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Viral infection is one environmental factor that has
been implicated as a precipitating event that may
initiate b-cell damage during the development of dia-
betes. This study examines the mechanisms by which
the viral replicative intermediate, double-stranded
(ds) RNA impairs b-cell function and induces b-cell
death. The synthetic dsRNA molecule polyinosinic-
polycytidylic acid (poly IC) stimulates b-cell DNA
damage and apoptosis without impairing islet secre-
tory function. In contrast, the combination of poly IC
and interferon (IFN)-g stimulates DNA damage, apo-
ptosis, and necrosis of islet cells, and this damage is
associated with the inhibition of glucose-stimulated
insulin secretion. Nitric oxide mediates the inhibitory
and destructive actions of poly IC 1 IFN-g on insulin
secretion and islet cell necrosis. Inhibitors of nitric
oxide synthase, aminoguanidine, and NG-monometh-
yl-L-arginine, attenuate poly IC 1 IFN-g-induced DNA
damage to levels observed in response to poly IC
alone, prevent islet cell necrosis, and prevent the
inhibitory actions on glucose-stimulated insulin se-
cretion. NG-monomethyl-L-arginine fails to prevent
poly IC- and poly IC 1 IFN-g-induced islet cell apopto-
sis. PKR, the dsRNA-dependent protein kinase that
mediates the antiviral response in infected cells, is
required for poly IC- and poly IC 1 IFN-g-induced islet
cell apoptosis, but not nitric oxide-mediated islet cell
necrosis. Alone, poly IC fails to stimulate DNA dam-
age in islets isolated from PKR-deficient mice; how-

ever, nitric oxide-dependent DNA damage induced by
the combination of poly IC 1 IFN-g is not attenuated
by the genetic absence of PKR. These findings indicate
that dsRNA stimulates PKR-dependent islet cell apo-
ptosis, an event that is associated with normal islet
secretory function. In contrast, poly IC 1 IFN-g-in-
duced inhibition of glucose-stimulated insulin secre-
tion and islet cell necrosis are events that are medi-
ated by islet production of nitric oxide. These
findings suggest that at least one IFN-g-induced anti-
viral response (islet cell necrosis) is mediated
through a PKR-independent pathway. (Am J Pathol
2001, 159:273–283)

Insulin-dependent diabetes mellitus is an autoimmune
disease that is characterized by the selective destruction
of insulin-secreting b-cells found in pancreatic islets of
Langerhans.1 Although b-cells are destroyed during the
development of diabetes, the molecular mechanisms re-
sponsible for this destruction have remained elusive. Re-
cent studies have shown that cytokine-induced islet cell
destruction is mediated by b-cell production of nitric
oxide.2–4 We and others5–7 have shown that treatment of
rat islets with interleukin (IL)-1 results in the expression of
inducible nitric oxide synthase (iNOS), production of ni-
tric oxide, and inhibition of insulin secretion. IL-1-induced
islet damage is potentiated by interferon (IFN)-g, a cyto-
kine that reduces the concentration of IL-1 required to
stimulate iNOS expression by b-cells.8 One mechanism
by which nitric oxide impairs b-cell function is the inhibi-
tion of islet oxidative metabolism resulting in reduced
cellular levels of ATP.9,10 IL-1 treatment results in an
inhibition of islet and primary b-cell glucose oxidation to
CO2 and aconitase activity, effects that are prevented by
the inhibition of iNOS.7,11 In addition, prolonged treat-
ment of rat islets for 36 hours with IL-1 results in an
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irreversible inhibition of both islet cell aconitase activity
and glucose-stimulated insulin secretion.12

Cytokines and nitric oxide also stimulate DNA damage
in islets. IL-1, alone or in combination with IFN-g and/or
tumor necrosis factor, has been reported to induce islet
cell DNA damage that is prevented by the inhibition of
iNOS,13,14 and nitric oxide donor compounds induce
DNA strand breaks in islet cells.15,16 Apoptosis, a mech-
anism of programmed cell death that results in the re-
moval of unwanted or damaged cells in the absence of
inflammation, has been suggested as the mechanism by
which cytokines and nitric oxide mediate b-cell
death.17–19 However, apoptosis is an energy-requiring
event,20,21 whereas nitric oxide impairs oxidative metab-
olism and reduces islet ATP levels, effects consistent with
b-cell necrosis. In addition, nitric oxide also has been
shown to attenuate apoptosis by preventing caspase
activation.22,23

There are at least two different stages of b-cell destruc-
tion during the development of diabetes: 1) a precipitat-
ing event that stimulates the initial destruction of b-cells;
and 2) a later antigen-driven, T-cell-dependent destruc-
tion of b-cells.24,25 Viral infection is one precipitating
event that has been implicated in the induction of auto-
immunity directed against b-cells in genetically suscep-
tible individuals.24,26 Viruses have been isolated from
pancreata, and virus-specific IgM antibodies have been
identified in newly diagnosed diabetic patients.24,27 Also,
diabetes can be induced by infection with encephalo-
myocarditis virus, Coxsackie B4 virus, Kilham’s rat virus,
rubella virus, and retrovirus in genetically susceptible
strains of rodents and primates.28–31 Double-stranded
(ds) RNA, formed during viral replication, activates the
antiviral response in infected cells.32,33 Recently, we
have shown that treatment of rat islets with dsRNA and
IFN-g results in the inhibition of insulin secretion and islet
degeneration, effects that correlate with iNOS expression
and that are prevented by the inhibition of iNOS enzy-
matic activity.34

Antiviral responses in infected cells are mediated in
part by PKR, the dsRNA-dependent protein kinase.32,33

PKR is a 65- to 68-kd ubiquitously expressed serine/
threonine kinase that is activated by binding to dsRNA.
After binding to dsRNA, PKR dimerizes, is activated by
autophosphorylation, and phosphorylates cellular sub-
strates such as the protein synthesis initiation factor
eIF2a, the nuclear factor-kB inhibitory protein IkB, and
IkB kinase.32,33,35 Phosphorylation of eIF2a results in
inhibition of protein synthesis because of the sequestra-
tion of eIF2B and subsequent inhibition of GDP for GTP
exchange.36,37 dsRNA-induced phosphorylation of IkB or
IkB kinase results in IkB degradation, nuclear factor-kB
nuclear localization, and nuclear factor-kB-dependent
gene transcription.38,39 PKR also seems to play a funda-
mental role in the regulation of apoptosis.40,41 Expression
of inactive PKR, or PKR depletion, prevents the induction
of apoptosis by viral infection, dsRNA, tumor necrosis
factor, and serum starvation.42–45 In this study, the mech-
anisms by which dsRNA, alone or in combination with
IFN-g, stimulates b-cell death have been examined.
Alone, dsRNA induces islet cell apoptosis, an event that

correlates with normal glucose responsiveness of islets.
In combination, dsRNA 1 IFN-g stimulates apoptosis,
necrosis, and inhibits insulin secretion by rat islets. Nitric
oxide is not required for dsRNA- or dsRNA 1 IFN-g-
induced islet cell apoptosis; however, nitric oxide seems
to mediate both dsRNA 1 IFN-g-induced islet cell necro-
sis and inhibition of insulin secretion. Using islets isolated
from PKR-deficient mice, we also show that dsRNA fails
to induce islet cell apoptosis, whereas dsRNA 1 IFN-g-
induced islet cell necrosis and nitric oxide production are
not affected. These results show that islet secretory func-
tion is not adversely affected under conditions in which
islet cells undergo PKR-dependent apoptosis in re-
sponse to dsRNA. However, insulin secretion is impaired
under conditions in which islet cells undergo necrosis, a
mechanism of cell death that seems to be mediated by
nitric oxide and that does not require the presence of
PKR.

Materials and Methods

Materials and Animals

CMRL-1066 tissue culture medium, L-glutamine, penicil-
lin, streptomycin, and rat recombinant IFN-g were from
Life Technologies, Inc. (Grand Island, NY). Fetal calf
serum was obtained from Hyclone (Logan, UT). Male
Sprague-Dawley rats (250 to 300 g) were purchased from
Harlan (Indianapolis, IN). PKR2/2 mice in a C57BL/6 3
129 background46 were bred at Saint Louis University.
C57BL/6 3 129 mice were obtained from Jackson Lab-
oratories (Bar Harbor, ME). Polyinosinic-polycytidylic
acid (poly IC), aminoguanidine hemisulfate (AG), and
collagenase type XI were from Sigma Chemical Co. (St.
Louis, MO). The In situ cell death detection kit: fluorescein
was from Boehringer Mannheim (Indianapolis, IN),
mouse IFN-g from R & D Systems, Inc. (Minneapolis,
MN), and horseradish peroxidase-conjugated donkey
anti-rabbit IgG and CY3-conjugated donkey anti-guinea
pig IgG from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA). All other reagents were from com-
mercially available sources.

Islet Isolation, Cell Dispersion, and
Fluorescence-Activated Cell Sorting (FACS)
Purification of b Cells

Islets were isolated from male Sprague-Dawley rats (250
to 300 g), PKR2/2, and PKR1/1 mice by collagenase
digestion as described previously.47,48 Islets were dis-
persed into individual cells by treatment with trypsin (1
mg/ml) in Ca21- and Mg21-free Hanks’ solution at 37°C
for 3 minutes as described previously.48 Islets were cul-
tured overnight at 37°C in an atmosphere of 95% air and
5% CO2 in complete CMRL-1066 tissue culture medium
(CMRL-1066 containing 2 mmol/L L-glutamine, 10% heat-
inactivated fetal bovine serum, 100 U/ml penicillin, and
100 mg/ml streptomycin) before each experiment. For
FACS purification of b-cells, islets isolated from 12 rats
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were cultured overnight (;1200 islets per 3 ml) in com-
plete CMRL-1066 media under an atmosphere of 95% air
and 5% CO2 at 37°C. Islets were then dispersed into
individual cells as described above, and incubated for 60
minutes at 37°C in complete CMRL-1066 before cell sort-
ing. b-cells are purified based on size and endogenous
Flavin Adenine Dinucleotide (FAD) fluorescence as de-
scribed previously11,49 using a FACStar 1 flow cytometer
(Becton Dickinson, San Jose, CA). The cells were illumi-
nated at 488 nm, and emission was monitored at 515 to
535 nm. This purification results in b- and a-cell purity of
90 to 95% and 80 to 85%, respectively.11

Glucose-Stimulated Insulin Secretion

Islets were cultured at 37°C for 48 hours with the indi-
cated concentrations of poly IC, IFN-g, and AG. Islets
were isolated, washed three times with Krebs-Ringer bi-
carbonate buffer (KRB) (25 mmol/L HEPES, 115 mmol/L
NaCl, 24 mmol/L NaHCO3, 5 mmol/L KCl, 1 mmol/L
MgCl2, 2.5 mmol/L CaCl2, and 0.1% bovine serum albu-
min, pH 7.4) containing 3 mmol/L D-glucose, aliquoted
into siliconized 10-mm 3 75-mm borosilicate culture
tubes (20 islets/200 ml of KRB containing 3 mmol/L D-
glucose), and preincubated for 30 minutes at 37°C with
shaking. Insulin secretion was initiated by replacing the
preincubation buffer with 200 ml of KRB containing either
3 mmol/L or 20 mmol/L D-glucose. Islets were incubated
for 30 minutes at 37°C in an atmosphere of 95% air and
5% CO2, the supernatant was then removed and ana-
lyzed for insulin by radioimmunoassay.50

Nitrite Determination

Nitrite production was determined by mixing 50 ml of
culture medium with 50 ml of Griess reagent.51 The ab-
sorbance at 540 nm was measured and nitrite concen-
trations were calculated from a sodium nitrite standard
curve.

Electron Microscopy

Rat islets (400 per ml of complete CMRL-1066) were
cultured for 48 hours with or without 50 mg/ml poly IC and
150 U/ml rat recombinant IFN-g. The islets were fixed in
2.5% glutaraldehyde in 0.1 mol/L sodium cacodylate
buffer, pH 7.3, containing 2% sucrose and 1 mmol/L
calcium chloride overnight at 4°C, washed several times
in cold cacodylate buffer containing 5% sucrose, and
postfixed with 1% osmium tetroxide in 0.1 mol/L cacody-
late buffer containing 2% sucrose for 3 hours at 4°C. After
washing with distilled water, the tissue was stained en
bloc with uranyl acetate, dehydrated through graded eth-
anols and propylene oxide, and infiltrated, embedded,
and polymerized in Polybed resin (Polysciences, Inc.,
Warrington, PA). The islets were then infiltrated for 6
hours with 100% Polybed resin, embedded in fresh resin
in Better Equipment for Electron Microscopy (BEEM) cap-
sules, and polymerized overnight at 70°C. Thin sections
were cut from the trimmed tissue blocks with a Reichert

Ultracut E ultramicrotome using a diamond knife and
were collected on 200-mesh copper grids. The sections
were stained with uranyl acetate and lead citrate and
viewed and photographed with a JEOL 100 CX electron
microscope at 60 kV.

Immunohistochemistry and Terminal dUTP
Nick-End Labeling (TUNEL) Staining

Islets (100 per 400 ml of complete CMRL-1066), cultured
for 24 or 48 hours with poly IC, IFN-g, AG, or NG-mono-
methyl-L-arginine (NMMA) were isolated and dispersed
into individual cells as described above. FACS purified
b-cells (50,000 cells per 400 ml of complete CMRL-1066)
were also treated under the same conditions. The islet
cells and primary b-cells were washed three times with
0.1 mol/L of phosphate-buffered saline (PBS) (pH 7.4)
and then transferred to microscope slides by centrifuga-
tion (;40,000 cells/slide). The cells were fixed in 4%
paraformaldehyde for 30 minutes at room temperature,
washed with PBS, and permeabilized (0.1% Triton X-100
and 0.1% sodium citrate) on ice for 2 minutes. Islet cells
and b-cells containing DNA damage were detected by
TUNEL staining according to manufacture specifications
(In situ cell death detection kit, fluorescein; Boehringer
Mannheim). For co-localization of TUNEL staining and
insulin, slides were blocked for 15 minutes with 10%
normal goat serum after TUNEL detection, and then in-
cubated for 1 hour at room temperature with guinea pig
anti-human insulin (1:200 dilution; Linco Inc., Saint
Charles, MO). The slides were washed three times with
PBS and then incubated for 1 hour at room temperature
with a 1:200 dilution of CY3-conjugated donkey anti-
guinea pig secondary antibody. Immunofluorescence mi-
croscopy was used for detection of insulin and TUNEL-
positive cells.

Cell Viability and Apoptosis

Islets (25 per 400 ml of complete CMRL-1066) cultured for
24 or 48 hours with poly IC, IFN-g, and NMMA, were
isolated and dispersed into individual cells as described
above. Cells were diluted to a concentration of 2.5 3 105

cells/ml of PBS. One ml of 1:1 mixture of acridine orange
and ethidium bromide (100 mg/ml each) was added to 25
ml of the cell suspension and the cells were gently mixed.
The cell suspension (10 ml) was transferred to a micro-
scope slide, covered, and cell viability was examined at
340 by fluorescein fluorescence. More than 400 cells per
condition were scored in a double-blind manner using
the following previously published criteria:52 1) early ap-
optotic cells contain bright-green highly condensed or
fragmented chromatin and red cytoplasm; 2) late apopto-
tic cells contain bright-orange highly condensed or frag-
mented chromatin and red cytoplasm; and, 3) necrotic
cells contain uniform bright-orange chromatin with orga-
nized structure. Live cells contain uniform green nucleus
with red cytoplasm. Apoptosis is presented as the total
number of cells demonstrating features of early and late
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apoptosis. Control untreated islet cells contained ;2%
apoptotic and ;8% necrotic cells, and this level of dam-
age seems to be associated with islet dispersion into
individual cells.

Statistics

Statistical comparisons were made between groups us-
ing a one-way analysis of variance. Significant differ-
ences between treatment groups compared with un-
treated controls (*; P , 0.05) were evaluated using a
Bonferroni’s post hoc analysis.

Results

dsRNA Stimulates b-Cell DNA Damage

The effects of dsRNA, alone and in combination with
IFN-g, on the integrity of islet cell and b-cell DNA were
evaluated by TUNEL staining. Treatment of rat islets for
24 hours with poly IC stimulates a threefold increase in
the number of islet cells that contain DNA strand breaks
(Figure 1b), as evidenced by the green nuclear fluores-
cence in a limited number of islet cells (Figure 1a). Alone,
IFN-g does not stimulate islet cell DNA damage; however,
the combination of poly IC 1 IFN-g stimulates a fourfold
increase in the number of islet cells containing DNA
damage. To determine whether dsRNA stimulates b-cell
DNA damage, TUNEL staining was co-localized with in-
sulin-containing cells (red fluorescence, Figure 1a). In
response to poly IC or poly IC 1 IFN-g, .85% of the
TUNEL-positive cells contained insulin (data not shown).
To confirm that dsRNA stimulates DNA damage in
b-cells, the effects of poly IC alone, and in combination
with IFN-g, on DNA damage in primary b-cells purified by
FACS were examined. Treatment of FACS-purified b-cells
for 24 hours with poly IC and poly IC 1 IFN-g results in an
approximate threefold increase in the number of cells
containing DNA damage (Figure 1, c and d). Alone, IFN-g
does not stimulate DNA damage, nor does it enhance
DNA damage induced by poly IC in FACS-purified
b-cells.

Previous studies have shown that treatment of rat islets
with poly IC 1 IFN-g results in the time-dependent ex-
pression of iNOS and production of nitric oxide that is first
apparent after a 24-hour incubation, and maximal after a
48-hour incubation.34 In addition, nitric oxide has been
shown to directly stimulate DNA strand breaks in a num-
ber of cell types including islets.13,53 Importantly, poly
IC-induced DNA damage seems to occur by nitric oxide-
independent mechanisms, as the iNOS inhibitor NMMA
does not attenuate poly IC-induced TUNEL-positive
staining. However, NMMA reduces poly IC 1 IFN-g-in-
duced DNA strand breaks to levels induced by poly IC
alone (Figure 1c). These findings suggest that a 24-hour
exposure of rat islets to poly IC results in nitric oxide-
independent b-cell DNA damage, and that poly IC 1
IFN-g-induced DNA damage is both nitric oxide-depen-
dent and nitric oxide-independent.

Although poly IC 1 IFN-g stimulates iNOS expression
by FACS-purified b-cells,34 the results presented in Fig-
ure 1 indicate that poly IC and poly IC 1 IFN-g stimulate
primary b-cell DNA damage to similar levels after a 24-
hour incubation. The lack of an increase in DNA damage
of primary b-cells in response to poly IC 1 IFN-g is not
believed to be because of a lack of nitric oxide produc-
tion, but is most likely associated with proximity of b-cells
in intact islets as compared to b-cells free-floating in
solution. In islets, b-cells are in close physical contact
such that nitric oxide produced from one b cell may
influence the integrity of DNA in adjacent cells by simple
diffusion from the producing cell. However, the distance
between FACS-purified b-cells free-floating in culture is
much larger and thereby reducing the effective concen-
tration of nitric oxide and potential paracrine actions of
this free radical on DNA integrity.

In addition to insulin-secreting b-cells, islets contain
large numbers of glucagon-secreting a cells (;25 to
30%). Treatment of FACS-purified a cells for 24 hours
with poly IC or poly IC 1 IFN-g does not stimulate a-cell
DNA damage as assessed by TUNEL staining (data not
shown). These findings are also consistent with an inabil-
ity of a cells to express iNOS or produce nitric oxide in
response to dsRNA, IFN-g, or dsRNA 1 IFN-g.34

Effects of dsRNA and IFN-g on Islet Cell
Apoptosis and Necrosis

Although TUNEL staining identifies cells containing DNA
damage, this method does not discriminate between ap-
optotic and necrotic cell death. To determine the mode of
islet cell death in response to dsRNA, vital dye staining
(acridine orange and ethidium bromide) of isolated islet
cells was performed. Treatment of rat islets with poly IC
stimulates an approximate sixfold to sevenfold increase
in apoptosis after 24-hour and 48-hour incubations, and
islet cell apoptosis in response to poly IC is not further
enhanced by IFN-g (Figure 2, a and b). Poly IC-induced
islet cell apoptosis does not seem to require the produc-
tion of nitric oxide, as poly IC fails to stimulate iNOS
expression by rat islets,34 and NMMA does not attenuate
poly IC-induced islet cell apoptosis. In contrast, poly IC 1
IFN-g stimulates an approximate twofold and fivefold in-
crease in islet cell necrosis after a 24- and 48-hour incu-
bation, respectively, and an approximate sixfold to sev-
enfold increase in islet cell apoptosis at both time points.
NMMA prevents islet cell necrosis, but fails to prevent
poly IC 1 IFN-g-induced islet cell apoptosis. The lower
level of islet cell necrosis after a 24-hour incubation (two-
fold increase) as compared to a 48-hour incubation (five-
fold) is consistent with the time-dependent effects of poly
IC 1 IFN-g on iNOS expression by rat islets.34 These
findings indicate that poly IC- and poly IC 1 IFN-g-in-
duced islet cell apoptosis occurs by nitric oxide-indepen-
dent mechanisms and that islet cell necrosis in response
to poly IC 1 IFN-g is dependent on the production of
nitric oxide.
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Electron Microscopic Analysis of Islet Cell
Viability in Response to dsRNA and IFN-g

To confirm that b-cells undergo apoptosis and necrosis in
response to dsRNA and dsRNA 1 IFN-g, respectively,
islet cell morphological damage was assessed by elec-
tron microscopy. Treatment of rat islets for 48 hours with
poly IC results in b-cell apoptosis that is characterized by
chromatin condensation in insulin-containing b-cells (Fig-
ure 3b). In combination, dsRNA 1 IFN-g stimulates b-cell
apoptosis as evidenced by b-cell chromatin condensa-
tion in insulin-containing cells (Figure 3c), and b-cell
necrosis that is characterized by the loss of both plasma
membrane and nuclear membrane integrity (Figure 3d).
Morphological damage in islet cells treated for 48 hours

with IFN-g alone was not observed (data not shown).
These findings are consistent with results presented in
Figures 1 and 2, and indicate that poly IC stimulates islet
cell apoptosis, whereas the combination of poly IC 1
IFN-g stimulates both islet cell apoptosis and necrosis.

Effects of dsRNA and IFN-g on Glucose-
Stimulated Insulin Secretion by Rat Islets

To determine whether dsRNA-induced islet cell death
has functional consequences on b-cells, the effects of
poly IC and IFN-g, alone and in combination, on glucose-
stimulated insulin secretion were examined. A 48-hour
incubation of rat islets with dsRNA 1 IFN-g results in a

Figure 1. Effects of poly IC and IFN-g on islet cell DNA integrity. Rat islets (100 per 400 ml of complete CMRL-1066) (a) or FACS-purified b-cells (50,000 per 400
ml of complete CMRL-1066) (c) were treated for 24 hours with 50 mg/ml of poly IC, or rat islets (b) and FACS-purified b-cells (d) were treated with the indicated
concentrations of poly IC, rat IFN-g, and NMMA. The islets and b-cells were isolated and DNA damage was analyzed by TUNEL staining (green fluorescence) as
described in Materials and Methods. Insulin-containing cells were identified using a guinea pig anti-human insulin and CY3-conjugated donkey anti-guinea pig
secondary antibodies (a). The arrows indicate TUNEL-positive b-cells (c). The percentage of TUNEL-positive cells was determined in a double-blind manner.
Results are representative of three independent experiments (a and c) or the average 6 SEM of three independent experiments (b and d).
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near complete inhibition of glucose-stimulated insulin se-
cretion (Figure 4a). The inhibitory effects of poly IC 1
IFN-g on glucose-stimulated insulin secretion are associ-
ated with a more than threefold increase in nitric oxide
production (Figure 4b). AG, a selective inhibitor of iNOS,
prevents the inhibitory actions of poly IC 1 IFN-g on
glucose-stimulated insulin secretion, and the stimulatory
actions of these agents on nitric oxide production by rat
islets. Alone, neither dsRNA nor IFN-g inhibit glucose-
stimulated insulin secretion or induce nitric oxide produc-
tion by rat islets after 48 hours of incubation. The lack of
nitric oxide production by rat islets in response to poly IC
or IFN-g is consistent with our previous studies showing
that these agents fail to stimulate iNOS mRNA accumu-
lation (Northern analysis) or protein expression after 24-
and 40-hour incubations, respectively.34

Role of PKR in dsRNA- and dsRNA and IFN-g-
Induced Islet Cell DNA Damage

PKR has been implicated as a primary regulator of cell
death induced by viral infection, or by the viral replicative
intermediate dsRNA.40,41 To examine the role of PKR in
islet death, the effects of dsRNA, alone and in combina-
tion with IFN-g, on DNA damage and nitric oxide produc-
tion by islets isolated from PKR2/2 and PKR1/1 mice
were examined (Figure 5, a and b). Treatment of islets
isolated from PKR1/1 mice for 48 hours with poly IC
results in an approximately threefold increase in the num-
ber of cells containing DNA damage. Poly IC-induced
DNA damage is significantly enhanced in the presence of
IFN-g, an effect that is mediated by nitric oxide, as NMMA
reduces poly IC 1 IFN-g-induced DNA damage to levels
similar to those induced by poly IC alone. PKR seems to
mediate dsRNA-induced islet cell DNA damage, as poly
IC fails to induce DNA strand breaks in islet cells isolated
from PKR2/2 mice (Figure 5a). However, PKR is not re-
quired for dsRNA 1 IFN-g-induced islet cell DNA dam-
age, as poly IC 1 IFN-g induce an approximate threefold
increase in TUNEL-positive cells, an effect that is pre-
vented by NMMA. Figure 5b confirms that poly IC 1
IFN-g stimulates similar levels of nitrite production by
islets isolated from PKR2/2 and PKR1/1 mice, and that
poly IC and IFN-g alone fail to induce nitric oxide produc-
tion by these islets. These findings indicate that poly
IC-induced DNA damage is PKR-dependent and nitric
oxide-independent; however, poly IC 1 IFN-g-induced
DNA damage does not require the presence of PKR, but
is dependent on islet production of nitric oxide.

The absolute level of DNA damage induced by poly IC
1 IFN-g is significantly lower in islet cells isolated from
PKR2/2 mice as compared to islet cells isolated from
PKR1/1 mice. This result suggests that PKR may partic-
ipate in poly IC 1 IFN-g-induced necrosis in addition to
its role in the regulation of poly IC-induced islet cell
apoptosis. However, because poly IC-induced islet cell
apoptosis is mediated by PKR (Figure 5a) and occurs by
nitric oxide-independent mechanisms (Figure 2), and
TUNEL staining detects both apoptosis and necrosis,
one would expect to observe lower levels of poly IC 1
IFN-g-induced TUNEL-positive staining in islet cells iso-
lated from PKR2/2 mice because only nitric oxide-depen-
dent DNA damage would be detected by TUNEL staining
under these conditions. Therefore, the reduced level of
poly IC 1 IFN-g-induced TUNEL staining in islet cells
isolated from PKR2/2 mice is most likely because of the
lack of PKR-dependent apoptosis.

Discussion

Viral infection is one precipitating event that has been
implicated in the induction of autoimmune diabetes. Nev-
ertheless, it has been difficult to study mechanisms of
viral-induced diabetes because multiple viruses from
both RNA and DNA viral families have been implicated in
the development of this disease.27 In this study, the syn-
thetic dsRNA molecule poly IC has been used to examine

Figure 2. Effects of dsRNA and IFN-g on islet cell apoptosis and necrosis. Rat
islets (25 per 400 ml of complete CMRL-1066) were treated for 24 or 48 hours
with the indicated concentrations of poly IC, rat IFN-g, and NMMA. The islets
were isolated, dispersed into individual cells, and apoptosis and necrosis
determined by acridine orange and ethidium bromide staining as described
in Materials and Methods. Results are the average 6 SEM of three indepen-
dent experiments.
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the response of b-cells to a viral infection. Poly IC has
been shown to mimic the antiviral response of infected
cells.54 Treatment of cells with poly IC results in the
induction of type I interferons, activation of PKR, and the
inhibition of translation because of eIF2a phosphoryla-
tion.33,41 Poly IC has also been shown to induce diabetes
in diabetes-resistant BioBreeding (BB) rats, and to accel-
erate diabetes in diabetes-prone BB rats.55,56 Similar to
viral-induced diabetes, the development of diabetes in
response to poly IC seems to be strain-dependent. Rats
containing MHC class IIu genes develop diabetes
whereas poly IC fails to induce insulitis or diabetes in rats
expressing MHC class IIa genes.57 Poly IC-induced dia-
betes is characterized by islet inflammation comprised of
macrophages, monocytes, and CD81 T cells, and re-
quires the generation of autoreactive T cells as evi-
denced by the induction of diabetes after the transfer of
conA-activated nondiabetic spleen cells isolated from
poly IC-treated rats to naive syngeneic recipients.57 Also,
poly IC-induced diabetes is associated with an increase
in class I MHC gene expression.57 IFN-g seems to play a
key role in regulating b-cell expression of class I MHC,58

suggesting that increased levels of IFN-g may be present

in islets during the development of poly IC-induced dia-
betes. Importantly, these features of poly IC-induced di-
abetes are characteristics associated with the develop-
ment of diabetes in the NOD mouse, BB rat, viral-induced
diabetes in animal models, and insulin-dependent diabe-
tes mellitus.

Although poly IC and viral infection induces the devel-
opment of diabetes in animal models, the direct actions
of these agents on b-cell function have been poorly de-
fined. Previous studies have shown that poly IC, in com-
bination with IFN-g, stimulates iNOS expression and nitric
oxide production by isolated rat islets and FACS-purified
b-cells, and that nitric oxide mediates islet degeneration
and the inhibitory actions of these agents on insulin se-
cretion.34 Alone, neither poly IC nor IFN-g impair insulin
secretion, induce iNOS expression, or stimulate islet de-
generation. In this study the effects of poly IC on b-cell
viability have been examined. Poly IC stimulates islet cell
apoptosis; however, apoptotic cell death under these
conditions does not result in an inhibition of islet function.
In contrast, poly IC 1 IFN-g stimulates necrosis, in addi-
tion to apoptosis, and islet cell necrosis correlates with an
inhibition of glucose-stimulated insulin secretion (Figure

Figure 3. Effects of dsRNA and IFN-g on b-cell morphology as determined by electron microscopy. Rat islets (400 per ml of complete CMRL-1066) were untreated
(a), treated for 48 hours with 50 mg/ml poly IC (b), or treated with 50 mg/ml of poly IC and 150 U/ml rat IFN-g (c and d). The islets were isolated, fixed, and
morphological damage assessed by electron microscopy as stated in Materials and Methods. b-cell apoptosis is characterized by chromatin condensation (b and
c) and islet cell necrosis is characterized by the loss of both plasma membrane and nuclear membrane integrity (d). Results are representative of four independent
experiments.
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6). The inhibitory actions of poly IC 1 IFN-g on insulin
secretion and the induction of islet cell necrosis seem to
be nitric oxide-dependent, as inhibitors of iNOS prevent
each of these damaging events. Poly IC-induced islet cell
apoptosis seems to occur by nitric oxide-independent
mechanisms as 1) poly IC fails to stimulate iNOS expres-
sion or nitric oxide production by rat islets34 and 2) in-
hibitors of iNOS do not attenuate poly IC-induced DNA
damage or b-cell apoptosis. These findings suggest that
conditions in which islet cells die by apoptosis (treatment
with poly IC, or poly IC 1 IFN-g 1 AG/NMMA), sufficient
numbers of b-cells within islets remain competent to com-
pensate for the loss of apoptotic b-cells. In contrast, islets
are not able overcome the destructive actions of nitric
oxide, as islet cell necrosis induced in response to poly
IC 1 IFN-g results in the complete loss of islet secretory
function. In the context of the development of autoim-
mune diabetes, our findings suggest that viral infection of
b-cells may lead to apoptosis, an event that clears virally
infected cells and prevents islet inflammation. The re-
maining uninfected b-cells could then compensate for
the apoptotic loss of virally infected cells and diabetes

would not develop. However, in the presence of IFN-g (or
the presence of inflammatory T cells capable of produc-
ing this cytokine), viral infection would be predicted to
induce islet cell necrosis in addition to apoptosis, and the
necrotic event may elicit two responses: 1) an increased
islet inflammation because of the necrosis of b-cells, and
2) the release of b-cell antigens and induction of autoim-
munity directed against remaining b-cells. Clearly, cau-
tion should be exercised in the extrapolation of in vitro
data to in vivo mechanisms of cellular destruction; how-
ever, these findings suggest a novel mechanism that may
explain initiation events that could be examined in a
number of animal models systems of viral-induced dia-
betes.

The mechanism by which poly IC and poly IC 1 IFN-g
induce islet cell apoptosis seems to require the presence
of functional PKR. Poly IC fails to induce DNA damage in

Figure 4. Effects of poly IC and IFN-g on glucose-stimulated insulin secre-
tion and nitric oxide production by rat islets. Rat islets (220 per ml of
complete CMRL-1066) were treated for 48 hours with the indicated concen-
trations of poly IC, rat IFN-g, and AG. The islets were isolated and glucose-
stimulated insulin secretion was examined (a), and nitrite production (b)
was determined on the culture supernatant. Results for insulin secretion and
nitrite production are the average 6 SEM of three independent experiments.

Figure 5. Effects of poly IC and IFN-g on DNA integrity of islet cells isolated
from PKR2/2 and PKR1/1 mice. Islets (100 per 400 ml of complete CMRL-
1066) isolated from PKR2/2 and PKR1/1 mice were treated for 48 hours with
400 mg/ml of poly IC, 150 U/ml mouse IFN-g and 1 mmol/L NMMA as
indicated. The islets were then isolated, dispersed into individual cells, and
DNA damage was determined by TUNEL staining (a). For nitrite production,
islets (100 per 400 ml of complete CMRL-1066) isolated from PKR2/2 and
PKR1/1 mice were treated for 48 hours with 400 mg/ml of poly IC and 150
U/ml of mouse IFN-g as indicated. The supernatant was removed and nitrite
production determined (b). Results are the average 6 SEM of three (a) and
two (b) independent experiments.
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islets isolated form PKR-deficient mice. This finding is
consistent with recent studies demonstrating PKR-de-
pendent apoptosis in response to tumor necrosis factor,
serum deprivation, and poly IC in cultured fibro-
blasts.44,59 Also, PKR seems to participate in vaccinia-
and vesicular stomatitis virus-induced apoptosis of HeLa
cells and mouse embryonic fibroblasts.42,45 One mech-
anism by which PKR stimulates apoptosis is by the up-
regulation of FAS expression resulting in FADD/caspase
8-dependent cell death.43 PKR-mediated apoptosis may
also be associated with the phosphorylation state of
eIF2a.40,60 Expression of a Ser51Asp eIF2a mutant,
which mimics the actions of phosphorylated eIF2a, in-
duces apoptosis in COS-1 cells, and expression of a
nonphosphorylatable Ser51Ala mutant of eIF2a prevents
serum deprivation- and tumor necrosis factor-induced
apoptosis in NIH 3T3 cells.44 In our studies, the mecha-
nisms by which PKR mediates dsRNA-induced islet cell
apoptosis are unclear. Poly IC stimulates FAS expression
by rat islets; however, anti-Fas antibodies do not further
potentiate poly IC-induced islet cell apoptosis, and we
have been unable to detect Fas ligand expression in
islets in response to poly IC (unpublished observation,
MA, JC, and JAC). In addition, we have been unable to
detect changes in the phosphorylation state of eIF2a in
islets treated with poly IC (as determined by immunopre-
cipitation of eIF2a from 32P-labeled rat islets, data not

shown). The lack of eIF2a phosphorylation in response to
poly IC treatment is believed to be a consequence of the
limited number of islet cells that are responsive to poly IC.
Using apoptosis in as an index, ;10% of islet cells or 200
cells per islet appear to be responsive to dsRNA, a level
that seems to fall below the limits of detection of this
immunoprecipitation experiment. Therefore, it is not pos-
sible to conclude whether eIF2a phosphorylation contrib-
utes to poly IC-induced islet cell apoptosis. Although it is
clear that PKR is required for islet cell apoptosis, it is not
required for dsRNA 1 IFN-g-induced islet cell necrosis or
nitric oxide production, as poly IC 1 IFN-g stimulates a
nitric oxide-dependent sevenfold to eightfold increase in
DNA damage in islet cells isolated from PKR2/2 mice. In
addition, we have recently shown that poly IC 1 IFN-g
stimulates iNOS expression and inhibits insulin secretion
to similar levels in islets isolated from PKR2/2 and
PKR1/1 mice.61 These findings suggest that PKR medi-
ates apoptotic mechanisms triggered by dsRNA in islets,
and that the antiviral responses of necrosis and nitric
oxide production activated by the combination poly IC 1
IFN-g seem to occur by PKR-independent mechanisms.
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