al, 1996, 1997), suggesting a signif-
icant or even predominant role of apoptosis for IDDM
manifestation. Apparent islet cell apoptosis mostly
was described as a rare event; however, it was sug-
gested that islet cell destruction may occur over
weeks to months, and because apoptotic cells are
cleared rapidly, very few apoptotic islet cells are likely
to be observed at any given time point (Augstein et al,
1998). Investigating islets of prediabetic BBdp rats, we
found single cells positively staining for DNA strand
breaks before disease manifestation. However, ana-
lyzing more than 3000 islet cells in islets of 60- to
69-day-old prediabetic BBdp rats by electron micros-
copy, �1% of the islet comprising cells showed
apoptotic features like condensed nuclei. Among
these only one single cell was positively identified as a
� cell (Fig. 3D), while the others lacked the typical
hormone-containing granules and, as judged by mor-
phology, probably represent immunocytes, similar to
results recently found in nonobese diabetic mice
(Sainio-Pöllänen et al, 1998). Looking for necrosis we
found a heterogenous picture. Some islets containing

Figure 6.
Analysis of DNA strand breaks after treatment of islet cells with Sz or NO. DNA
was isolated from 4 � 104 islet cells cultured in the absence or presence of 1
mM Sz for 3 hours or of 1 mM of the NO donor SNAP for 3 and 5 hours,
respectively, and labeled by in situ nick translation. For calibration, a DNA size
marker (M) was included. A, DNA staining by ethidium bromide was performed
to show that similar amounts of DNA were loaded. B, Southern blot of A and
subsequent labeling for DNA strand breaks. DNA of Sz-treated islet cells
showed intense nick labeling but was of high molecular weight, indicative of
single-strand breaks. DNA isolated from SNAP-treated islet cells showed weak
nick labeling after 3 hours and intense nick labeling after 5 hours with a shift
from high to low molecular weight DNA, indicative of ongoing DNA double-
strand breaking.

Figure 7.
Analysis of poly(ADP-ribose) polymerase (PARP) cleavage. Islet cells (106)
were cultured in the absence (Ctrl) or presence of 1 mM of the NO donor SNAP
for 15 hours. Thymocytes (106) treated with 50 �M etoposide (Eto) for 8 hours
served as a positive control. Cells were lysed, and after run on 8%
polyacrylamide gels, electrophoretic transfer of the separated proteins to nylon
membranes was performed. Staining with amido black confirmed that com-
parable amounts of proteins were loaded in the respective lanes (not shown).
Subsequently, the blots were stained using PARP antiserum and peroxidase-
conjugated secondary antibodies. With islet cells, visualization of antibody
binding to PARP revealed only one band at 116 kDa, which corresponds to
uncleaved PARP. In contrast, in thymocytes treated with Eto, PARP is
completely cleaved.
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no immune cells seemed to be intact, others contain-
ing infiltrating cells showed large areas of lysed islet
cells, and some islets were completely destroyed,
showing cell debris only. Because of the lack of
unequivocal or specific criteria for a necrotic cell death
pathway, it is difficult to state the exact number of
necrotic islet cells. However, our results clearly show
that in heavily infiltrated islets, the vast majority of
dead islet cells exhibit a typical necrotic morphology,
ie, loss of plasma membrane integrity, decreased
cytoplasm electron density, and spill-out of cytoplas-
mic components (Fig. 4, A to C). Thus, even if apo-
ptosis may occur in single islet cells, the predominant
mode of islet cell death during disease development in
BBdp rats is certainly necrosis.

Although we found massive DNA damage in vivo
and in vitro induced by cytotoxic concentrations of the
alkylating diabetogenic compound Sz (known to lead
to extensive DNA excision repair), no apoptosis-
specific features could be identified. Even the early
apoptosis marker phosphatidylserine could not be
detected on the outer membrane leaflet of islet cells
treated with cytotoxic Sz concentrations. Instead,
massive necrosis was found to be the predominant
type of islet cell death, similar to the results found with
BB rats. The same was found mimicking in vivo
inducible NO synthase activity using the NO donor

SNAP. The few cells found to exhibit an apoptotic
morphology in vitro probably represent nonendocrine
islet cells such as endothelial or duct cells (Fig. 5D).
Thus, extensive DNA strand breaks are not exclusively
associated with apoptosis but can also be found in
necrotic islet cells. As during necrosis, the integrity of
intracellular compartments is disrupted and inappro-
priate activation of various enzymes (eg, intranuclear
DNase) could well explain the DNA damage found in
necrotic islet cells.

Apoptosis and necrosis, respectively, are by defini-
tion two extremes of a continuum of possible types of
cell demise. It seems that the availability of ATP is
decisive for the mode of cell death (Leist et al, 1997).
In particular, DNA-damaging compounds lead to ac-
tivation of the energy-consuming DNA repair machin-
ery in cells and thus to a depletion of cellular NAD�

and ATP pools. As a consequence cells are no longer
able to perform the energy-requiring molecular and
structural changes necessary for apoptosis, and ne-
crosis will occur instead (Ha and Snyder, 1999). In-
deed, within 5 minutes of NO treatment, a massive
drop of the islet cell ATP content has been found
(Drews et al, 2000); and in islet cells treated with
cytotoxic Sz concentrations, extensive exhaustion of
their NAD� and ATP pools caused by PARP activation
during DNA repair occurs (Burkart et al, 1999). During

Figure 8.
Flow cytometric analysis of cells for annexin V binding. Gating of 104 cells was performed with regard to propidium iodide (PI) and annexin V-FITC fluorescence.
Background labeling of living cells is found in quadrant 3, whereas quadrant 4 contains apoptotic cells, stained with annexin V-FITC only. Necrotic cells in quadrant
2 are labeled by both PI and annexin V-FITC because of permeable plasma membranes. Compared with untreated isolated islet cells (A), culture in the presence of
1 mM Sz for 6 hours resulted in a significant shift toward a positive annexin V-FITC plus PI-stained cell population indicative of necrosis (B), whereas treatment with
1 mM SNAP for 6 hours did not induce any significant shift (C). As a control, apoptotic and necrotic thymocytes (Thy) were analyzed. Compared with untreated
thymocytes (D), treatment with 50 �M Eto for 6 hours resulted in a significant shift toward quadrant 4 (E), suggestive for apoptosis. Costaining with PI in quadrant
2 points to secondary necrosis or lysis as seen with thymocytes lysed by formaldehyde (F).
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apoptosis, cleavage and thus inactivation of PARP is
an early event (Nicholson et al, 1995; Tewari et al,
1995). We did not find any evidence for PARP cleav-
age after treatment of islet cells with cytotoxic NO
concentrations. In contrast we found increased
amounts of intact PARP, which indicated ongoing
DNA repair. Indeed, in various cell types, a narrow
range of ATP depletion (15–25% of basal levels) has
been found to represent a threshold that determines
whether a cell dies by apoptosis or by necrosis, and
below this threshold necrosis is the dominant cell
death pathway (Lelli et al, 1998; Lieberthal et al, 1998).
It seems that DNA damage in islet cells leads to
extensive PARP activity and thus to a rapid consump-
tion of NAD� and ATP, which subsequently leads to a
necrotic mode of islet cell death in vitro.

In conclusion, our results show that detection of
DNA strand breaks is not a suitable method to differ-
entiate between apoptosis and necrosis in isolated
islet cells or on islet tissue sections. In addition,
primary rat islet cells treated with cytotoxic concen-
trations of Sz or NO do not show apoptotic features.
Although we cannot exclude that a low percentage of
islet cells may undergo apoptosis during manifestation
of IDDM, our data demonstrate that necrosis is by far
the predominant islet cell death pathway during dis-
ease development in BBdp rats. The apparent ten-
dency of islet cells to ultimately die via necrosis may
increase the chronic inflammatory process and may
thus drive infiltration and activation of immunocytes, a
prominent event repeatedly found in islets of freshly
diagnosed IDDM patients (Bottazzo et al, 1985; Gepts,
1965; Hänninen et al, 1992; Itoh et al, 1993).

Materials and Methods

Materials

Collagenase from Clostridium histolyticum, PI, and Eto
were obtained from Sigma (Deisenhofen, Germany);
trypsin, Sz, rabbit PARP antiserum, and all reagents
for in situ nick translation were from Roche (Mann-
heim, Germany). The NO donor SNAP was synthe-
sized as described (Fehsel et al, 1996).

Animals

Male Wistar rats (200 gm) and NMRI mice from the
University breeding facility received a standard diet
(Sniff-R; Sniff, Soest, Germany) and tap water ad
libitum. BBdp rats were purchased from the Möllegard
Center (Lille-Skensved, Denmark). Pancreata of C57/
BL6 mice treated with a high dose of Sz (200 mg/kg
body weight) were a generous gift from Dr. Lampeter
(Diabetes Research Institute, Düsseldorf, Germany).

Isolation and Culture of Cells

Pancreatic islet cells from male Wistar rats were
isolated as described (Appels et al, 1989). Briefly,
islets were isolated by ductal injection of collagenase
(0.37 U/mg, 1.5 mg/ml in HBSS). After 45 minutes at
37° C, islets were enriched by centrifugation on a

Ficoll 400 density gradient, handpicked, and dissoci-
ated into single cells by trypsin (2.5 mg/ml) in Ca2�/
Mg2�-free HBSS. Isolated islet cells were allowed to
recover for 18 hours in RPMI 1640/10% FCS. Thymo-
cytes were harvested by gently pressing thymi of
30-day-old NMRI mice against a fine steel wire net
submerged in HBSS and were suspended in RPMI/
10% FCS as described (Fehsel et al, 1995). Encapsu-
lation of rat islets in alginate beads was performed as
described (Bergmann et al, 1992).

Electron Microscopy

Islet cells (5 � 104) were cultured in microsample
tubes as described (Kröncke et al, 1993). Cells, islets,
or small pancreatic pieces from BBdp rats were fixed
with 1% glutaraldehyde and 1.5% OsO4, dehydrated
in ethanol, and embedded in Epoxy resin. Ultrathin
sections stained with uranyl acetate and lead citrate
were examined in a Philips EM 400 electron micro-
scope. Islet cells and nonendocrine cells were distin-
guished by the presence or absence of hormone-
containing granules.

Determination of DNA Strand Breaks

To detect DNA strand breaks at the single cell level,
the in situ nick translation method was performed as
described (Fehsel et al, 1991). Briefly, cryostat sec-
tions were dried and fixed in acetone for 10 minutes.
Endogenous peroxidase activity was inhibited by
0.3% H2O2 in methanol for 30 minutes. The nick
translation reaction was performed for 15 minutes at
room temperature in 50 mM Tris-HCl, pH 7.5, contain-
ing 5 U/100 �l of Kornberg polymerase, 5 mM MgCl2,
0.1 mM dithiothreitol, and 3 �M each of biotin-dUTP,
dGTP, dCTP, and dATP. Slides were washed in PBS
and processed for immunocytochemical detection of
biotin using horseradish peroxidase-coupled strepta-
vidin (Vectastain Kit; Camon, Wiesbaden, Germany)
and diaminobenzidine staining. For analysis of DNA
fragmentation by gel electrophoresis, DNA from 4 �
104 islet cells was isolated by salt-chloroform extrac-
tion and labeled by in situ nick translation as de-
scribed above. After heating for 5 minutes at 65° C
and electrophoresis in 1.2% agarose gels, the DNA
was blotted on Hybond-N membrane (Amersham,
Braunschweig, Germany). The DNA was visualized on
x-ray films by the ECL system (Pierce, St. Augustin,
Germany) after incubation with horseradish
peroxidase-coupled streptavidin.

Western Blot Analysis

Cells (106) were collected by centrifugation and resus-
pended in lysis buffer (33 mM Tris-HCl, pH 8.0, 33 mM

glucose, 6 mM EDTA, 0.6 mM phenylmethylsulfonyl
fluoride, 2 M urea, 2% 2-mercaptoethanol, 1% SDS).
Samples were incubated for 15 minutes at 65° C
before loading on 8% SDS-polyacrylamide gels. After
electrophoresis, separated proteins were transferred
to nylon membranes. Staining with amido black en-
sured that comparable amounts of proteins were
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loaded. Blots were incubated in 50 mM Tris-HCl, pH
8.0, 150 mM NaCl, 0.3% Tween 20 (v/v), and 5% dry
milk for 1 hour and then overnight with the PARP
antiserum (final dilution 1:2000). After washing with
PBS/1% Tween, blots were incubated with
peroxidase-conjugated secondary antibody (final dilu-
tion 1:1000) for 1 hour and washed with PBS/1%
Tween. Detection was performed by chemilumines-
cence using the ECL Supersignal System (Pierce) and
exposure to x-ray films (Hyperfilm; Amersham).

Annexin V-Binding Assay

Cells (104) were labeled with annexin V-FITC (Apotest-
FITC; BRAND, Maastricht, Netherlands) and PI and
analyzed by flow cytometry using a FACScan (Becton
Dickinson, Heidelberg, Germany). At an early stage of
apoptosis, phosphatidylserine residues are translo-
cated from the inner to the outer face of the plasma
membrane; the FITC conjugate of annexin V, a protein
with a high affinity for phosphatidylserines, stains
these cells. Simultaneously added PI is excluded from
apoptotic cells because of their intact plasma mem-
brane, whereas plasma membrane-permeable ne-
crotic cells are stained by both annexin V-FITC and PI.
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