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Abstract

Background: The Src-homology 2 domain-containing
adaptor protein Shb was recently cloned as a serum-
inducible gene in the insulin-producing ,B-TC1 cell line.
Subsequent studies have revealed an involvement of
Shb for apoptosis in NIH3T3 fibroblasts and differentia-
tion in the neuronal PC 12 cells. To assess a role of Shb for
3-cell function, transgenic mice utilizing the rat insulin
promoter to drive expression of Shb were generated.
Materials and Methods: A gene construct allowing the
Shb cDNA to be expressed from the rat insulin 2 pro-
moter was microinjected into fertilized mouse oocytes
and implanted into pseudopregnant mice. Mice contain-
ing a low copy number of this transgene were bred and
used for further experimentation. Shb expression was
determined by Western blot analysis. The insulin-posi-
tive area of whole pancreas, insulin secretion of isolated
islets and islet cell apoptosis, glucose tolerance tests, and
in vivo sensitivity to multiple injections of the 13-cell
toxin streptozotocin were determined in control CBA
and Shb-transgenic mice.
Results: Western blot analysis revealed elevated islet
content of the Shb protein. Shb-transgenic mice dis-

played enhanced glucose-disappearance rates in re-
sponse to an intravenous glucose injection. The relative
pancreatic (-cell area neonatally and at 6 months of age
were increased in the Shb-transgenic mice. Islets isolated
from Shb-transgenic mice showed enhanced insulin se-
cretion in response to glucose and increased insulin and
DNA content. Apoptosis was increased in islets isolated
from Shb-transgenic mice compared with control islets
both under basal conditions and after incubation with
IL-1,B + IFN-,y. Rat insulinoma RINm5F cells overex-
pressing Shb displayed decreased viability during culture
in 0. 1% serum and after exposure to a cytotoxic dose of
nicotinamide. Shb-transgenic mice injected with multi-
ple doses of streptozotocin showed increased blood glu-
cose values compared with the corresponding controls,
suggesting increased in vivo susceptibility to this toxin.
Conclusion: The results suggest that Shb has dual
effects on (3-cell growth: whereas Shb increases
(3-cell formation during late embryonal stages, Shb
also enhances (3-cell death under certain stressful
conditions and may thus contribute to (3-cell de-
struction in type 1 diabetes.

Introduction
The adult pancreatic ( cell has a limited capac-
ity for regeneration, and this could be of rele-
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vance for the development of diabetes mellitus
(1). Much attention has been given to the con-
trol of (3-cell formation (2) and it is presently
clear that the active (3-cell mass is a function of
replication of pre-existing (3 cells, (3-cell neo-
formation from precursor cells, and (3-cell sur-
vival. In search of signaling pathways control-
ling (3-cell replication, we recently partially
characterized the SH2 (Src homology 2) do-
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main- containing adaptor protein Shb from
/3TC- 1 cells (3). Although we have subse-
quently demonstrated molecular interactions
of the Shb SH2 domain with the platelet-de-
rived growth factor (PDGF) /3-receptor, the fi-
broblast growth factor (FGF) receptor-i, and
the T cell receptor (4,5), the Shb proline-rich
motifs with Src, Eps8, p85 P13-kinase, and
Grb2 (4,5), and the central phosphotyrosine-
binding (PTB) domain with p36/38 in Jurkat T
cells (5), the physiological significance of Shb
remains elusive. Shb overexpression in
NIH3T3 cell fibroblasts causes increased rates
of apoptosis upon serum withdrawal, an effect
counteracted by PDGF (6). Furthermore, Shb
plays a role for T cell receptor signaling in
Jurkat T cells (5), whereas Shb overexpression
in neuronal PC12 cells enhances growth fac-
tor-induced differentiation (7). Thus it appears
that Shb plays a role in regulating a multitude
of responses, each specific for a certain type of
cell.

The present study was performed to establish
a role of Shb for /3-cell function. For this purpose,
a transgenic mouse with Shb under the control
of the rat insulin 2 promoter (8) was generated.
We determined the -cell area, insulin secretion,
and apoptosis in response to the cytokines inter-
leukin-1 (IL-1 ,) + interferon y (IFN- y) of these
Shb-transgenic mice. The responses to the cyto-
kines were tested since these have been sug-

gested to play a role for ,3-cell destruction in type
1 diabetes (9-11). Furthermore, the develop-
ment of hyperglycemia in mice injected with
multiple low doses of the 13-cell toxin streptozo-
tocin was determined. The results suggest that
Shb may contribute to /3-cell destruction under
certain conditions.

Materials and Methods

Construction of Transgene

The 2.3 kb Shb cDNA was excised by EcoRI cleav-
age and inserted into XbaI-HindIII cleaved RIPI -

plasmid (8) after blunt-end formation. This con-

struct contains sequences corresponding to 0.6
kb of the rat insulin 2 promoter, 2.3 kb of the Shb
cDNA, and 0.5 kb of SV40 small t intron includ-
ing a polyA signal. Plasmid sequences were ex-

cised by Aatll + SalI digestion. The transgene was
microinjected into fertilized CBA mouse oocytes
and then implanted in pseudopregnant CBA

mice of a local stock at Umea University (Umea,
Sweden). Incorporation of the transgene into the
genome of the offspring was verified by South-
ern blot analysis of BamHI-digested DNA pre-
pared from tissue samples of 3-week-old mice,
using [32P]-labeled Shb cDNA as a probe. Two
founder mice, each containing a low copy num-
ber of the transgene (1-3 copies per genome),
were obtained. These were used to create two
RIPi -Shb transgenic lineages of mice that were
bred separately. The typical offspring from two
transgenic breeders consisted of 70% transgenic
mice (containing 1-3 copies of the transgene per
genome) and 30% that were devoid of the trans-
gene. We have failed to obtain mice homozygous
for the RIP-Shb transgene. The transgenic lin-
eages have been maintained thus far for more
than six generations. For experimentation, RIPI -
Shb transgenic mice of both sexes and from both
lineages and all generations at day 1 neonatally
or 3 months of age were used. Owing to difficul-
ties in obtaining sufficiently large numbers of
age-matched transgenic (of either lineage) or
control mice, the experiments could not be per-
formed for each RIP-Shb transgenic lineage in-
dependently. The phenotypic characteristics of
the Shb-transgenic mice appear normal except
for the differences described below. All animal
experimentation was approved by the Institu-
tional Review Board for Animal Experimenta-
tion.

Islet Isolation and Further Experimentation

Islets were isolated from control CBA or RIP1-
Shb transgenic 3-month-old mice of both sexes
and cultured for 18 hr in the presence of 1 or
10% fetal calf serum (FCS) with or without the
addition of cytokines [25 U/ml of human IL-I,B
(PeproTech, London, UK) + 1000 U/ml of mu-
rine IFN--y (R&D Systems, Abingdon, UK)]. The
islets were then used for determination of insulin
secretion, insulin content, DNA content, and
apoptosis by TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick end-labeling)
staining (12-15). The percentage of insulin-pos-
itive relative to total pancreas area was deter-
mined at day 1 after birth or at the age of 6
months by staining sections for insulin using an
unlabeled peroxidase-antiperoxidase technique
(16). The insulin-positive area was determined
on one cross section each from four to five dif-
ferent neonatal pancreata, and three cross sec-
tions from different regions (caput, corpus, and
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cauda) of each 6-month-old pancreas, using a
computerized image analysis system for mor-
phometry (MOP Videoplan, Kontron Bildanal-
yse, Munich, Germany). Labeling index of insu-
lin-positive cells in vivo was also assessed at the
age of 3 months (17).
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Glucose Homeostasis

Shb-transgenic and control CBA mice of 3 or 6
months of age were injected intravenously with
0.42 mmole of glucose, after which blood glucose
was determined on samples collected from the
animals' tails at the time points indicated (Exac-
Tech Blood Glucose Meter, Baxter Travenol,
Deerfield, IL). Glucose disappearance rates were
calculated as previously reported (18).
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RINm5F Cells Overexpressing Shb

RINm5F cells were transfected with Shb cDNA in
the expression vector pcDNAI using the Lipo-
fectamineTM method (6) and clonal selection was
performed in the presence of 0.3 mg/ml geneti-
cin. In parallel, cells were transfected with the
neomycin resistance gene only (RIN-neo) for
generating appropriate control cells. Fifteen
clones transfected with the Shb cDNA were an-
alyzed for Shb expression by Western blot anal-
ysis, and one of these was found to contain sig-
nificantly elevated content of Shb (RIN-Shb). For
the determination of apoptosis, cells were
stained for 10 min at 37°C with 10 ,ug/ml pro-
pidium iodide and 20 ,ug/ml Hoechst 33342, after
which the cells were inspected in a fluorescence
microscope using a UV-2A filter.

Injections of Multiple Doses of Streptozotocin

Shb-transgenic and CBA control mice of both
sexes and 3 months of age were injected intra-
peritoneally with five daily doses of 40 mg/kg
body mass streptozotocin or saline (0.2 ml).
Blood glucose values were determined weekly,
starting with the first injections. At 3 weeks, the
animals were killed and pancreatic insulin con-
tent was determined after acid ethanol extrac-
tion from a weighed part of the retrieved pan-
creata.

- 55 kDa Shb

Fig. 1. Shb-protein expression in transgenic
and control CBA islets. (A) Expression of Shb in
islets isolated from Shb-transgenic and control CBA
mice. Islets were isolated and dissolved in SDS sam-
ple buffer before boiling and electrophoresis and
Western blot analysis for Shb protein as previously
described (6). Each lane represents the protein ex-
tract of about 50 islets from one animal. Equal
amounts of protein were electrophoresed in the
lanes. (B) CBA islets (1,2) or RIP-Shb islets (3-5)
were pretreated for 30 min at 37°C with 20 ,uM N-
acetyl-leu-leu-norleucinal prior to electrophoresis
and Western blot analysis as in A. Each lane shows
the extract of 20 islets. Equal amounts of protein
were electrophoresed in lanes 1-5. (C) CBA or Shb-
transgenic islets from lineages A and B were pre-
treated, lysed, and subjected to Western blot analysis
as in B. Lysate from 20 islets was electrophoresed in
each lane.

Statistical Analysis

The means ± SEM for the number of observa-
tions are given. Each observation is based on
the value obtained from one animal or one
individual islet isolation. Cell countings or
staining for apoptosis was performed at sepa-
rate time points for each observation. Compar-
isons were made using the paired or unpaired
Students' t-test.
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Table 1. f-cell area and labeling index in Shb-transgenic and CBA mice

f8-Cell Area (%) fl-Cell Area (%) Labeling Index (%)
Day 1 Neonatally 6 Months of Age 3 Months of Age

CBA 0.79 ± 0.18(n = 5) 0.76 ± 0.16(n = 4) 2.38 ± 0.76(n = 3)
Shb 1.58 ± 0.26*(n = 4) 1.34 ± 0.16*(n = 4) 2.59 ± 0.71(n = 3)

(3-cell area is the percentage of insulin-positive area relative to that of total pancreas area determined at day 1 neonatally or 6
months of age for CBA control or Shb transgenic mice. The labeling index values are percent insulin-positive cells with nuclei
that have incorporated [3H]-thymidine of animals injected with the isotope at 3 months of age.
*p < 0.05 using an unpaired Student's t-test when compared with CBA control.

Table 2. Insulin and DNA content of islets
isolated from Shb-transgenic mice

Insulin
Content DNA Insulin/DNA

(ng/10 islets) (,ugg1O islets) (ng/ng)

CBA 225 ± 21 0.17 ± 0.02 1.37 ± 0.11
Shb 340 + 42* 0.26 ± 0.03* 1.36 ± 0.11

Islets were isolated from control CBA mice and Shb-trans-
genic mice of both sexes and at age 3 months and main-
tained in tissue culture for 18 hr after which insulin con-
tent and DNA content were determined. Values are
mean ± SEM for 7 to 9 observations.
*p < 0.05 when compared with corresponding value of
CBA control islets using an unpaired Student's t-test.

Results

Expression of Transgene Product

Islets isolated from Shb-transgenic and CBA
control mice contained moderately elevated
contents of the 55 kD Shb protein (Fig. IA) as

determined by Western blot analysis of islet
lysates using an Shb-reactive antibody (6).
Densitometric analysis (in arbitrary absorbance
units) revealed an increase in Shb content
from 0.58 ± 0.04 in the control islets to 1.17 ±

0.16 in the transgenic islets (p < 0.05 with an

unpaired Student's t-test, n = 3). When islets
isolated from control CBA and Shb-transgenic
mice were preincubated for 30 min in the pres-

ence of 20 ,tM of the protease inhibitor N-
acetyl-leu-leu-norleucinal before being dis-
solved in SDS sample buffer, the Shb-protein
expression of Shb-transgenic islets relative to

that of control islets increased dramatically
(Fig. IB), compared with islets that had not
been pretreated with protease inhibitors
(Fig. 1A). Thus, islet cells overexpressing the
Shb mRNA display mechanisms for proteolytic
down-regulation of the Shb protein.

The degree of islet Shb-protein expression
was determined in both lineages of Shb-trans-
genic mice (Fig. 1C). Western blot analysis of
islet lysates revealed a comparable degree of Shb-
protein overexpression in Shb-transgenic mouse
islets from both lineages A and B when com-
pared with CBA control islets (Fig. IC), support-
ing the view that the Shb-transgenic phenotype
is independent of the site of transgene integra-
tion.

Glucose Homeostasis
The basal blood glucose levels of control CBA
and Shb-transgenic mice of both sexes was
similar and below 8 mM in both groups of
animals. Glucose injection caused a rapid in-
crease in blood glucose to above 25 mM at 10
min after administration (Fig. 2A). The blood
glucose rapidly diminished after this time
point, and the Shb-transgenic mice displayed a
significantly lower blood glucose value at 30
min after injection than the CBA control. The
calculated glucose disappearance rate (18) of
the Shb-transgenic mice was 5.5 ± 0.8% per
min; the corresponding value for the CBA con-
trol mice was significantly lower (3.0 ± 0.4%
per min; p < 0.05). Like the enhanced blood
glucose disappearance rates of the 3-month-
old Shb-transgenic mice, 6-month-old Shb-
transgenic mice displayed significantly lower
blood glucose values at 10 min after glucose
injection (Fig. 2B).
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Fig. 3. Insulin secretion of islets isolated from
control CBA or Shb-transgenic mice. Isolated
islets were cultured in RPMI 1640 + 10% serum for
18 hr in the absence or presence of 25 U/ml IL-1,B +
1000 U/ml IFN--y. The islets were then incubated for
60 min in 1.7 mM glucose, followed by an incuba-
tion for 60 min in 16.7 mM glucose, after which in-
sulin secretion was determined. Data for mean +

SEM for 7 to 9 observations are given. #p < 0.01
when compared with CBA control islets in the ab-
sence of cytokines using an unpaired Students' t-
test; *p < 0.05 and ***p < 0.001 when compared
with the corresponding values in the absence of cy-
tokines using a paired Students' t-test.

Insulin-Positive Area and (3-Cell Labeling Index In
Vivo

The percentage of insulin-positive area relative
to total pancreas area on day 1 neonatally was

higher in the Shb-transgenic mice than in con-

trol CBA mice (Table 1). This difference in
insulin-positive area persisted to the age of 6
months, without being further accentuated
(Table 1). The average pancreatic weight of
Shb-transgenic mice was 0.25 ± 0.01 g (n = 5)
and the corresponding value for CBA control
mice was 0.23 ± 0.01 g (n = 5), indicating that
the increased (3-cell area of the Shb-transgenic
mice actually represents an increase in (-cell
mass. The 13-cell labeling index in vivo for
3-month-old Shb-transgenic mice was similar
to that for CBA controls of the same age

(Table 1).

Insulin Content and Glucose-Stimulated Insulin
Secretion

The islet insulin content and DNA content
were increased in the isolated Shb-transgenic
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Fig. 4. Islet cell apoptosis after culture in the
presence of 1% serum. Isolated islets were cul-
tured for 18 hr in the absence or presence of the
cytokines indicated. The islets were then fixed and
processed for TUNEL staining, which detects apopto-
sis by visualizing DNA strand breaks. Percent
TUNEL-positive nuclei is given as mean SEM for 4
to 5 determinations. **p < 0.01 when compared
with Shb-transgenic islets in the absence of cyto-
kines using a paired Students t-test.

islets at 3 months of age compared with the
corresponding CBA control islets (Table 2).
However, when calculating the insulin per

DNA content, near-equal values were noted
(Table 2). The insulin secretion of Shb-trans-
genic islets is shown in Figure 3. Insulin secre-

tion in the presence of 1.7 mM glucose was

similar in all experimental groups irrespective
of cytokine addition. The incubation at 16.7
mM glucose increased the secretion of insulin
regardless of whether islets from CBA control
or Shb-transgenic mice were used (Fig. 3).
However, the secretion of insulin at 16.7 mM
glucose was significantly elevated in the Shb-
transgenic islets compared to that of the CBA
control. Culture of the islets in the presence of
the cytokines IL-13 + IFN-'y significantly re-

duced the secretion of insulin in the presence

of 16.7 mM glucose in both groups of islets
(Fig. 3).
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Apoptosis of Shb-Transgenic Islets

Since we had previously reported apoptosis in
NIH3T3 cells overexpressing Shb protein cul-
tured in the presence of a low serum concentra-
tion (6), it was of interest to determine the rate of
islet cell apoptosis in Shb-transgenic mice using
the TUNEL technique. Islets isolated from Shb-
transgenic mice exhibited a higher apoptotic in-
dex than control CBA islets after culture in 1%
serum (Fig. 4). In addition, both IL-1,B alone and
the combination of IL- IO + IFN-,y increased the
rates of apoptosis in the Shb-transgenic islets
compared with culture in the absence of cyto-
kines.

Growth and Viability of Shb-Overexpressing
RINm5F Cells

To further elucidate the effects of the Shb protein
on growth and survival of insulin-producing cells
in vitro, RINm5F cells were transfected with Shb
cDNA. One clone overexpressing Shb (RIN-Shb)
was found as determined by Western blot anal-
ysis (Fig. 5A). Since Shb was originally identified
as a serum-inducible gene (3), it was of interest
to determine if Shb protein expression was mod-
ified by serum withdrawal in the RIN-neo cells.
The RIN-neo cells maintained for 18 hr at 0.1%
serum displayed slightly less Shb protein content
than those maintained in 10% serum (Fig. 5B).
The proliferation of RIN-Shb cells compared with
control transfected cells (RIN-neo) was deter-
mined in 10% serum (Fig. 5C). Both clones pro-
liferated rapidly and no signs of decreased rates
of proliferation in the RIN-Shb cells were de-
tected.

Performing the same experiments in the
presence of 0.1% serum yielded different re-
sults (Fig. 5D). Whereas the cell numbers were
similar for the first 48 hr in the RIN-neo and
RIN-7 Shb cells, the number of RIN-Shb cells
decreased after 72 and 96 hr compared with
the initial 24-hr value (Fig. 5D). The number of
RIN-neo cells remained constant throughout
the experiment. The decrease in the number of
RIN-Shb cells was found to be associated with
an increase in cell apoptosis. The number of
apoptotic cells as assessed by propium iodide
staining (19) of RIN-neo cells after culture for
3 days in 0.1% serum was 1.8 ± 0.6% (n = 3).
The corresponding value increased (p < 0.05
with an unpaired Students' t-test) to 5.1 ±
0.9% (n = 3) for the RIN-Shb cells. To deter-

mine the susceptibility of RIN-Shb cells to an-
other agent that induces apoptosis in RINmSF
cells, RIN-Shb and control cells were exposed
to 50 mM nicotinamide for 20 hr (19), after
which cell viability was again assessed by pro-
pidium iodide staining. In the control cells
(RIN-neo), the percentage of apoptotic nuclei
was 0% in the absence of nicotinamide and
6.4 ± 2.0% (n = 3) after nicotinamide treat-
ment. The corresponding values for the RIN-
Shb cells were 0.2 ± 0.2% and 18.1 ± 2.0%
(p < 0.02 with an unpaired Students' t-test
when compared with RIN-neo cells exposed to
nicotinamide), respectively. The data suggest
that Shb overexpression decreases RINm5F cell
viability in 0.1% serum and 50 mM nicotin-
amide.

Multiple Injections of Streptozotocin

Multiple injections of streptozotocin in mice is
a model for cytotoxic and inflammatory ,-cell
destruction (20). We decided to test the sus-
ceptibility of Shb-transgenic mice to this treat-
ment. Control CBA and Shb-transgenic mice of
both sexes and 3 months of age were injected
with five doses of streptozotocin, which was
followed by the development of hyperglycemia
(Fig. 6A). The blood glucose levels at 1, 2, and
3 weeks after the start of injections were sig-
nificantly higher in the Shb-transgenic mice
(Fig. 6A). With regard to susceptibility to strep-
tozotocin in these experiments, the Shb-trans-
genic mice of both sexes seemed to increase
their blood glucose levels compared with the
corresponding controls; the differences be-
tween male and female susceptibility failed to
reach statistical significance except for male
mice 1 week after the start of the injections
(Fig. 6B). The pancreatic insulin content (pmol
insulin/mg pancreas) was markedly reduced 3
weeks after starting the streptozotocin treat-
ment in both CBA (p < 0.001) and Shb-trans-
genic (p < 0.001) mice compared to corre-
sponding controls [Shb-transgenic: 48.3 ± 4.0
(n = 8); Shb-transgenic + streptozotocin:
14.8 ± 2.8 (n = 10); CBA: 54.5 ± 4.8 (n = 8);
CBA + streptozotocin: 24.5 ± 3.0 (n = 11)].
The insulin content in the transgenic mice
appeared to be lower than in the CBA mice
after streptozotocin administration, but this
difference did not attain statistical significance
(p < 0.06 using ANOVA). These results thus
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suggest increased ,B-cell destruction in vivo in
response to streptozotocin in the Shb-trans-
genic islets.

Discussion

In order to obtain an understanding of the role
of Shb protein for ,B-cell function in vivo, Shb
cDNA was placed under the control of rat in-
sulin 2 promoter and used to create transgenic
mice. The Shb expression level in islets isolated
from such transgenic mice was moderately el-
evated, and a similar degree of Shb overexpres-

sion has previously been observed in NIH3T3
cells (6) or PC12 cells (7) transfected with the
Shb cDNA. We have observed expression of
various Shb isoforms corresponding to molec-
ular weights of 5 5, 5 9, 66, and 77 kD (6,7). The
pancreatic islets studied here expressed pri-
marily the 55-59 kDa Shb isoforms. Surpris-
ingly, the modest increase in the level of Shb
expression detected in the Shb-transgenic islets
was greatly accentuated by preincubation of
the islets with the protease inhibitor N-acetyl-
leu-leu-norleucinal prior to SDS-gel electro-
phoresis. A similar discrepancy in the expres-

sion level of Shb between cells pretreated with
the protease inhibitor and untreated cells was

noted when comparing RIN-Shb with RIN-neo
cells (results not shown). These results can be
interpreted to suggest that Shb protein overex-

pression is down-regulated by proteolysis in
islet or RINmSF cells. Two founder mice with
insertion of the transgene were obtained, and
for practical reasons, the data presented are

based on a mixture of animals or islets from
both lineages. The degree of Shb overexpres-
sion is very similar in both lineages and we

have not noticed any apparent differences in
the various responses studied between these
lineages. Thus we conclude that the results are

representative for overexpression of Shb pro-

tein regardless of the site of integration of the
transgene.

Shb is an adaptor protein involved in ty-
rosine kinase signaling (3,4), and on the basis
of most of the knowledge accumulated in this
field of research, one would expect Shb to be
involved in one or several aspects of cell pro-

liferation, differentiation, migration, and sur-

vival (21). Our data on Shb overexpression in
NIH3T3 cells suggest that Shb plays a role in
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Fig. 5. Shb expression and cell proliferation of
RIN-Shb and RIN-neo cells. (A) Exponentially
growing cells were preincubated for 30 min with 20
,uM N-acetyl-leu-leu-norleucinal, scraped and col-
lected, and lysed in SDS sample buffer. The samples
were boiled and equal amounts of protein from the
RIN-Shb and RIN-neo cells were electrophoresed.
After Western transfer, the blot was incubated with
Shb-antibody and subjected to ECL detection as in
Fig. 1. (B) Effects of serum on Shb expression. Equal
amounts of RIN-neo cell were plated in four dishes
and maintained in 10% serum for 24 hr. Two dishes
(1,2) were cultured for an additional 18 hr in 10%
serum whereas the other two (3,4) were maintained
in 0.1% serum for 18 hr. The cells were collected
and subjected to Western blot analysis for Shb pro-
tein expression as in Fig. 1. (C) Growth of RIN-Shb
and RIN-neo cells in 10% serum. Cells (30,000)
were plated after trypsinization and cultured in 1 ml
RPMI 1640 + 10% FCS for the time points indi-
cated. The cell numbers were counted in a Burker
chamber. Data for mean ± SEM for 6 to 8 experi-
ments are given. (D) Growth of RIN-Shb and RIN-
neo cells in 0.1% serum. Cells (30,000) were plated
and cultured for the time points indicated in RPMI
1640 + 0.1% FCS and counted as in C. Data for
mean ± SEM for 5 experiments are given. *p < 0.05
when compared with the value for RIN-Shb at 24 hr
using a paired Students' t-test.

cell survival (6). It is currently not clear how
Shb exerts these effects, except that these are
independent of elevated content of c-myc and
p53 (6). Presently, the most obvious effects of
Shb in vivo are an increased rate of glucose
disappearance and an increased ,3-cell mass,
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Fig. 6. Blood glucose values for Shb-transgenic

and control CBA mice of both sexes after mul-

tiple injections of streptozotocin. (A) Mice of

both groups were injected with streptozotocin (SZ)

or saline and the blood glucose levels were deter-

mined immediately before the start of injections and

1, 2, and 3 weeks thereafter. Data for mean ±- SEM

are given for 8-11 mice. *p < 0.05 when tested with

an unpaired Students' t-test against the correspond-

ing CBA-SZ value. (B) Role of gender in the devel-

opment of hyperglycemia in Shb-transgenic and

CBA control mice after multiple streptozotocin injec-

tions. Blood glucose determinations were performed
as in A. Data for mean SEM are given. *p < 0.05

when tested against the corresponding value for

CBA-male mice using an unpaired Students' t-test.

Male CBA, n = 4; female CBA, n = 7; male Shb,

n = 6; female Shb, n = 4.

or increased (3-cell replication during late em-

bryonic stages. The lack of effect of the Shb-
transgene on /-cell DNA synthesis at 3 months

of age is consistent with this notion, since the
increased (3-cell mass apparent immediately af-
ter birth remains proportionately increased for
at least 6 months without being further accen-
tuated. However, the in vitro data showing
increased rates of islet cell apoptosis in 1%
serum, as well as after culture in the presence
of cytokines, indicate that Shb also plays a role
in (3-cell survival. Under physiological in vivo
conditions, we have not detected apoptosis of
(-cells in Shb-transgenic mice (results not
shown). These findings are reminiscent of
what was observed in NIH3T3 cells overex-
pressing Shb (6); apoptosis induced by culture
in a low-serum concentration was completely
reversed by PDGF or 10% serum. It is conceiv-
able that, in vivo, such suppression of (3-cell
apoptosis occurs in the Shb-transgenic mice.
The data obtained in RINm5F cells also support
the view that Shb has dual effects on cell via-
bility. Whereas cell proliferation in RINm5F
cells overexpressing Shb in 10% serum was
excellent, cell viability in the presence of 50
mM nicotinamide or 0.1% serum was de-
creased.

Shb-transgenic mice are more sensitive to
multiple injections of the (3-cell toxin strepto-
zotocin in vivo. This finding is in line with the
in vitro data on both islets and RINm5F cells, in
which decreased survival in response to expo-
sure to low serum, cytokines, and nicotin-
amide was observed in cells overexpressing
Shb. The data raise the possibility that Shb
participates in death signaling in vivo when-
ever (3-cells are under stress in a hostile envi-
ronment.

Insulin secretion in response to glucose in
vitro was also enhanced and appears to at least
partly reflect an increased islet (3-cell mass with
concomitant increases in insulin and DNA con-
tent. On the other hand, there may be an actual
sensitization of the secretory machinery in re-
sponse to glucose as well, and this could also be
operating in vivo. Thus, the enhanced glucose
disappearance after glucose injections could
partly derive from an increased X3-cell mass,
but could also reflect a sensitized secretory ma-
chinery.

The Shb-induced embryonic increase in
/3-cell mass at birth provides a unique animal
model to evaluate the significance of an in-
creased /-cell mass for glucose homeostasis un-
der various conditions. The effect of Shb overex-
pression is targeted to the /3-cell and thus the
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increased 13-cell mass is not primarily a conse-
quence of other phenomena. Furthermore, in-
creased (3-cell mass is not accentuated further as
the animals age. Finally, the islets display no
signs of impaired insulin secretory responses un-
der the conditions tested. The only detrimental
effect that we have observed in Shb-transgenic
mice is the increased sensitivity to certain toxic
or stressful conditions.

In summary, the combined data suggest a
role of Shb in (3-cell destruction. Since the total
1-cell mass is of relevance for the development
of type 1 diabetes mellitus and mechanisms of
1-cell repair/regeneration have been proposed to
play a role in the final outcome of the disease
(22), the participation of Shb in such responses
may be highly significant. Although we have
observed increased apoptosis in Shb overexpress-
ing cells, we have not excluded the possibility
that Shb under certain conditions protects
against cell death, as was previously observed in
PDGF-treated NIH3T3 cells overexpressing Shb.
Relating this to normal in vivo circumstances,
Shb may promote an increase in 13-cell mass,
particularly during late embryonic development.
Furthermore, the data also suggest that, under
pathological conditions such as cytokine-induced
stress or after exposure to 1-cell toxins, Shb may
facilitate the disappearance of 13 cells. The regu-
lation of such a balance between death and sur-
vival could be of relevance to the development of
type 1 diabetes.
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