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Abstract

Gastrin is transiently expressed in fetal islets during a critical
period of their development from protodifferentiated islet pre-
cursors in fetal pancreatic ducts. To examine the possible role
of gastrin as an islet cell growth factor, postnatal islet growth
was studied in transgenic mice which overexpress gastrin and
TGFa in their pancreas. Overexpression of a TGFa transgene
causes metaplastic ductules containing numerous insulin ex-
pressing cells that resemble protodifferentiated precursors of
the fetal pancreas. However, islet mass of the TGFa transgenic
mice was not increased. Pancreatic overexpression of gastrin
from a chimeric insulin/ gastrin transgene transcribed from the
insulin promoter markedly decreased the TGFa-stimulated in-
crease in pancreatic duct mass. Furthermore, pancreatic coex-
pression of both gastrin and TGFa significantly increased islet
mass in mice expressing both transgenes. These findings indi-
cate that TGFaand gastrin can act synergistically to stimulate
islet growth, although neither peptide alone is sufficient. Islet
growth may possibly be stimulated through gastrin promoting
the differentiation of insulin-positive cells in the TGFa-induced
metaplastic ducts. This transgenic study suggests that islet
neogenesis can be reactivated in the ductular epithelium of the
adult pancreas by local expression of two growth factors, gas-
trin and TGFa. (J. Clin. Invest. 1993. 92:1349-1356.) Key
words: pancreatic ducts * islets * gastrin * transforming growth
factor a

Introduction

The pancreatic islets develop from endodermal stem cells that
lie in the fetal ductular pancreatic epithelia, which also con-
tains stem cells that develop into the exocrine pancreas ( 1, 2).
Islet development proceeds through discrete developmental
states during fetal gestation, punctuated by dramatic transi-
tions. The initial period is a protodifferentiated state which is
characterized by the commitment of these pluripotent stem
cells to the islet cell lineage, manifested by the expression of
insulin and glucagon. These protodifferentiated cells comprise
a population of committed islet precursor cells which express
only low levels of islet specific gene products and lack the cyto-
differentiation of mature islet cells ( 1). Around day 16 in
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mouse gestation, the protodifferentiated pancreas begins a
phase of rapid growth and differentiation characterized by cy-
todifferentiation of islet cells and a several hundredfold in-
crease in islet specific gene expression. Histologically, islet for-
mation (neogenesis) becomes apparent as proliferating islets
budding from the pancreatic ducts. In the weeks after birth the
rate of islet growth slows, with islet neogenesis becoming much
less apparent. The islets also attain a fully differentiated state
with maximal levels of insulin gene expression. Similar to
many organs, the differentiated adult pancreas has reduced re-
generative potential and low levels of cell turnover, in contrast
to the rapid proliferation seen in fetal development.

As in many tissues, synergistic interactions between combi-
nations of growth factors probably regulate pancreatic growth
and development (3). Although studies of fetal explants have
identified important mesenchymal factors which stimulated
pancreatic differentiation, these growth factors have not been
purified or structurally characterized (4). Someknown regula-
tory peptides have also been shown to stimulate pancreatic
growth and differentiation. EGFis a potent stimulus of ductu-
lar cell proliferation ( 5 ). Furthermore, both EGFand its homo-
logue TGFa are expressed in pancreatic duct and acinar cells,
and EGF receptors are found on acinar cells and the apical
surface of duct cells (6). Overexpression of TGFa, EGF, and
EGF receptor levels have been demonstrated in pancreatic
duct neoplasms, supporting their role in stimulating pancreatic
proliferation. Transgenic overexpression of TGFa has distinc-
tive effects on the pancreas which differ from other digestive
organs (7, 8). Overexpression of TGFa in the liver and intes-
tines causes hyperplasia. By contrast, TGFa overexpression in
the mouse pancreas results in ductular hyperplasia and pro-
nounced interstitial fibrosis, without increasing the acinar cell
mass (9). TGFa overexpression also induces metaplastic
changes in the ductules manifest by the expression of amylase,
an acinar cell-specific product (8). Numerous ducts cells have
mixture of zymogen and mucin granules, suggesting that
TGFa expression induces metaplasia of acinar cells into duct
like cells (9). Thus, TGFaoverexpression alters pancreatic dif-
ferentiation by disturbing the normal balance between TGFa
and other growth factors (7, 8).

Another peptide known to regulate pancreatic growth is
cholecystokinin (CCK),' a gastrointestinal peptide hormone.
CCKstimulates proliferation of pancreatic acinar cell in vivo
and in vitro ( 10-12). Nevertheless, it is unlikely that CCK
regulates pancreatic growth during fetal development since the
levels 'f CCKpeptide expressed in fetal life are negligible ( 13 ).
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1. Abbreviations used in this paper: CCK, cholecystokinin; INSGAS,
insulin/gastrin.
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However, gastrin, the homologue of CCK, is transiently ex-
pressed in the islets of the developing pancreas ( 13). In the
adult, gastrin acts as a gastric hormone regulating acid secre-
tion, and consequently the major site of gastrin expression is
the stomach. In the fetus, however, the main site of gastrin
expression is the pancreatic islets ( 13). Although the role of
pancreatic gastrin in islet development is undefined, some clin-
ical observations suggest gastrin may influence islet growth.
Hypergastrinemia, caused by gastrin-expressing islet cell tu-
mors and atrophic gastritis, is associated with nesidioblastosis,
which is characterized histologically by islet cells budding from
pancreatic ducts similar to that seen during in fetal islet devel-
opment (14, 15). An abnormal persistence of pancreatic gas-
trin has also been documented in a case of infantile nesidioblas-
tosis ( 16). However, in neither circumstance was a causal rela-
tionship established between the nesidioblastosis and gastrin
stimulation. Therefore, to elucidate the role of pancreatic gas-
trin expression in islet development, we report studies on the
transgenic overexpression of TGFaand gastrin in the pancreas,
which suggest that TGFaand gastrin regulate sequential stages
of islet development.

Methods

Animals
FVB/N mice were obtained from Taconic Farms Inc. (Germantown,
NY), and CDI mice were obtained from Charles River Laboratories,
Wilmington, MA. The TGFa transgenic line (MT42) used in this
study, which expresses high levels of TGFa from a mouse metallothio-
nein 1 promoter, was described by Jhappan et al. (7).

Insulin/gastrin (INSGAS) transgene construct
A PvuII-RsaI fragment encompassing nucleotides -370 to +38 of the
rat insulin I gene ( 17) was ligated into pGem1 (Promega Corp., Madi-
son, WI). A 4.4-kb Bam HI-EcoRI fragment containing the 1.5-kb
intron 1 and exons 2 and 3 of the human gastrin gene, which encodes
the preprogastrin peptide precursor (18, 19), was isolated and sub-
cloned downstream of the rat insulin I fragment in pGem1 (Promega).
The insulin-gastrin fusion gene was excised as a 4.8-kb XbaI-EcoRI
fragment.

Generation and characteri ation of transgenic mice
The microinjection fragment was isolated by agarose gel electrophore-
sis, purified by CsCl gradient purification, and dialyzed extensively
against injection buffer (5 mMNaCl; 0.1 mMEDTA; 5 mMTris-HCl
pH 7.4). Fertilized oocytes from FVB/N inbred mice (Taconic Farms)
at the single cell stage were microinjected using standard techniques
(20). Surviving embryos were then implanted into the oviducts of CDI
(Charles River Laboratories) foster mothers according to published
procedures (20). Transgenic founder mice were identified by DNA
blot techniques using DNAisolated from individual mouse tails, and a
human gastrin exon II probe labeled with [32P]dCTP by random prim-
ing. Fl mice and their siblings were similarly identified.

Homozygous MT42 mice containing the MT-TGFa transgene de-
rived from a CD- 1 mouse strain (7) were crossed with heterozygous
INSGAS mice. Mating the homozygous MT-TGFa (MT-42) mice
(TGFa) with heterozygous INSGAS mice gave offspring that were ei-
ther heterozygous single transgenic (TGFa) or double transgenic con-
taining both INSGAS and TGFa transgenes (INSGAS/TGFa). Since
INSGASwere FVB strain and TGFawere CDl strain, TGFahomozy-
gotes and CD1 controls were both mated with FVB to produce FVB/
CD1 strain background for all three groups of mice. After weaning, the
offspring were placed on acidified 50 mMZnCl2 as previously de-
scribed to induce the metallothionein promoter (7). Mice were treated
with 50 mMZnCl from 3 wk until killing at age 17 wk.

Northern blot hybridization assay
For Northern analysis, total RNAwas extracted from tissues by the
method of Cathala et al. (21). Samples of 20 msg of total RNAwere
resolved on a 1% agarose denaturing gel and transferred to nitrocellu-
lose. RNAblots were hybridized with 32P-labeled TGFa riboprobes or
exon II of human gastrin that did not cross-hybridize with endogenous
mouse gastrin mRNA.

Peptide radioimmunoassays
Gastrin. Tissues were extracted and assayed for gastrin immunoreactiv-
ity by radioimmunoassay as described previously using antibody 2604
which is specific for biologically active C terminally amidated gastrin,
in a gastrin radioimmunoassay as previously described (22). Tyrosine
monoiodinated human gastrin 17 tracer was used in all assays and
synthetic human gastrin 17 was used as a standard.

TGFa. Tissues were frozen in liquid nitrogen, ground to powder
with mortar and pestle, and subjected to acid-ethanol extraction as
described (23). Extracts were reconstituted with water, and protein
concentrations determined with a Coomassie blue dye binding assay
(Bio-Rad Laboratories, Richmond, CA). Aliquots from the pancreata
were tested in duplicate in a TGFa radioimmunoassay, which mea-
sured competition with 1251 TGFa for binding to a solid-phase rabbit
antibody raised against the COOHterminus of rat TGFa (kit from
BioTope, Seattle, WA).

Histological analysis and immunohistochemistry
The pancreas was removed, weighed, similarly oriented in cassettes,
fixed in Bouin's solution, and embedded in paraffin. Routine 5-Mum
paraffin sections were stained with hematoxylin and eosin according to
standard methods. Immunohistochemistry was performed on 5 zm
paraffin sections by the immunoperoxidase method (24), using a
monoclonal antigastrin antibody or a guinea pig anti-human insulin
antibody (Linco, Eureka, MO) (25). A preimmune guinea pig serum
was used as a negative control.

The relative volume of islets, ducts, or interstitial cells was quanti-
fied from one random section from each animal, using the point-
counting method (26) as described by Bonner-Weir et al. (25). At least
2,000 points over tissue were counted as intercepts of a 50-point grid at
a magnification of 170; the entire section was covered without overlap.
Mass of ductules or islet was calculated by multiplying the relative
volume and the animal's pancreatic weight. To normalize different
mean body weights, the mass was expressed as micrograms per gram
body weight.

Results

Previous transgenic studies have shown that local overexpres-
sion of TGFa disturbs normal pancreatic differentiation, caus-

ing extensive ductular metaplasia and interstitial fibrosis, in
contrast to the hyperplasia seen in other epithelial tissues (7,
8). The TGFa-induced metaplastic ducts show amylase immu-
noreactivity, indicating exocrine-specific gene expression in
the pancreatic duct cells (8). In contrast, exocrine gene expres-
sion is rarely seen in pancreatic ducts of age-matched nontrans-
genic mice of the same strain. To examine whether TGFaover-

expression also results in islet-specific gene expression in pan-
creatic ducts, pancreatic tissue from adult 4- and 9-mo-old
MT-TGFa (MT-42) transgenic mice (7) were immunostained
for insulin. Immunoperoxidase staining showed numerous in-
sulin staining cells in the metaplastic ducts from the TGFa
transgenic pancreas (Fig. 1), whereas insulin staining cells
were virtually absent from the nontransgenic ducts. When at
least 600 ductular cells/animal were scored at a final magnifi-
cation of 400, insulin-positive cells were seen at a frequency of
6.0±0.9% (n = 5) in the metaplastic ductules of TGFa trans-
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Figure 1. (Top) Insulin-positive cells within TGFa-induced metaplastic ductules from a 9-mo-old MT-42 TGFa transgenic mouse demonstrated
using immunoperoxidase-staining guinea pig anti-human insulin sera. (Insert) High power magnification.

genic mice. Occasional ductular cells stained with the same
intensity of insulin staining as the adjacent islets, but most had
less intense staining (Fig. 1, insert). The low level of insulin
staining of the ductular cells resembles the low levels of insulin
gene expression postulated to occur in the protodifferentiated
cells in the ducts of the developing pancreas ( 1, 27 ).

However, despite the increased number of insulin-positive
cells in the metaplastic ducts, the islet mass of the TGFa trans-
genic mice was not increased. The islet mass as quantified by
point counting morphometrics was 2.14 mg±0.84 (mean±SE,
n = 5) in the TGFa transgenic pancreas, compared to 1.93
mg±0.46 (n = 6) in nontransgenic FVB/CD1 strain of mice of
the same age similarly treated with zinc chloride. One interpre-
tation of these findings is that TGFa overexpression causes
proliferation of protodifferentiated precursors, but cannot
alone effect the transition of these protodifferentiated cells into
fully differentiated islets. Since differentiation of protodifferen-
tiated islet precursors occurs during late fetal development, fac-
tors regulating this transition would likely be expressed in islets
during this period. Amongthe factors expressed in the develop-
ing islets is the gastrointestinal peptide, gastrin.

To examine the possible role of gastrin in regulating islet
differentiation, transgenic mice were created that express a chi-
meric INSGAS transgene. The INSGAS transgene contains
exons 2 and 3 of the human gastrin gene, which encode the
preprogastrin precursor under the transcriptional control of the
insulin promoter, which directs j3 islet cell specific expression
(Fig. 2 A). Unlike the gastrin gene, insulin gene expression is

not switched off after birth. Thus, the INSGAS transgene re-
sults in a persistence of gastrin expression in the adult pancreas.
Northern blots of RNAisolated from different tissues of 8-wk-
old INSGAS transgenic mice were hybridized with a human
gastrin exon II probe. This probe is specific for the human
gastrin gene; no hybridization was seen in antral RNAof INS-
GASand nontransgenic FVB mice expressing high levels of
murine gastrin mRNA.High levels of gastrin transgene mRNA
were seen in the pancreas but not in any other tissues (data not
shown). A radioimmunoassay of pancreatic extracts from
INSGAS transgenic mice showed high levels of gastrin immu-
noreactivity that exceeded the gastrin content in the gastric
antrum expressed from the endogenous murine gene (Fig. 2
B). No gastrin immunoreactivity was detected in pancreatic
extracts of nontransgenic adult control mice. The gastrin radio-
immunoassay is specific for carboxy amidated precursors, indi-
cating that the gastrin peptide precursor is efficiently processed
after translation to the bioactive peptide. Immunohistochemis-
try with a gastrin monoclonal antibody showed that the gastrin
transgene is expressed specifically in pancreatic beta cells
(Fig. 2 C).

Although the INSGAS transgenic mice had high levels of
expression of gastrin in the postnatal pancreas (Fig. 2 B), the
INSGAS transgenic mice had pancreatic histology identical to
controls. Islet mass as quantified by point-counting morpho-
metrics (26) was identical in 5-6-wk-old INSGAS mice
( 1.78±0.21 mg, n = 11 ) and age-matched nontransgenic con-
trols ( 1.74±0.19 mg, n = 11 ). Thus, sustained expression of
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Figure 2. Pancreatic gastrin expression from a chimeric insulin-gas-
trin (INSGAS) transgene. (A) The INSGAS transgene comprised
370 bp of 5' flanking DNAand the first noncoding exon of the rat
insulin I gene (17) ligated to a BamHI-EcoRI fragment containing
the 1.5-kb intron 1 and exons 2 and 3 of the human gastrin gene,
which encodes the preprogastrin peptide precursor ( 18, 19). A 4.8-kb
INSGAS fragment was isolated and microinjected into inbred FVB,
one cell mouse embryos (20). (B) Gastrin immunoreactivity in pan-
creatic and stomach extracts from transgenic and nontransgenic mice
assayed by radioimmunoassay using antisera 2604 (22) specific for
the bioactive amidated COOHterminus of gastrin. Mean±SE; n = 4
(C) Beta cell-specific gastrin expression from the INSGAS transgene.
Immunostaining of pancreatic tissues with a gastrin monoclonal an-
tibody.

gastrin in the postnatal pancreas alone does not stimulate islet that contain insulin-expressing cells resembling protodifferen-
cell growth. tiated islet precursors. To assess the interaction between gastrin

However, stimulation of islet growth by gastrin may require and TGFa, three groups of mice were bred with equivalent
stimulation by other growth factors to create a responsive popu- FVB/CD 1 strain genetic backgrounds: nontransgenic control,
lation of cells. Therefore, effects of gastrin stimulation were TGFa single transgenic, and INSGAS/TGFa double transgen-
studied in TGFa transgenic mice which have metaplastic ducts ics. All three groups of mice were placed on 50 mMZnCl2 at 3
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Figure 3. TGFaand gastrin gene expression in TGFa and INSGAS/
TGFa mice. Total RNA(20 ALg) was subjected to Northern blot
analysis using 32P-labeled human gastrin and TGFa cRNA probes.
(A) Autoradiogram showing TGFa expression: lanes 1 and 2,
TGFa/INSGAS double transgenic mice; lanes 3 and 4, TGFa single
transgenic mice; lanes S and 6, control mice. (B) Autoradiogram of
the same blot showing gastrin expression. (C) Ultraviolet photograph
showing ethidium bromide staining of total RNAloading of the aga-
rose gel used in the Northern blot shown in A and B.

wk of age. At 17 wk of age, the animals were killed and the
pancreas removed for histological evaluation or analysis of
TGFa and gastrin expression. TGFa expression was equiva-
lent in TGFa and INSGAS/TGFa groups when measured by
Northern blot analysis, whereas gastrin gene expression was

Figure 4. Light micrographs of hematoxylin-stained paraffin sections
of pancreas from the three groups of mice studied: (A) INSGAS/
TGFa; (B) FVB/CD1 controls; (C) TGFa. The INSGAS/TGFa
pancreas (A) had some areas of increased ductular complexes and
slightly increased interstitial cellularity; the field shown here had the
most severely abnormal morphology seen in the five animals; most
of the pancreas was indistinguishable from controls (B). In contrast,
the field of TGFa pancreas (C) was typical and showed the interstitial
cellularity and fibrosis combined with florid ductular metaplasia de-
scribed by Jhappan et al. (7). Magnification bar = 200 gm.
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Figure 5. Pancreatic gastrin synergistically interacts with TGFa to
increase islet mass and inhibit the ductular metaplasia induced by
TGFa overexpression. Mating the homozygous MT-TGFa (MT-42)
mice (TGFa) with heterozygous INSGAS mice gave offspring that
were either heterozygous TGFa single transgenic or double transgenic
containing both INSGASand TGFa transgenes (INSGAS/TGFa).
Relative volume of ducts (A) and islets (B) were quantified by point-
counting morphometrics as described in Methods. Mass of ductules
or islet was calculated by multiplying the relative volume and the an-
imal's pancreatic weight. To normalize different mean body weights,
the mass was expressed as micrograms per gram body weight. Results
are mean and standard errors for five to six animals in each group.
(A) *Significant difference between TGFa and INSGAS/TGFa. P
< 0.05 (Student's t unpaired data). (B) *Significant difference be-
tween CONand INSGAS/TGFa. P < 0.05 (Student's t unpaired
data).

only seen in the INSGAS/TGFa mice (Fig. 3). TGFapeptide
immunoreactivity in pancreatic extracts measured by radioim-
munoassay was 12.2±1 and 18.9±8 ng/mg protein
(mean±SD) in the TGFa and INSGAS/TGFa mice, respec-
tively. Gastrin expression was only observed in INSGAS/
TGFa mice; no gastrin expression was detected in the FVB/
CDI controls and the TGFa mice.

Expression of gastrin from the INSGAStransgene reduced
the ductular proliferation and the interstitial fibrosis and cellu-
larity caused by TGFa overexpression. At 17 wk, the pancre-

us, CFigure 6. Comparison of insulin geneQ' 0q14 p 7@ws V expression in pancreatic RNAfrom
Q W QW .0 INGAS, TGFa, and INSGAS/TGFa

mice to insulin expression in age-
matched nontransgenic mice. Total
pancreatic RNA(20 Mg) was subjected
to Northern blot analysis using a32p_
labeled rat gastrin cRNA probe. (Up-
per panel) Autoradiogram showing
insulin mRNAexpression: INSGAS
and TGFa single transgenic mouse,
TGFa/INSGAS double transgenic
mouse, and nontransgenic control
mice. (Lower panel) Ultraviolet pho-

V t4 *tograph showing ethidium bromide
staining of total RNAloading of the
agarose gel used in the Northern blot
shown above.

atic histology of the INSGAS/TGFa mice (Fig. 4 A) resembled
that of the control pancreas (Fig. 4 B) more than that of the
TGFa mice (Fig. 4 C). This was confirmed by quantifying
pancreatic ductular mass in the TGFa and INSGAS/TGFa
transgenic mice and the FVB1 /CDl controls by point-count-
ing morphometrics (Fig. 5 A). Coexpression of gastrin and
TGFa in the INSGAS/TGFa pancreas also significantly in-
creased the islet mass compared to controls, whereas islet mass
was not increased by expression of the TGFa transgene alone
although this was not significantly different from the INSGAS/
TGFa mice (Fig. 5 B). Despite the increased islet mass in the
INSGAS/TGFa mice, blood glucose concentrations were not
significantly different between the three groups of mice. Fur-
thermore, Northern blot analysis of pancreatic insulin mRNA
levels showed no difference between the nontransgenic control
mice and the INSGAS, the TGFa and the INSGAS/TGFa
transgenic mice (Fig. 6).

Discussion

The ductular metaplasia induced by TGFa overexpression
causes pancreatic ductal cells in adult mice to express genes
normally restricted in the adult pancreas to islet or acinar cells.
Sandgren et al. demonstrated amylase-positive cells within the
metaplastic ductules (8). The present study demonstrates nu-
merous insulin staining cells in the TGFa-induced metaplastic
ductules. The low level of exocrine and endocrine gene expres-
sion in the metaplastic ductal cells resembles that of the proto-
differentiated ductal cells postulated to occur in the early stage
of fetal pancreatic development. However, it is not known
whether these effects of TGFa overexpression in transgenic
mice mimic the role of TGFa in the fetal pancreas. In the
MT-42 (TGFa) transgenic mice, the ductular metaplasia is not
seen in the immediate postnatal period, but only after 8 wk of
age (Merlino, G. T., unpublished observations). Thus, TGFa
overexpression induces insulin reexpression in duct epithelia,
rather than prolonging the persistence of islet precursors found
in fetal pancreatic ducts. Indeed the presence of cells contain-
ing both exocrine and mucin granules in the MT-42 transgenic
pancreas has prompted the hypothesis that TGFa causes the
"redifferentiation" of acinar cells into cells with the phenotypic
features of pancreatic ductal cells (9).

Expression of the gastrin transgene decreased the ductular
metaplasia induced by TGFa overexpression. This may result
from gastrin antagonizing the redifferentiation of acinar cells
into ductal cells postulated to occur from acinar cell over ex-
pression of the TGFatransgene (9). Interactions between EGF
and CCK, homologues of TGFaand gastrin, respectively, have
been well studied on pancreatic exocrine cells. CCKdecreases
EGFreceptor binding by stimulating intracellular C kinase ac-
tivity, which inhibits internalization of receptor bound EGF
(28, 29). Although the metaplastic ductules contain numerous
insulin-positive cells, the islet mass of the TGFa transgenic
mice was not increased over controls. Thus, TGFaoverexpres-
sion alone cannot effect transition of these insulin-expressing
duct cells into fully differentiated islets. This implies that insuf-
ficient concentrations of other factors are present in the pan-
creas of adult TGFa transgenic mice to stimulate islet differen-
tiation. Since differentiation of protodifferentiated islet precur-
sors occurs during late fetal development, factors regulating
this transition would likely be expressed in islets during this
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period. Among the factors expressed in the developing islets is
the gastrointestinal peptide, gastrin. Clinical observations have
also linked gastrin expression with nesidioblastosis, a histologi-
cal appearance of islets budding from the pancreatic ducts ( 14,
16). This resembles the formation of islets (neogenesis) from
islet precursors found in ducts of the fetal pancreas.

The transgenic studies reported here support the hypothesis
that gastrin stimulates islet growth, but only in the presence of
other growth factors. Overexpression of gastrin alone in the
postnatal pancreas of INSGAS transgenic mice did not in-
crease islet growth, despite the high concentrations of bioactive
gastrin being expressed within the pancreas. However, gastrin
did increase adult islet mass in the presence of insulin-express-
ing ductular cells induced by TGFa overexpression. Since gas-
trin concomitantly decreased the metaplastic duct mass, the
increased islet mass in the INSGAS/TGFa mice may result
from gastrin inducing the differentiation of insulin positive
cells in the TGFa-induced metaplastic ductules. Alternatively,
gastrin and TGFa may also act synergistically to promote islet
neogenesis from undifferentiated stem cells or stimulate the
growth of existing islets. In these actions, gastrin does not stimu-
late islet cell proliferation alone, but more likely promotes the
growth and differentiation of islet precursors activated by other
growth factors. This action of gastrin is consistent with the role
of growth factors as regulators of cell differentiation as well as
proliferation (30). Synergistic interactions between multiple
growth factors are required to activate cellular differentiation
programs, which comprise both proliferation and activation of
cell specific gene expression.

Although both TGFaand gastrin are expressed in fetal pan-
creas, it is not known whether these peptides interact similarly
to stimulate islet neogenesis during fetal development. Other
factors also regulate islet growth both in fetal development and
postnatally. Like gastrin, secretin and thyroid-releasing hor-
mone are transiently expressed in the fetal islets and may also
influence pancreatic development (31, 32), although there is
no direct evidence for such a role. IGF- 1 is also expressed in
fetal islets and has been reported to stimulate replication of
isolated islets in culture (33). Furthermore, IGF- 1 expression
is reactivated after pancreatectomy in foci of pancreatic regen-
eration (34).

Although the islets continue to grow after birth, the rate of
islet replication decreases with age (35). Postnatal islet growth
results largely from the replication of differentiated islet cells.
In contrast to fetal life, islet neogenesis from protodifferen-
tiated ductal precursors is not as significant a component of
islet growth in the adult (36). In adult mammals, hyperglyce-
mia and certain endocrine stimuli increase islet mass, largely
by stimulating replication of preexisting islet cells (37). Never-
theless, islet neogenesis in the adult pancreas can be signifi-
cantly enhanced in some conditions. There is substantial islet
regeneration after pancreatectomy, both by replication of exist-
ing islets and by islet neogenesis (38). After 90% pancreatec-
tomy, regenerative foci are seen containing pancreatic ducts
which proliferate and differentiate into acinar and islet cells.
Thus, pancreatic regeneration elicited by pancreatectomy reca-
pitulates the program of islet neogenesis by reactivating latent
acinar/islet precursors in the pancreatic ducts. However, it is
not known which of the many growth factors released by tissue
repair mediates postpancreatectomy islet neogenesis. The pres-
ent transgenic study shows an increase in islet mass in adult

mice can occur, without hyperglycemia or tissue loss as stimuli,
through the pancreatic coexpression of two growth factors, gas-
trin and TGFa.
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