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Virus-Induced Alterations in Insulin Release

in Hamster Islets of Langerhans

ELLIOT J. RAYFIELD, YOSHIKO SETO, SARABETH WALSH, and ROBERT C. MCEVOY,
The Diabetes Research Laboratory, Division of Arteriosclerosis and Metabolism,
Department of Medicine, Department of Anatomy, Mount Sinai School

of Medicine, New York 10029

ABSTRACT After the inoculation of Golden Syrian
hamsters with the TC-83 vaccine strain of Venezuelan
encephalitis (VE) virus, a sustained diminution in
glucose-stimulated insulin release and glucose intoler-
ance of shorter duration develops. To understand
better the mechanism of this defect in insulin release,
we examined insulin secretion in response to several
test agents in isolated perifused islets from control
and 24-d post-VE virus-infected hamsters. 50 islets
were used in all perifusion experiments, and data
were expressed as total insulin released as well as
peak response for each test agent during a 30-min
perifusion period from control and VE-infected islets.
After perifusion with 20 mM glucose, a 45% diminution
of insulin release was noted in VE-infected islets in
comparison with control islets, which in turn was
similar to in vivo findings. However, following 1-mM
tolbutamide stimulation, insulin release was similar in
control and VE-infected islets. In separate studies, 1
mM tolbutamide, 10 mM theophilline, 1 mM dibutyryl
cyclic (c)AMP, and 1 mM 8-bromo-cAMP resulted in
statistically similar insulin-release curves in control
and VE-infected islets. Additional experiments assess-
ing [5-*H]glucose use in control and infected islets
after 20 min of perifusion with 20 mM glucose revealed
virtually identical values (239+30-control; and 222
+27-VE-infected islets). Morphological and morpho-
metric evaluation of VE-infected islets (21 d following
virus inoculation) showed no changes in islet volume
density, beta cell density, and beta cell granulation.
Thus, VE virus induces a defect in glucose-stimulated
insulin release from hamster beta cells that can be cor-
rected by cAMP analogues and does not alter islet
glucose use.
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INTRODUCTION

A diabetes mellitus-like syndrome has been reported
in genetically susceptible mice inoculated with either
the M variant of encephalomyocarditis (EMC)! virus
(1, 2) or a diabetogenic variant of coxsackie B, virus
(3). In both of these systems, a rapid lysis of beta cells
occurs with the severity of hyperglycemia closely
correlating with the degree of virus-induced beta
cell destruction (3, 4). Another example of virus-
induced alterations of carbohydrate metabolism occurs
after inoculation of Golden Syrian hamsters with the
TC-83 vaccine strain of Venezuelan encephalitis (VE)
virus (5). After TC-83 VE infection, there is a 20%
mortality rate with surviving animals exhibiting a 24-d
period of glucose intolerance and a severe diminution
of glucose-stimulated insulin release for the 3-mo
duration of study (5). This model differs from the EMC
and Coxsackie B, systems in that VE is an enveloped
virus in which viral proteins become incorporated in
membranes of host tissue (6, 7). Although some cell
lysis occurs following VE infection, long-term patho-
logic changes in the pancreas do not develop (5). To
understand the mechanism for this virus-induced
inhibition of glucose-stimulated insulin release at a
more basic level, we performed a series of experiments
using isolated perifused hamster islets obtained from
virus-infected and control animals. The results suggest
that there is a virus-induced defect, possibly at the
level of the beta cell membrane, but that events distal
to the cyclic (c)AMP system of the beta cell are intact.

METHODS

Animals and virus preparation. Golden Syrian hamsters
(Charles River Breeding Laboratories, Inc., Wilmington,
Mass.), weighing between 110 and 130 g, were used in all
experiments. The animals had free access to hamster chow

1 Abbreviations used in this paper: EMC, M-variant of
encephalomyocarditis; VE, Venezuelan encephalitis.
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and water until the time of study. Before glucose tolerance
testing or isolation of islets, hamsters were anesthetized with
10 mg of sodium pentobarbital (Abbott Diagnostics, Diag-
nostic Products, North Chicago, Ill.). Groups of hamsters
were inoculated with either 100,000 plaque-forming units
of TC-83 VE virus in 0.2 ml of 1% bovine albumin (Miles
Laboratories, Inc., Elkart, Ind.) in Hanks’ solution (Gibco,
Grand Island Biological Laboratories, Grand Island, N. Y.),
adjusted to pH 8.0 or sham inoculated with 0.2 ml i.p. of
diluent. The TC-83 VE vaccine strain (lot 3-2-L6) was pro-
duced at the United States Army Medical Research Institute
of Infectious Diseases, Frederick, Md. After reconstitution
from the lyophilized state, the virus was passed one additional
time in chicken embryonic cell cultures. Viruses were assayed
by counting plaque-forming units on chicken embryonic cell
cultures monolayers under agar (8). Preinoculation and 3-wk
postinoculation acetone-extracted sera were measured for the
presence of antiviral antibody by a microtiter hemagglutina-
tion-inhibition test (9). Neutralizing antibodies to VE were
measured in several animals 1 yr after inoculation with VE (3).

Isolation of islets and general perifusion techniques.
3.5 wk after inoculation of hamsters with TC-83 VE or diluent,
pancreatic islets were isolated from two infected and two
control animals by the collagenase (Worthington Biochemical
Corp., Freehold, N. J.) digestion method of Lacy and Kostian-
ovsky (10), followed by the use of a Ficoll (Pharmacia Fine
Chemicals, Div. of Pharmacia, Inc., Piscataway, N. J.) gradient
for separation. 50 islets from two infected or two control
hamsters were used for each preparation with the n given
in each figure designating the corresponding number of
preparations. Islets were perifused according to the method of
Tomita and Lacy (11) with a control and experimental chamber
run in parallel in each experiment. The basal perifusion
medium consisted of 115 mM NaCl, 5 mM KCIl, 25 mM
NaHCO,;, 1 mM MgCl,, 2.2 mM CaCl,, and 0.5% bovine
serum albumin that was gassed continuously with a mixture
of 95% O, and 5% CO,. The flow rate was 1 ml/min in all
perifusion studies. Perifusion experiments were performed as
described by Zawalich et al. (12). At each sampling time,
a 0.5-ml aliquot of the perifusate was collected and stored
at —20°C until assayed for glucose and insulin. Because of
the desirability of normalizing secretion in relation to islet
cell mass, insulin release rates are expressed in terms of micro-
units per minute per microgram of islet DNA. Insulin was
measured by a standard double antibody radicimmunoassay
(13) with human insulin (Eli Lilly & Co., Indianapolis,
Ind.) as standard. Glucose was measured by a glucose oxidase
method (14) (Eskalab glucose reagent kit, SmithKlein Instru-
ments, Inc., Div. SmithKline Corp., Sunnyvale, Calif.) in
select samples to validate the accuracy of perifusion buffers.
The following test agents were used in the various perifusion
protocols: sodium tolbutamide (Upjohn Co., Kalamazoo,
Mich.), theophilline, dibutyryl cAMP, butyrate, and 8-bromo-
cAMP (Sigma Chemical Co., St. Louis, Mo.).

Metabolic studies. Isolation of islets was performed as
above, and metabolic studies carried out using the method of
Zawalich et al. (12). The formula of Ashcroft et al. (15) was
used to calculate the glucose use rate. Glucose use is ex-
pressed as picomoles glucose used per microgram islet DNA.

Islet DNA analysis. After each perifusion experiment,
the DNA content of 50 islets in each chamber was determined
by the diaminobenzoic acid (DABA, Aldrich Chemical
Co., Inc., Milwaukee, Wis.) method (16). The hormones were
extracted first with acid-ethanol, and then the insoluble
material was further extracted with ethanol and ether before
DNA assay.

Morphology and morphometry. To evaluate pathologic
correlation of the perifusion experiments performed in these

studies, infected hamsters and age-matched controls were
killed 3 and 21 d after infection. The pancreas was removed,
dissected into small segments, and fixed in Bouin’s solution.
Several segments from each pancreas were dehydrated and
embedded together in paraffin. The blocks were serially
sectioned and two adjacent serial sections at intervals of 200
pm were mounted on separate slides. Insulin- and glucagon-
positive cells were then localized immunocytochemically on
consecutive slides (adjacent sections) by a modification (17)
of the unlabeled antibody-enzyme method of Sternberger
et al. (18). Primary antisera against insulin and pancreatic
glucagon for these studies were raised in rabbits. Sheep
anti-rabbit gammaglobulin was obtained from Antibodies,
Inc., Davis, Calif., peroxidase-antiperoxidase antiserum was
purchased from N. L. Capell Laboratories, Inc., Cochran-
ville, Pa., and diaminobenzidine-tetraHCl was obtained from
Aldrich Chemical Co. The islet volume density within the
pancreas was determined by a linear scanning method (19).
At least 1,000 mm of total scan was made over each pancreas.
The volume densities of beta and alpha cells within the
islet were estimated by the point count method (20). The
points over beta and alpha cells in adjacent sections of at least
50 islets were determined in each pancreas.

Analysis of perifusion data. Data were analyzed sta-
tistically by measuring both the area under the curve for a
testagent by trapezoidal rule and peak insulin responses using
Student’s ¢ test for paired variates.

RESULTS

Serology. Presence of TC-83 VE in inoculated
hamsters was verified by comparing sera from infected
and uninfected hamsters using two methods. In one
group of hamsters, before infection with TC-83 VE,
all hamsters showed hemagglutination inhibition titers
of <10. By 21-24 d after viral inoculation, titers in-
creased to 40-160. In another group of hamsters,
endpoint-neutralizing antibody titers increased from
<4 in uninfected animals to 64-256 in animals inocu-
lated with virus 21-24 d previously. At 12 mo after
infection, anti-VE-neutralizing antibody was still
detectable in four of five hamsters tested (titers ranged
from 8 to 32). In addition, using the double-label
fluorescent antibody technique (21), viral antigen was
localized in islets in fresh frozen sections of pancreas
isolated from hamsters 3-5d after viral infection
(data not shown).

Effects of 20 mM glucose on insulin secretion. In
Fig. 1, the effect of 20 mM glucose, a near maximal
stimulatory dose for insulin release (22), is depicted
in relation to insulin secretion from islets obtained
from hamsters 24 d after inoculation with TC-83 VE
or diluent. Under basal conditions (3 mM glucose),
insulin secretion was similar to both control and TC-
83 VE-infected islets. In contrast, in response to 20 mM
glucose, insulin release in the infected islets was only
55% that of control islets (P < 0.001). Although a
biphasic insulin response typically is present during
stimulation with 16.7-20 mM glucose in rat islets in
perifusion experiments, such a response frequently
does not occur in Syrian hamster islets (23). Other
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FIGURE 1 Effect of basal (3 mM) and 20-mM glucose
concentration on insulin release from perifused control and
infected (24-d post TC-83 VE inoculation) hamster islets. The
perifusion periods are indicated in each of the panels. n
represents the number of observations. An asterisk indicates a
P value of <0.05 measuring the area under the curve by
trapezoidal rule using Student’s ¢ test for paired variates.

animals were maintained for 8 mo after inoculation
with TC-83 VE or diluent in order to assess whether
the decrease in insulin secretion would persist for this
duration. Fig. 2 demonstrates that following this
period, a sustained statistically significant decrease in
insulin secretion remains in response to 20 mM glu-
cose. The insulin profile is very similar to that noted
in Fig. 1. Despite the prolonged period of limited
insulin reserve, the plasma glucose levels of these
hamsters were within the normal range (data not
shown).

Effects of tolbutamide on insulin secretion. Tol-
butamide was used as a second stimulus for insulin
secretion. It is known to stimulate adenylate cyclase
in islet homogenates (24), to inhibit cAMP phos-
phodiesterase (25, 26), and to increase intraislet
cAMP content in the rat (2, 3). 1 min after 1-mM tol-
butamide administration, there was a prompt rise in
insulin response with a peak response occurring at 3
min in both control and TC-83 VE-infected islets with
virtually identical secretory profiles in both groups
(Fig. 3). After 30 min of reequilibration in 3 mM glu-
cose, both groups of islets were presented with the
combination of 1 mM tolbutamide and 20 mM glucose.
No significant difference was observed in insulin
secretion with respect to areas under the curve or
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FIGURE 2 Effect of basal (3 mM) and 20-mM glucose
concentration on insulin release from perifused control and
infected (8-mo post TC-83 VE inoculation) hamster islets. n
represents the number of observations. An asterisk indicates a
P value of <0.05.

peak insulin responses in control or virus-infected
islets.

Effects of theophilline on insulin secretion. The-
ophilline was used to assess its ability to correct the
decrease in glucose-stimulated insulin release ob-
served with tolbutamide because both agents are phos-
phodiesterase inhibitors and elevate islet cAMP (23,
27-30). Fig. 4 shows that at the outset of this protocol,
the TC-83 VE-infected islets demonstrated the ex-
pected significantly decreased insulin response to 20
mM glucose and that the combination of 10 mM the-
ophilline and 20 mM glucose completely corrected the
insulin response to that noted in control islets.

Effects of dibutyryl cAMP on insulin secretion.
Because the phosphodiesterase inhibitors (tolbuta-
mide and theophilline) corrected the decreased insulin
secretion in combination with 20 mM glucose, a cAMP
analogue was next used in an effort to augment in-
sulin secretion (Fig. 5). 2 mM butyric acid was used
as a control to show that the cAMP moiety and not
the butyrate moiety results in correction in the dimin-
ished insulin release observed with 20 mM glucose
alone (31). Butyrate is also a fatty acid that has been
reported to stimulate insulin secretion in vitro (32, 33).

E. J. Rayfield, Y. Seto, S. Walsh, and R. C. McEvoy
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FIGURE 3 Effect of 1 mM tolbutamide + basal (3 mM) glucose and 1 mM tolbutamide + 20 mM
glucose on insulin release from perifused control and infected (24-d post TC-83 VE inoculation)
hamster islets. The perifusion periods are indicated in each of the panels. n represents the number
of observations.
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mM glucose on insulin release from perifused control and infected (24-d post TC-83 VE
inoculation) hamster islets. The perifusion periods are indicated in each of the panels with 3 mM
glucose followed by 20 mM glucose as the initial control. n represents the number of observa-
tions. An asterisk indicates a P value of <0.05.
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+ 20 mM glucose on insulin release from perifused control and infected (24-d post TC-83 VE
inoculation) hamster islets. The perifusion periods are indicated in each of the panels with 3 mM
glucose, 20 mM glucose, and 2 mM butyric acid as controls. n represents the number of observa-

tions. An asterisk indicates a P value of <0.05.

In these experiments, control islets released a similar
amount of insulin when perifused with 20 mM glucose
alone or the combination of 20 mM glucose and 2 mM
butyric acid. Likewise, the amount of insulin released
by VE-infected islets when perifused with 20 mM
glucose alone or the combination of 20 mM glucose and
2 mM butyric acid was not significantly different.
Insulin secretion was comparable in control and VE-
infected islets that were perifused with 20 mM glu-
cose and 2 mM butyric acid. This observation sug-
gests that the regulation of insulin secretion by short-
chain fatty acids in the presence of high glucose is
intact in VE-infected islets. The combination of 20
mM glucose and 1 mM dibutyryl cAMP on insulin
secretion resulted in a two- to threefold increase of
insulin values in control and VE-infected islets when
compared with respective insulin release areas in the
presence of 20 mM glucose and 2 mM butyric acid.
Therefore, the cAMP moiety of the cyclic nucleotide
analogue clearly corrects the beta cell defect in virus-
infected islets.

Effect of 8-bromo-cAMP on insulin secretion.
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The effect of another cAMP analogue, 8-bromo-cAMP,
was assessed in control and virus-infected islets. As is
noted in Fig. 6, the combination of 1 mM 8-bromo-
cAMP and 20 mM glucose completely corrected the
reduced insulin response that occurred with 20 mM
glucose alone.

Metabolic studies of *H,O formation from [5-*H}
glucose. Under certain circumstances, e.g., with the
absence of Ca?t in the perifusate, the insulin-releas-
ing function of glucose can be dissociated from the
ability of islets to utilize glucose (34). Accordingly,
the relationship between insulin release from TC-83
VE-infected islets in response to 20 mM glucose (20-
min time point) and the sequential assessment of glu-
cose use in the same islets was determined (Table
I). There was no significant difference in the ability
of control and virus-infected islets to metabolize glu-
cose to CO, and *H,0.

Morphologic and morphometric studies. Fig. 7
depicts adjacent and serial sections from control and
TC-83 VE-infected hamster pancreas stained immuno-
cytochemically for insulin and glucagon. There were

E. ]. Rayfield, Y. Seto, S. Walsh, and R. C. McEvoy
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FIGURE 6 Effect of 1 mM 8-bromo-cAMP + basal (3 mM) glucose and 1 mM 8-bromo-cAMP + 20
mM glucose on insulin release from perifused control and infected (24-d post TC-83 VE in-
oculation) hamster islets. The perifusion periods are indicated in each of the panels with 3 mM
glucose and 20 mM glucose as controls. n represents the number of observations. An asterisk

represents a P value of <0.05.

no significant morphological differences between the
control and virus-infected islets 3 wk after TC-83
VE inoculation. Assessment of beta cell granulation
showed degranulation 3 d after VE infection. In con-
trast, 21 d postvirus inoculation, beta cell granula-
tion was normal (Cf. Fig. 7a, b). Morphometric analysis
of control and virus-infected pancreas 3 and 21 d post-
infection confirmed the subjective impression. Fur-
thermore, the DNA content of 50 control and infected
islets was virtually identical (data not shown). Table
II shows that the percentage of islets of the various
subpopulations, i.e., beta, alpha, delta, and pancreatic
polypeptide, did not change significantly in response
to acute infection with TC-83 VE 3d or 21d post-
infection, the latter corresponding to the time of the
perifusion protocols.

DISCUSSION

Several animal models of virus-induced diabetes
mellitus have been developed over the past decade

(1-5, 35). In the case of infection with both Coxsackie
B, virus and the M variant of EMC virus in genetically
susceptible mice, an acute diabeteslike syndrome
develops within 7 d. The severity of hyperglycemia
correlates closely pathologically with the degree of
pancreatic damage (4). This acute model of virus-
induced diabetes is not applicable to all cases of hu-
man, juvenile-onset diabetes, some of which may take
months to years to develop after infection. In fact,
a 10-20-yr period may elapse between congenital
rubella infection and the onset of diabetes mellitus
(36). In addition, multiple viral infections may be
involved in the clinical expression of disease (35).
For these reasons, the finding that the TC-83 vaccine
strain of VE virus infection in Golden Syrian ham-
sters causes a transient glucose intolerance with sus-
tained diminution of glucose-stimulated insulin re-
lease and no long-term morphologic abnormalities (5)
provided an attractive additional model of virus-
islet cell interaction.
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TABLE 1
Comparison of Peak Insulin Secretion following 20 min of
20-mM Glucose and Sequentially Measured Glucose Use
in Control and TC-83 VE-Infected Islets*

Peak insulint Glucose use§
Experi- TC-83 VE- TC-83 VE-
ment Control infected Control infected

1 125 100 87 126
2 105 50 180 168
3 170 40 250 178
4 175 90 381 264
5 135 60 328 139
6 160 85 102 150
7 150 70 230 179
8 110 60 418 307
9 150 75 106 216
10 175 135 140 163
11 150 105 182 433
12 180 115 321 95
13 170 120 396 387
14 175 115 228 305
Mean 150 105 239 222
SEM +5 +10" +30 +27

* In each experiment for both control and TC-83 VE-infected
islets, the peak insulin response used was taken at the
20-min point.

1 Microunits insulin per minute per microgram of islet DNA.
§ [5-3Hlglucose used in picomoles per hour per microgram
islet DNA.

P < 0.001.

In the present investigations, we used isolated
hamster islets in a perifusion system with micro-
chambers to study the mechanism of the decrease in
glucose-stimulated insulin release after VE infection.
This in vitro system provided an accurate assessment
of insulin secretion without the influence of neural
and hormonal factors that are present in vivo. The

elimination of neural factors is particularly relevant
because the TC-83 vaccine strain of VE is a pantropic
virus that localizes not only in hamster pancreas (5),
but also in brain [Purkinje cells, vascular, and olfactory
systems (37, 38)]. It should also be noted that the
morphologic results showed that beta cell granulation,
total islet volume density, beta cell volume density,
and DNA per islet were not significantly different in
control and VE-infected islets 21 d after virus inocula-
tion. However, the insulin secretion data were cal-
culated with respect to DNA content of islets as an
added precaution to correct for possible virus-related
difference in size that might cause spuriously low
secretion profiles in 21-24-d post infection islets.
Interestingly, similar to the in vivo hamster data (5),
there was a 45% decrease in insulin secretion in re-
sponse to 20 mM glucose in the perifusion system; yet
these animals did not exhibit nonfasting hyperglycemia
in vivo. Furthermore, the profound decrease in insulin
seretion during glucose administration persisted in
islets obtained 8 mo after VE inoculation, and these
hamsters were also not hyperglycemic. The presence of
hypoinsulinemia in response to glucose in the absence
of elevated plasma glucose levels would be compatible
with increased peripheral sensitivity to insulin in vivo.
Certainly, diphenylhydantoin and other agents are
known to decrease insulin levels after glucose adminis-
tration without impairing glucose tolerance in indi-
viduals not genetically predisposed to diabetes (39).
This latter observation supports the notion that a larger
amount of insulin is released in response to secreta-
gogues than is really necessary for biologic effect.
One possible mechanism by which VE virus could
lead to abnormalities in insulin release after glucose,
without causing morphologic abnormalities, would be
a virus-related defect at the level of the beta cell mem-
brane. VE belongs to a group of enveloped viruses that
have a lipoglycoprotein coat with lipid derived totally
from host and proteins although glycosylated by host

TABLE I1
Total Islet Volume Density and Volume Density of Individual Islet Subtypes 3 and 21 d
after Inoculation with TC-83 VE Virus

n* Total islet Insulin Glucagon SRIF PP
% %8 %o§ %8 %
3-d control 3 1.12+0.19" 65.1+3.0 20.8+1.9 13.1+1.7 0.9+0.9
TC-83 VE-infected 4 1.09+0.12 70.6+1.7 18.5+2.1 10.2+2.5 0.6+0.4
21-d TC-83 VE-
infected 4 1.06+0.17 67.9+3.9 17.9+2.6 13.3+x1.9 0.8+0.7

* n = number of pancreases studied.
t % of total pancreas.

§ % of islet

"Mean+=SEM.
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FIGURE 7 Adjacent serial sections from control (left) and infected (21-d post TC-83 VE inocu!a-
tion) (right) hamster pancreas stained immunocytochemically for insulin (A and B) and glucagon (C
and D). Hematoxylin counterstain x195.

enzymes specified totally by the virus (6, 7). During the
replication process, viral proteins become incorporated
into the host membrane potentially leading to
alterations in membrane function and immunogenicity.
It is known that in vitro both glucose and tolbutamide-
stimulated insulin release resultin elevated islet cAMP
levels. Because tolbutamide-triggered insulin release
was intact while glucose-stimulated insulin release was
impaired in the infected islets, it is possible that viral
modification has led to alteration in the beta cell
membrane and its ability to respond to increased
glucose. Changes in membrane receptors have been
described after infection with other viruses (43). Both
herpes simplex virus and vesicular stomatitis virus have
been shown to decrease the number of insulin
receptors in human amnion (WISH) cells between 4
and 12 h after addition of the virus, a time when viral
antigens can be found in the plasma membranes of cells
infected with these viruses (40-43).

Zawalich et al. (12) have developed a method for
sequentially assessing insulin release and the metab-
olism of [5-3H]glucose (to 3H,O production) from
isolated rat islets. This technique has demonstrated
that agents such as iodoacetate and mannoheptulose
that block glucose-induced insulin release interfere
concomitantly with glucose metabolism. By contrast, in
the present study, there is an interesting dissociation in

which the insulin release in VE-infected islets is
markedly decreased following 20 min of 20 mM glucose
without any change in the ability of the islets to utilize
glucose. There is a precedent for this dissociation. The
elimination of calcium from the perifusion medium of
mouse pancreatic islets does not alter the rate of
glucose oxidation, but decreases glucose-stimulated
insulin release (34).

Further efforts to elucidate the changes in insulin
secretion in vitro in perifused hamster islets following
VE-infection focused on the cAMP system of the islets.
Tolbutamide and theophylline, both of which inhibit
phosphodiesterase, were able to correct the decrease in
insulin release when the agent was added to 20 mM
glucose in the perifusion system. The derivatives,
dibutyryl cAMP and 8-bromo-cAMP, were also able to
correct the diminished insulin response to glucose
when added in combination with 20 mM glucose to the
perifusion buffer. Therefore, the data are consistent
with normal beta cell function distal to the cAMP
system.

Because glucose-induced insulin release is de-
creased but can be normalized by certain cAMP ana-
logues in VE-infected islets, it is reasonable to believe
that a virus-induced alteration exists between the
beta cell membrane and cAMP itself. It is thought
that the relationship of glucose and cAMP to insulin
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release is in part a function of the ability of cAMP to
inhibit the uptake of cytosolic calcium into intracellular
organelles (44, 45). Cytosolic calcium is therefore
raised and stimulates insulin release when the rate of
calcium efflux across the cell membrane is reduced by
glucose (44, 45). In this regard, it is noteworthy that
Schubart et al. (46) recently demonstrated the presence
of Ca**-calmodulin-dependent protein kinase activity
in a hamster insulinoma cell line. In this line, similar to
the VE-infected islet model, insulin is not released
appropriately in response to an elevation in glucose
concentration (47). These workers also presented
evidence that calmodulin may regulate Ca**-mediated
insulin release in these insulinoma cells (46). Thus,
following TC-83 VE infection, it is possible that an
abnormality exists in beta cell membrane adenylate
cyclase, calmodulin, and/or islet cAMP generation—
any of which could contribute to the abnormalities in
insulin release observed in this system.

In conclusion, our studies show the feasibility of us-
ing a perifusion system to assess subtle alterations in
beta cell function after infection with VE virus. This
virus induces a defect in glucose-stimulated insulin
release from hamster beta cells despite no abnormalities
in glucose oxidation. Insulin response to phospho-
diesterase inhibitors and cAMP analogues in the high
glucose experiments are consistent with normal beta
cell function distal to the cAMP system. Further studies
will be required to determine the precise locus of the
lesion.

ACKNOWLEDGMENTS

We are indebted to Jean A. Goggins for skilled technical
assistance, and to Dr. Walter S. Zawalich and Dr. Franz M.
Matschinsky for help in various phases of this study. Thanks
are due to Dr. Steven J. Mento, who performed VE-neutral-
izing antibody titers and Dr. Robert Shope and Dr. Gregory
Tignor of the Yale Arbo-virus Laboratory, who performed VE
hemagglutination inhibition titers on hamster sera.

The work was supported in part by grants from the New York
Diabetes Association, Helena Rubinstein Foundation, Herman
Goldman Foundation, and National Institutes of Health grants
AM 18522, RCDA K04-AM 00089 AM 25257, and RCDA K04-
HD 00285.

REFERENCES

1. Craighead, J. E., and J. Steinke. 1971. Diabetes mellitus-
like syndrome in mice infected with encephalomyo-
carditis virus. Am. J. Pathol. 63: 119-130.

2. Boucher, D. W., and A. L. Notkins. 1973. Virus-induced
diabetes mellitus. I. Hyperglycemia and hypoinsulinemia
in mice infected with encephalomyocarditis virus. J. Exp.
Med. 137: 1226-1238.

3. Yoon, J-W., T. Onodera, and A. L. Notkins. 1978. Virus-
induced diabetes mellitus. XV. Beta cell damage and
insulin-dependent hyperglycemia in mice infected with
Coxsackie virus B,. J. Exp. Med. 148: 1068-1080.

4. Hayashi, K., D. W. Boucher, and A. L. Notkins. 1974.
Virus-induced diabetes. II. Relationship between beta

1180

cell damage and hyperglycemia in mice infected with
encephalomyocarditis virus. Am. J. Pathol. 75: 91-97.

5. Rayfield, E. J., L. Gorelkin, R. T. Curnow, and P. B.
Jahrling. 1976. Virus-induced pancreatic disease by
Venezuelan encephalitis virus: alterations in glucose
tolerance and insulin release. Diabetes. 25: 623-631.

6. Pedersen, C. E., Jr., D. R. Slocum, and G. A. Eddy, 1973.
Immunologic studies on the envelope component of
Venezuelan equine encephalomyelitis virus. Infect.
Immunol. 8: 901-906.

7. Strauss, J. H,, Jr., B. W. Burge, and J. E. Darnell. 1970.
Carbohydrate content of the membrane protein of Sindbis
virus. J. Mol. Biol. 47: 437-448.

8. Jahrling, P. B., E. Dendy, and G. A. Eddy. 1974. Correlates
to increased lethality of attenuated Venezuelan enceph-
alitis vaccine for immunosuppressed hamsters. Infect.
Immun. 9: 924-930.

9. Clarke, D. H., and J. Casals. 1958. Techniques for hemag-
glutination and hemagglutination-inhibition with ar-
thropodborne viruses. Am. J. Trop. Med. Hyg. 7: 561-
573.

10. Lacy, P. E., and M. Kastianovsky. 1967. Method for the
isolation of intact islets of Langerhans from the rat pan-
creas. Diabetes. 16: 35-39.

11. Tomita, T., and P. E. Lacy. 1972. Interaction of alloxan
and glucose on glucose-induced insulin secretion of iso-
lated rat islets perifused in vitro. Diabetes Suppl. 1:
326 (Abstr. 14).

12. Zawalich, W. S., A. S. Pagliara, and F. M. Matschinsky.
1977. Effects of iodoacetate, mannoheptulose, and 3-O-
methyl glucose on the secretory function and metabolism
of isolated pancreatic islets. Endocrinology. 100: 1276—
1283.

13. Juan, C.,and T. W. AvRuskin. 1971. A combined immuno-
assay of human growth hormone and insulin: cumulative
assessment of assay performance. J. Clin. Endocrinol.
Metab. 33: 150-152.

14. Asrow, G. 1969. Semiautomated enzymatic micromethods
for blood glucose and lactic acid on a single filtrate. Anal.
Biochem. 28: 130-138.

15. Ashcroft, S. J. H., L. C. C. Weerasinghe, J. M. Bassett, and
P. J. Randle. 1972. The pentose cycle and insulin release
in mouse pancreatic islets. Biochem. J. 126: 525-532.

16. Hinegardner, R. T. 1971. An improved fluorometric
assay for DNA. Anal. Biochem. 39: 197-201.

17. McEvoy, R. C, and O. D. Hegre. 1977. Morphometric
quantitation of the pancreatic insulin-, glucagon-, and
somatostatin-positive cell populations in normal and alloxan
diabetic rats. Diabetes. 26: 1140-1146.

18. Sternberger, L. A., P. H. Hardy, Jr., J.J. Cuculis,and H. G.
Meyer. 1970. An unlabeled antibody method for immuno-
cytochemistry. J. Histochem. Cytochem. 18: 315-340.

19. McEvoy, R. C. 1980. Fetal and neonatal pancreas in organ
culture: age-related effects of corticosterone on the
development of the islet cells. Am. J. Anat. 157: 190-198.

20. Weibel, E. R. 1969. Stereological principles for mor-
phometry in electron microscopic cytology. In Interna-
tional Review of Cytology. G. H. Bourne and J. F.
Danielli, editors. Academic Press, Inc., New York.
235-302.

21. Prince, G. A.,, A. B. Jenson, L. C. Billups, and A. L.
Notkins. 1978. Infection of human pancreatic beta cell
cultures with mumps virus. Nature (Lond.). 271: 158-161.

22. Charles, M. A, J. Lawecki, R. Pictet, and G. M. Grodsky.
1975. Insulin secretion. Interrelationships of glucose,
cyclic adenosine 3':5'-monophosphate, and calcium. J.
Biol. Chem. 250: 6134-6140.

23. Charles, M. A., J. Lawecki, A. L. Steiner, and G. M.

E. J. Rayfield, Y. Seto, S. Walsh, and R. C. McEvoy



25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

Grodsky. 1976. Cyclic nucleotides in pancreatic islets:

tolbutamide and arginine-induced insulin release. Dia-
betes. 25: 256-259.

. Kuo, W-N,, D. S. Hodgins, and J. F. Kuo. 1973. Adenylate

cyclase in islets of Langerhans. Isolation of islets and
regulation of adenylate cyclase activity in various
hormones and agents. J. Biol. Chem. 248: 2705-2711.
Sams, D. J.,and W. Montague. 1972. The role of adenosine
3'5'-monophosphate in the regulation of insulin release.
Properties of islet cell adenosine 3'5'-cyclic monophos-
phate phosphodiesterase. Biochem. J. 129: 945-952.
Ashcroft, S. J. H., P. ]J. Randle, and I-B. Taljedal. 1972.
Cyclic nucleotide phosphodiesterase activity in normal
mouse pancreatic islets. FEBS (Fed. Eur. Biochem. Soc.)
Lett. 20: 263-266.

Turtle, J. R., and D. M. Kipnis. 1967. An adrenergic
receptor mechanism for the control of cyclic 3',5'
adenosine monophosphate synthesis in tissues. Biochem.
Biophys. Res. Commun. 28: 797-802.

Montague, W., and J. R. Cook. 1971. The role of adenosine
3":5' cyclic monophosphate in the regulation of insulin
release by isolated rat islets of Langerhans. Biochem. J.
122: 115-120.

Grill, V., and E. Cerasi. 1974. Stimulation by D-glucose of
cyclic adenosine 3':5' monophosphate accumulation and
insulin release in isolated pancreatic islets of the rat. J.
Biol. Chem. 249: 4196- 4201.

Hellman, B., L-A. Idahl, A. Lernmark, and I-B. Taljedal.
1974. The pancreatic B-cell recognition of insulin
secretagogues: does cyclic AMP mediate the effect of
glucose? Proc. Natl. Acad. Sci. U. S. A. 71: 3405-3409.
Costa, M. 1978. Cyclic AMP-dependent regulation of
ornithine decarboxylase activity in Chinese hamster ovary
cells maintained with a salts/glucose medium. J. Cyclic
Nucleotide Res. 5: 375-387.

Gagliardino, J. J., and J. M. Martin. 1966. Studies on the
mechanism of insulin release. Metab. Clin. Exp. 15:
1068-1075.

Montague, W., and K. W. Taylor. 1968. Regulation of
insulin secretion by short-chain fatty acids. Nature
(Lond.). 217: 853.

. Ashcroft, S. J. H,, C. J. Hedeskov, and P. J. Randle. 1970.

Glucose metabolism in mouse pancreatic islets. Biochem.
J. 118: 143-154.
Rayfield, E. J., and Y. Seto. 1978. Viruses and the

36.
37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Virus-induced Alterations in Insulin Release

pathogenesis of diabetes mellitus. Diabetes. 27: 1126-
1142.

Menser, M. A, J. M. Forrest, and R. D. Bransby. 1978.
Rubellainfection and diabetes mellitus. Lancet. I: 57-60.
Jahrling, P. B., and W. F. Scherer. 1973. Histopathology
and distribution of viral antigens in hamsters infected
with virulent and benign Venezuelan encephalitis
viruses. Am. J. Pathol. 72: 25-38.

Dill, G. S.,Jr., C. E. Pederson, Jr., and J. L. Stookey. 1973.
Comparison of the tissue lesions produced in adult ham-
sters by two strains of a virulent Venezuelan equine
encephalomyelitis virus. Amer. J. Pathol. 72: 13-24.
Fariss, B. L., and C. L. Lutcher. 1971. Diphenylhydantoin
induced hyperglycemia and impaired insulin release:
effect of dosage. Diabetes. 20: 177-181.

Glorioso, J. C., and J. W. Smith. 1977. Immune
interactions with cells infected with herpes simplex virus:
antibodies to radioiodinated surface antigens.J. Immunol.
118: 114-121.

Hayashi, K., A. Niwa, J. Rosenthal, and A. L. Notkins.
1973. Detection of virus-induced membrane and cyto-
plasmic antigens: comparison of the *I-labeled antiviral
antibody binding technique with immunofluorescence.
Intervirology. 2: 48-51.

Wagner, R. R., J. W. Heine, G. Goldstein, and C. A.
Schnaitman. 1971. Use of antiviral-antiferritin hybrid
antibody for localization of viral antigen in plasma
membrane. J. Virol. 7: 274-277.

Shimizu, F., J. J. Hooks, C. R. Kahn, and A. L. Notkins.
1980. Virus-induced decrease of insulin receptors in
cultured human cells. J. Clin. Invest. 66: 1144-1151.

. Sehlin, J. 1976. Calcium uptake by subcellular fractions of

pancreatic islets. Effects of nucleotides and theophylline.
Biochem. J. 156: 63-69.

Howell, S. L., and W. Montague. 1975. Regulation by
nucleotides of *-calcium uptake in homogenates in rat
islets of Langerhans. FEBS (Fed. Eur. Biochem. Soc.) Lett.
52: 48-52.

Schubart, U. K., J. Erlichman, and N. Fleisher. 1980. The
role of calmodulin in the regulation of protein phos-
phorylation and insulin release in hamster insulinoma
cells. J. Biol. Chem. 255: 4120-4124.

Shapiro, S., S. Eto, N. Fleischer, and S. G. Baum. 1975.
Regulation of in vitro insulin release from a transplantable
Syrian hamster insulinoma. Endocrinology. 97: 442-447.

1181



