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Abstract The pancreas develops from the primitive
foregut endoderm, which differentiates into ductal, aci-
nar and endocrine cells. This complex process is proba-
bly replicated in the adult pancreas when endocrine cell
renewa isrequired, as may be the case in diabetes melli-
tus. This review describes what is known about the mor-
phogenesis of the endocrine pancreas during ontogeny
and the mechanisms regulating its differentiation and
growth.
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Introduction

Interest in the development and differentiation of the en-
docrine pancreas has increased considerably during re-
cent years because of the implications for our under-
standing of the mechanisms regulating beta cell growth
in the normal and in the diabetic pancreas. The classic
data on the morphogenesis of the embryonal pancreatic
tissue and the timing of its development and its differen-
tiation into endocrine and exocrine cells have been aug-
mented by molecular biological findings and new experi-
mental observations, which are beginning to reveal the
genetic background and the factors that control the ori-
gin, neogenesis, replication and function of pancreatic
beta and non-beta cells. In this review we will describe
the present state of knowledge of the mechanisms that
regulate the development, differentiation and growth of
the endocrine pancreas, including data from both human
and experimental animal studies.
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Ontogeny of the pancreas:
the process of morphogenesis

The mammalian pancreas controls nutrient resorption
and glucose metabolism via the functional activity of its
three major cell compartments, i.e. the ductal cells, aci-
nar cells and endocrine cells. Although these three cell
compartments differ clearly in structure and function,
they al have the same origin, the primitive gut endo-
derm. The earlier hypothesis that pancreatic exocrine and
endocrine cells are derived from different cell pools, i.e.
the gut endoderm and the neural crest, respectively [63],
has been refuted by a number of cell lineage experiments
[3, 20, 49] and molecular studies (see below).

During early gestation (28 days in humans, 8 days in
mice) evaginations of the embryona foregut form the
ventral and dorsal buds of the pancreas. The two buds
arise opposite to each other while the gut is still surround-
ed by primitive mesenchyme. The ventral anlage is close-
ly associated with the hepatic and gallbladder diverticu-
lum and appears to start to grow somewhat later than the
dorsal bud. After rotation of the stomach and the duode-
num, the ventral anlage moves around and fuses with the
dorsal bud. The ventral bud forms the posterior part of the
pancreatic head including the uncinate process, while the
dorsal bud forms the remainder of the organ. In the en-
larging epithelial buds a treelike ductal system develops,
which eventually gives rise to endocrine and acinar cells
(Fig. 1) [75].

Endocrine cells in the embryonal pancreas:
the hormonal markers

The first endocrine cells that can be identified by their
hormone content in the human embryonal pancreas are
the cells producing somatostatin and pancreatic polypep-
tide (PP; Fig. 2). From the 7th gestational week (gw) on-
ward they are observed scattered among ductal cells [7].
One week later, glucagon-producing cells appear (Fig. 3),
and by the beginning of gw 9 insulin cells can be detect-



528




ed. The C-peptide of the proinsulin molecule is detectable
from gw 10 onward [57].

In mice, insulin or glucagon is the first hormonal
product that can be identified in pancreatic endocrine
cells. This occurs between days 9.5 and 10.5 of embry-
onic development [36, 87, 89], and it appears that these
cells co-express both hormones over the following 2—-3
days. In contrast to humans, somatostatin and PP are ex-
pressed somewhat later (day 15.5). In addition, Up-
church et a. [89] found cells staining for peptide Y,
which, at least when it is first detected, colocalises with
each of the four main islet hormones in the order of their
appearance. Triple immunofluorescent staining revealed
coexpression of peptide YY with only one of the other
islet hormones, but never the production of three hor-
mones in a single cell. The appearance and coexpression
of peptide YY in the earliest pancreatic endocrine cell
types suggest an origin of the different islet cells from a
common peptide Y Y-producing progenitor cell [89]. The
results of the study by Herrera et al. [36] differ from
those of Upchurch et al. [89] in that Herrera et al. failed
to observe cells containing both insulin and glucagon,
while they did find a colocalisation of glucagon and PP.

Apart from the above hormones, a number of other
hormones and bioactive amines, such as gastrin, gastrin-
inhibitory polypeptide, serotonin, catecholamines and
prostaglandins, have been detected in the embryonal and
fetal pancreas [34]. This suggests that the embryonal/fe-
tal pancreatic endocrine cell is able to produce more than
one type of hormone. The biological significance of this
ability is not yet known, but it seems to be largely lost in
the adult pancreas [55].

Microdissection-based RT-PCR studies of epithelia
segments isolated from the foregut of mouse embryos at
different stages of development revealed that the genes
for the specific pancreatic hormones and enzymes (insu-
lin I and 11, glucagon, somatostatin, PP, carboxypeptidase
Al and amylase) are transcribed in a genetically pro-
grammed chronology [28, 29]. Somatostatin mMRNA was
found first. It was detected in the embryonic foregut prior
to the evagination of the duodenum, which precedes pan-
creatic morphogenesis. Interestingly, this expression was
not restricted to the areas of the foregut that give rise to
the pancreas. Insulin and glucagon were first expressed
approximately 12 h before the evagination of the dorsal
duodenal wall, from where the dorsal pancreas anlage
starts to develop. Shortly after the evagination of the pan-

Fig. 1 Embryonal human pancreas composed of small ducta
structures in the vicinity of the primitive duodenum. H& E, x60

Fig. 2 Feta human pancreas (9th gestational week [gw]) with a
PP-positive cell within the epithelium of aductal structure. Immuno-
staining for pancreatic polypeptide, x240

Fig. 3 Feta human pancreas (gw 10). Glucagon-positive cells
associated with duct epithelium and within small endocrine cell
clusters. Immunostaining for glucagon, x120

Fig. 4 Fetal human pancreas (gw 21) with formation of definite
isets. H& E, x120
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creatic buds the pancreatic polypeptide gene was ex-
pressed. Finally, carboxypeptidase and amylase mRNAs
were expressed, although acinar structures had not yet
been formed. It was concluded from these results that the
expression of functionally related mRNAs in morphologi-
cally undifferentiated cellsin the wall of the duodenal an-
lage may represent the recruitment/commitment of these
cells to an endocrine cell lineage. Moreover, hormone ex-
pression may be viewed as a stepwise process starting
with a low-level transcription (MRNA for hormones ap-
pears) in endocrine precursor cells, followed by a gradu-
aly increasing synthesis of the specific hormones, which
paralelstheir differentiation to a mature cell type [87].

Islet development: the structural features

Islets form by aggregation of polyclonal endocrine cells
[23]. This seems to occur when they start to express cer-
tain cell adhesion molecules, such as neura cell adhe-
sion molecule (N-CAM) [47] and cadherins [22, 73].

In humans, islet formation begins at gw 12. In the first
phase, i.e. gw 13-16, small aggregates of endocrine cells
grow out from pancreatic ducts and become vascularised.
These primordial islets of Langerhans make up approxi-
mately 4% of the total pancreatic tissue. Subsequently,
from gw 17 to 20, idets lose their contact with ducts (Fig.
4) and non-beta cells form a mantle around the beta cells
(‘mantle idets'). Eventualy, i.e. between gw 21 and 26,
non-beta cells also appear to some extent in the centre of
the idets, which then display the characteristic composition
of the postnatal idet [34]. In these periods of development,
i.e. between gw 17 and 20 and gw 21 and 26, the propor-
tion of idlet tissue increases to 8% and then to approximate-
ly 13%, while the average size of the idets increases from
27 pm to 99 um in diameter [35]. Apart from idets the fetal
pancreas contains a large number of small beta cell clusters
(<20 um in diameter), which account for approximately
1.2% of the pancreatic tissue [67]. This proportion decreas-
es towards the end of pregnancy, but ‘extrainsular’ beta
cell units are still present in the adult pancreas, where they
account for approximately 15% of al beta cells and are
found to be associated with ductules [16]. The duct cell
system itself makes up about one third of al cells [16],
much more than was originally thought. The endocrine tis-
sue accounts for only 1-2% of the entire pancreas[35].

Extra-insular beta cell clusters or single cells, some of
them associated with ducts (Fig. 5), are also found in the
rat pancreas, where they represent less than 1% of all beta
cells[91, 92]. Extrapancreatic islets have also been found
in the submucosal layer of the duodenum in rats[5].

Origin of endocrine cells: the stem cell compartment

It has been shown that in the developing pancreatic di-
verticula exocrine and endocrine cells originate from
branching ‘protodifferentiated’ epithelial cells with the
features of duct cells [64]. These findings strongly sug-



Fig. 5 Adult rat pancreas showing A, B a single beta cell and C,
D acluster of beta cells among duct epithelium (DC and asterisks
in C). Note the open contact between the beta cell and the duct
lumen (DL; Cap blood capillaries). Photographs by courtesy of
Prof. J. Roth, Zirich. A, B, D Protein A-gold staining for insulin,
A x250, B x3500, C x1800, D x8000

gest that the pancreatic duct cells harbour the stem cell
compartment from which, under appropriate stimuli, aci-
nar or islets cells may differentiate. The phenotype of the
putative pancreatic stem cell has yet to be defined, how-
ever, although recent studies were able to identify pro-
teins such as tyrosine hydroxylase [87], glucose trans-
porter (GLUT-2) [62], cytokeratins [14], high-affinity
nerve growth factor TrkA [44] and PDX-1 [43], which
might serve as putative stem cell markers[13].



Fig. 6 Neonatal rat pancreas (day 2) showing small ductular
structures surrounding islet cells. Both duct cells and islet cells are
positive for CK20, although in differing intensity. Immunostaining
for CK20, x240

Fig. 7 Adult rat pancreas after duct ligation. Insulin-positive cell
(red) arising from CK20-positive duct cells (arrows). Immuno-
staining for insulin and CK20, x240

Tyrosine hydroxylase (TH), a neuronal marker, shows
a shift of expression in the developing rat pancreas [86,
87]. TH expression was found on embryonal day 16 (e16)
in pancreatic ductular cells, but not in endocrine cells.
During late fetal and early postnatal life, TH immuno-
staining was also observed in islet cells and some ductular
cells. In the adult rat pancreas, TH expression was re-
stricted to beta cells. This expression pattern suggests that
endocrine precursor cells are characterised by the expres-
sion of TH.

GLUT-2 was found to be expressed in cells of the
dorsal and ventral pancreatic buds of rat embryos [62].
This expression was maintained during subsequent
growth and branching of the buds. Later (on day 17),
cells coexpressing GLUT-2 and insulin were detected,
which aggregated to form the beta cells of islets. Cells
that became acinar cellslacked GLUT-2 expression.
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A difference in cytokeratin (CK) 20 expression was
found in pancreatic ductal and endocrine cells in the rat
[14, 87, 91]. In the adult animal, CK20 labelled only the
duct cells. However, during the fetal and neonatal periods
and after induction of beta cell neogenesis by duct liga-
tion in adult rats, CK20 was also expressed in endocrine
cells (Fig. 6) identified by their staining for insulin or
glucagon. This indicates that there are transitional forms
of ductal cells to endocrine cells, which might represent a
protodifferentiated cell compartment, from which the ter-
minally differentiated endocrine cells derive [13, 91].

In the human fetal pancreas proliferation is mainly found
in the duct cell compartment, followed in frequency by en-
docrine cells, which are synaptophysin positive but hormone
negative, and, finaly, insulin- or glucagon-positive cells. In
addition, it was noted that all epithelia cells, including endo-
crine cells, express cytokeratin 19 from gw 12 to gw 16. La
ter this cytokeratin disappears from the endocrine cells [15].

Induction of pancreatic development:
the role of the mesenchyme

Epithelial-mesenchymal interactions seem to play a major
part in pancreatic development. Studies in mice and rats
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even some 20-30 years ago postulated a *mesenchymal
factor’ as a potential stimulus for the differentiation of
pancreatic cells during embryogenesis [24, 27, 31, 51, 64,
97]. Gittes et al. [30] recently analysed the effects of the
environment on the morphogenesis of the pancreas in more
detail. First it was shown that in the absence of mesen-
chyme isolated pancreatic epithelium was unable to differ-
entiate into exocrine or endocrine tissue. Second, grafting
of pancreatic epithelium under the kidney in association
with nonspecific mesenchyme resulted in the formation of
mature endocrine cells, but no acinar or ductal cells. Third,
when the isolated epithelium was grown in the presence of
the surrounding (specific) mesenchyme and supplied with
soluble mesenchymal factors, it differentiated into ductal
and acinar cells. Finaly, when pancreatic epithelium was
cultured on Matrigel containing extracellular matrix com-
ponents, it developed into ductular structures only. These
results suggest that the differentiation of the exocrine com-
ponent of the pancreas requires mesenchymally derived
signals, which apparently differ from those necessary for
the differentiation of endocrine cells.

The essentia role of the mesenchyme for the develop-
ment of the pancreas was further defined in 1997, when
Kim et a. [46] reported that removing the notochord (rep-
resenting early mesenchymal tissue) from the endoderm
abrogates pancreatic development. This again suggests that
signals from the mesenchyme are essential for the differen-
tiation of primitive gut endoderm into pancreatic cells.

Induction of endocrine cell differentiation:
the role of transcription factors

The investigations described in the preceding section have
shown that the primitive gut endoderm has the capacity to
respond to extrinsic signals (factors) from the surrounding
mesenchyme. This responsivenessis probably regulated by
the expression of a specific set of intrinsic factors that con-
trol the mechanisms for further cell differentiation [81].
These intrinsic factors are called transcription factors.
They are proteins distinct from RNA polymerase, which
are required for the initiation of transcription. They acti-
vate a promoter or a set of promoters containing a recogni-
tion target sequence such as a cis acting site. The transcrip-
tion factor genes belong to the homeobox genes, which are
known to control pattern formation during development.
Distinct homeotic genes within a homeobox have a gene-
regulatory function and act as transcription factors that
regulate target genes in a precise spatial and temporal pat-
tern [52, 83]. The essential role of transcription factors in
pancreatic development was recently demonstrated in in-
vestigations using knockout mice lacking certain transcrip-
tion factors, such as PDX-1 or ISL-1 (reviewed in [76]).

PDX-1

This homeodomain protein in mammals was found to be
a transcription factor regulating the expression of insulin

and somatostatin. It is also known as insulin promoter
factor 1 (IPF-1) [59], somatostatin transactivating factor
1 (STF-1) [50] and islet-duodenal-homeodomain protein
(IDX-1) [54]. The pdx-1 gene represents a homologue of
the XIHbox-8 gene of Xenopus, which it is assumed
plays a part in the molecular mechanisms controlling the
regionalisation of the gut [98]. In mice, pdx-1 expression
starts at day 8.5 in the dorsal gut endoderm, preceding
insulin and glucagon expression. One day later PDX-1
appears in all cells of the dorsal and ventral pancreatic
buds and in the duodenal wall between them [1, 33, 58].
Subsequently, pdx-1 expression becomes more and more
restricted to the islet cells. Finaly it is produced mainly
in the beta cells[33, 54, 58].

Knock-out mice that were homozygous for a targeted
mutation of the pdx-1 gene selectively lacked a pancreas
[43], while the rest of the gastrointestinal tract, including
the common bile duct, the duodenum and the mesen-
chyme, showed normal development. In a patient with
pancreatic agenesis the lack of a pancreas was associated
with a single nucleotide deletion in the pdx-1 gene [84].

In a second pdx-1 knock-out mouse model [58], the
defect abolished pancreatic outgrowth and the differenti-
ation of the most proximal part of the duodenum, but
failed to inhibit the differentiation of glucagon cells in
the bud. In addition, this model suggested that the pdx-1
gene acts autonomously on cells by exerting its effects
within the epithelium where it is expressed, but that the
growth of the pancreatic mesenchyme is independent of
PDX-1 expression.

Ahlgren et a. [1] suggested an interesting model for
the role of PDX-1 during early pancreatic development
in mice (e8 to el15). At €8, patterned embryonic gut epi-
thelium receives an inductive signal prior to the 15
somite stage, which leads to the onset of PDX-1 expres-
sion in the dorsal and ventral gut wall and the initiation
of evagination. At this stage, no pancreatic mesenchyme
is associated with the dorsal gut tissue, which instead is
in close contact with the notochord. One day later (€9)
high levels of PDX-1 occur in the evaginating dorsal and
ventral buds and mesenchymal cells accumulate around
the dorsal bud. First, glucagon-expressing cells appear.
By €10, PDX-1 may have activated genes that make the
pancreas buds able to grow, branch and differentiate. On
this day the first insulin cells appear. Subsequently (el1),
epitheliomesenchymal interaction leads to the morpho-
genesis and differentiation of the pancreas and PDX-1 is
down-regulated. Then an increase in insulin cells, which
are also PDX-1 positive, occurs.

Mice that are heterozygous for pdx-1 develop normal-
ly, but seem to have more non-beta cells than wild-type
mice, making this model an interesting one for the study
of the genetic background of late-onset diabetes [26].
Once the region of the foregut has acquired the ahility to
develop into a pancreas due to the expression of pdx-1,
the further differentiation of endocrine cells seems to be
regulated by the pax genes. The expression of these
genes in the pancreatic epithelium at €9.0 defines two
endocrine cell populations. cells expressing both Pax4



and Pax6 will develop into mature insulin-producing be-
ta cells, while cells expressing only Pax6 differentiate
into glucagon-producing alpha cells. Deletion of Pax4
diverts the beta cell lineage into the alpha cell lineage.
Absence of Pax6 eliminates the alpha cell lineage [82].

ISL-1

All types of islet cells in the adult pancreas express the
homeoprotein ISL-1 [2]. Targeted disruption of the Isl-1
gene has shown that it is necessary for the development
of the dorsal pancreatic mesenchyme and the differentia-
tion of islet cells.

Other transcription factors

Candidates for other potentialy important transcription
factors are Nkx6.1, BETA 2 and PTP-NP. Nkx6.1 was
cloned from a hamster library [74] and found to be ex-
pressed in the pancreatic buds, but only in a subset of
cells. Later its expression was restricted to beta cells,
thus implying that it may be specific to beta cell differ-
entiation and function [76].

The expression of the bHLH (basic helix—oop—helix)
protein BETA2 is restricted to brain and islet cells, but
little is known about its occurrence during the course of
development [56]. Some of these factors, i.e. the bHLH
proteins, may act as a molecular clock during develop-
ment [78].

Recently, PTP-NP, a new member of the tyrosine
phosphatase receptor family, was suggested as a factor
controlling the development of pancreatic endocrine
cells [21]. The transcription of PTP-NP is observed as
early as €8.5 (mouse) in the endodermal layer of the dor-
sal region of the gut that gives rise to the pancreas. One
day later and thereafter, as the pancreatic rudiment be-
comes morphologically distinguishable, cells containing
PTP-NP appeared to be restricted to the pancreatic rudi-
ment, thus making it a more specific marker than PDX-
1, which is also expressed in the adjacent duodenum in
early stages of development [60]). In the fetal and in the
adult pancreas PTP-NP expression is specific to all four
endocrine lineages and is not found in exocrine cells.

Induction of embryonal endocrine cell growth
and functional differentiation: the growth factors

The soluble factors that have been found to exert an in-
fluence on both cell proliferation and cell differentiation
are usually referred to as growth factors [69]. On the one
hand, they act as mitogens, initiating cell growth, cell di-
vision and cell differentiation; on the other hand, they in-
fluence cell function. They act in a paracrine or an auto-
crine manner. Among the growth factors that may have a
role in the endocrine pancreas are insulin-like growth
factors (IGF) | and II, transforming growth factors
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(TGF) alpha and beta, hepatocyte growth factor/scatter
factor (HGF/c-met), nerve growth factor (NGF), beta
cellulin (BTC), vascular endothelial growth factor
(VEGF) and gastrin. Neogeneration of pancreatic endo-
crine tissue was also observed in transgenic animals that
express interferon gamma (INF-y) [32], interleukin 6
(IL-6) [18] or tumour necrosis factor (TNF) apha[37].

Insulin-like growth factor

IGF-I and IGF-Il exert a number of diverse effects, in-
cluding mitogenic effects (together with growth hor-
mone), insulin-like action, stimulation of chemotaxis and
induction of cell differentiation. IGF-I binds to the type-|
IGF receptor, a tyrosine kinase that shares considerable
sequence identity with the insulin receptor [88]. A num-
ber of different IGF-binding proteins (IGF-BP 1-6) act
as transporters in the serum and also have other biologi-
cal effects. IGFBPs have been shown to both stimulate
and inhibit IGF-I action. IGF-I and IGF-11 are expressed
in the rat pancreas from €20 at the latest, the latter being
predominant in fetal life and the former during fetal de-
velopment [39]. In addition, the expression of |GF-BPs
1, 2, 3 and 4 shows distinct developmental patterns. | GF-
BP-3 and 4 are predominant in the fetal and neonatal pe-
riods, while increased expression of IGFBP-1 and 2 oc-
curs 2-3 weeks after birth. The ontogeny of IGFBP gene
expression in the pancreas may be related to changes in
the nutritional input.

Transforming growth factor alpha

TGFa belongs to a family of peptides that play an im-
portant part in the regulation of cell growth and differen-
tiation in both developing and mature mammals. Its ef-
fects are mediated by binding to the epidermal growth
factor (EGF) receptor [40]. After pancreatic duct liga
tion, elevated TGFa protein expression is found in the
cells of the tubular complexes and ducts, as remodelling
of the ligated pancreas parenchyma occurs. Because its
expression coincides with increased duct cell prolifera-
tion and gastrin expression as well as with the formation
of new beta cells [92, 94], it has been suggested that it
might be one of the factors involved in islet cell neogen-
esis [94]. The observed neogeneration of islet tissue in
TGFa/gastrin double-transgene mice further supports
this assumption [95].

Transforming growth factor beta

The general role of the TGF superfamily in embryogen-
esis was investigated by Hogan et a. [38]. In the human
pancreas, immunohistochemistry and in situ hybridisa-
tion techniques revealed the presence of TGF(3, -B, and
-B; iniset, acinar and duct cells. TGF3 type Il receptor-
negative transgenic mice have aberrant ductular cells and
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ductules [12]. This indicates that TGF[3 has an inhibitory
effect on the growth of ductular cells and ductules.
TGF3; induces the regression of the acinar compartment
of the developing pancreas and promotes differentiation
of the endocrine tissue [77].

Hepatocyte growth factor/scatter factor

HGF, a glycoprotein, exerts morphogenetic effects on
several tissues, including digestive epithelium [45]. Itsre-
ceptor is encoded by the c-met proto-oncogene. In the
partial pancreatectomy model of endocrine cell regenera-
tion ([9]; see below) the expression of HGF mRNA was
found to be increased after 24 h, with a peak at days 2-3
[11]. This expression pattern coincided with proliferation,
branching and regeneration of the ductules, suggesting
that HGF might have a role in the regenerative process
after partial pancreatectomy, possibly as both an auto-
crine and paracrine mitogen for the ductal epithelium.

Nerve growth factor

The high-affinity NGF receptor Trk-A, which is required
for NGF signal transduction, is expressed in various beta
cell linesand in normal rat islet cells both in primary cul-
ture and in vivo in the fetal and in the adult pancreas [44,
79]. By double immunofluorescence analysis using anti-
Trk-A plus anti-insulin or anti-glucagon, Trk-A expres-
sion was found on €16 in pancreatic ductular cells, but
not in endocrine cells. During late fetal and early postna-
tal life, Trk-A immunostaining was also observed in islet
cells and adjacent ductular cells. In the adult rat pancress,
Trk-A expression is restricted to beta islet cells. This ex-
pression pattern suggests that endocrine precursor cells
might be targets for the Trk-A ligand NGF.

Betacellulin

BTC was isolated from the medium of beta-TC-3 insuli-
noma cells and is considered to belong to the EGF fami-
ly [80]. It stimulates growth in fibroblasts and vascular
smooth muscle cells and converts pancreatic AR42J-B20
cells into insulin-producing cells [53]. It is expressed in
human pancreatic islets and is therefore thought to be in-
volved in the differentiation of pancreatic beta cells[42].

Vascular endothelial growth factor

In the rat pancreas, the angiogenic factor VEGF was
found to be expressed in normal islet cells, while its re-
ceptor FIk-1 was demonstrated on the apical membrane
of ducts. When rat duct cells in primary culture were
treated with VEGF, the proliferation index of the cells
more than doubled, but no endocrine differentiation was
induced [68]. These observations suggest that VEGF

may stimulate the growth of pancreatic ducta cells, but
has no effect on islet neogenesis.

Gastrin

Gastrin appears to have a dual function as a hormone and
as atrophic factor. As atrophic factor gastrin exerts a po-
tent effect on the enterochromaffin-like cell, and possibly
on other gastric and intestinal cells as well [85]. It has
been suggested that gastrin and the homologous chole-
cystokinin are responsible for increased 3H-thymidine la-
belling of pancreatic ductal and acinar cells in rats fed
raw soya flour [57]. In the mammalian pancreas, and par-
ticularly in the rat pancreas, gastrin is expressed at both
the mRNA and the protein level [4, 17, 48] during late fe-
tal gestation when cytodifferentiation into ductal, acinar
and endocrine cells occurs [64], but disappears rapidly
from the pancreas in the postnatal period. These findings
suggest that pancreatic gastrin may play a part in the
growth and development of the endocrine pancreas.

Postnatal endocrine cell growth and regeneration:
the experimental models

Whenever the postnatal growth of the endocrine pancre-
as is considered the discussion focuses on the beta cells,
because they are the most frequent and functionally most
important cells of the pancreatic islets. The capacity of
postnatal beta cells to grow or regenerate via replication
(mitotic division of pre-existing, differentiated beta
cells) or neogenesis (differentiation from an undifferenti-
ated precursor or stem cell) seems to be low. However,
several experimental models have shown that under cer-
tain conditions and in certain stages of development, the
growth of beta cells can be reactivated. The most impor-
tant of these models are duct ligation in adult rats [41,
92], partia (90%) pancreatectomy in rats [10], cello-
phane wrapping of the pancreatic head in adult hamsters
[70, 72], streptozotocin-induced beta cell depletion in
newborn rats [8, 10, 19, 92, 96] and beta cell destruction
by selective alloxan perfusion in adult mice [90].

Duct ligation model

It has long been known that duct ligation may trigger is-
let neogenesis. Only recently, however, was this process
studied in detail [92]. It was shown in the ligated rat pan-
creas that the beta cell population nearly doubles within
the first week after duct ligation. Moreover, CK 20-posi-
tive ductal cells were identified that coexpressed insulin
or the beta cell marker GLUT 2 (Fig. 7). These results
suggested neogenesis of beta cells from duct cells rather
than replication from pre-existing beta cells.

In another experiment rat pancreatic tissue was exam-
ined 24 h after duct ligation. Intermediate cells, i.e. cells
that showed both insulin and amylase granules, were de-



tected. This finding, which was confirmed at the mRNA
level, was interpreted as an indication of neoformation of
beta cells through transdifferentiation of acinar cells[6].

Cellophane wrapping

Rosenberg et a. [70, 71] developed a model of partia pan-
creatic duct obstruction in hamsters that provides further
evidence of a continuous development from duct to islet
cells. Fourteen days after the head of the pancreas had been
wrapped in cellophane, cells migrated from the epithelium
of small intralobular ductules and began to form new islet
structures. After 8 weeks there was a 2.5-fold increase in
idet cell mass. With in situ hybridisation for insulin and
glucagon mRNA three patterns of endocrine differentiation
were observed: (a) mature cells expressing glucagon, so-
matostatin, or insulin, (b) foci of new idet formation ex-
pressing only one islet hormone, and (c) individua cellsin
the ductular epithelium expressing glucagon or insulin
[69]. Moreover, a protein called ilotropin was identified,
which was expressed during islet neogenesis and thought
to be capable of initiating duct cell proliferation [65, 66].

Partial pancreatectomy

The 90% (partial) pancreatectomy rat model is another
model for studying the mechanism of pancreatic growth
and regeneration [9]. Bonner-Weir et al. [10] reported
that after 90% pancreatectomy in young rats there was
regeneration of both acinar and islet tissue. By 8 days af-
ter surgery the remaining 10% of the pancreas had regen-
erated to 27% of the normal pancreas weight and 45% of
the islet cell mass. This led to the formation of new acini
and islets that were indistinguishable from the pre-exist-
ing ones. The increase in beta cell mass has been shown
to be due in part to neogenesis from proliferating ducts.

By applying immunohistochemistry, RNA analysis
and in situ hybridisation, Bonner-Weir also examined
changes in the expression of different growth factors.
IGF-I, TGFB and HGF al showed increased expression
at different times during the regenerative process, thus in-
dicating that they might be potential factors in pancreatic
cell neogenesis. The reg/PSP (regenerating gene or pan-
creatic stone protein), however, showed changes unrelat-
ed to islet growth. Bonner-Weir’s group [11] hypothesises
that there are factors that influence each pathway of beta
cell renewal, with some factors influencing proliferation
of the ductal cells and others stimulating the differentia-
tion of ductal cellsinto various pancreatic cell types.

Neonatal streptozotocin model

Beta cell growth after injury has been studied in rats
treated with streptozotocin during the neonatal period [8,
25, 93, 96]. Given on the first day of life, streptozotocin
induces subtotal beta cell damage with concomitant hy-
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perglycaemia, which is followed by rapid beta cell re-
generation restoring normoglycaemia. Although beta cell
regeneration leads to an increase in cell number of al-
most 50% of normal by 6 weeks of age, beta cell func-
tion is diminished, resulting in the gradual reappearance
of diabetes. Wang et al. [93] showed that the extent of
beta cell regeneration depends on the timing of beta cell
damage and that this potential declines rapidly during
the first days of life. In the adult rat the regenerative ca-
pacity after streptozotocin treatment is therefore only
minimal. The critical period in postnatal life which de-
termines the regenerative capacity of the beta cell popu-
lation seems to be the day of birth, indicating that the
mechanism of beta cell growth is generated by progeni-
tor cells. Later on the regeneration seems to be mainly
due to the replication of pre-existing beta cells and to a
lesser extent to precursor cells located in the pancreatic
ducts.

Alloxan perfusion model

Waguri et al. [90] established a model of transient diabe-
tes for 48 weeks in mice by perfusing the body and tail
of the pancreas with aloxan after clamping the superior
mesenteric artery. In the alloxan-perfused compartment
all beta cells were destroyed within 5 days. In this model
both processes, proliferation and differentiation, took
place in the same pancreas. I n the beta-cell-depleted pan-
creas neogenesis of beta cells from extra-islet precursors
located within the ductular epithelium was mainly ob-
served, while in the non-alloxan-perfused part of the
pancreas beta cell regeneration was based mainly on pro-
liferation from pre-existing beta cells located in islets.

Conclusions and perspectives

In recent years the combined use of different techniques,
such as immunocytochemistry, molecular genetics, mi-
crodissection and in vitro culturing, and the availability
of transgenic mice have considerably furthered our un-
derstanding of the processes and factors that regulate the
development, differentiation and growth of the pancreas
as a whole and the endocrine pancreas in particular. It
has been clarified that the primitive gut endoderm gives
rise to progenitor cells for both exocrine and endocrine
cells. The differentiation of these cells, as evidenced by
gene transcription for islet hormones and enzymes, is al-
ready initiated in the gut epithelium prior to the forma-
tion of the pancreatic diverticula. Morphogenesis and
further differentiation of the pancreas, which finally re-
sults in a complex tissue structure combining duct cells,
acinar cells and islet cells, requires the presence of noto-
chord and mesenchyme and is controlled — inter alia— by
transcription factors such as PDX-1, Pax4 and Pax®6.
Growth of the fetal endocrine pancreas results from rep-
lication of pre-existing, differentiated endocrine cells,
particularly beta cells, and by neogenesis from undiffer-
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entiated precursor or stem cells. After birth both mecha-
nisms continue to maintain beta cell growth, albeit at a
low level. In the adult pancreas there is evidence that,
under certain conditions, duct cells can be stimulated to
differentiate into islet cells. However, it remains to be
elucidated whether all duct cells retain a stem cell poten-
tial and which among the transcription and growth fac-
tors are required to induce islet cell neogenesis. The un-
derstanding of these processes would give us more in-
sight into beta cell growth and regeneration, which prob-
ably contribute to a greater or lesser degree to the patho-
genesis of al types of diabetes mellitus and thus also
have implications for the potential treatment of this dis-
ease group. Asfor iglet cell transplantation, a still experi-
mental treatment of insulin-dependent diabetes mellitus,
it might become possible to augment islet cell mass after
transplantation by providing appropriate growth factors
and an adequate microenvironment.
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