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Abstract

We have observed pancreatic duct cell proliferation and
islet regeneration in transgenic mice whose pancreata
produce interferon � (IFNg mice). We have previously
demonstrated that new islet cells derive from endocrine
progenitor cells in the pancreatic ducts of this model. The
current study was initiated to define these endocrine
progenitor cells further and to identify novel markers
associated with pancreatic regeneration. Importantly, we
have found that PDX-1, a transcription factor required for
insulin gene transcription as well as for pancreatic devel-
opment during embryogenesis, is expressed in the duct
cells of IFNg mice. This striking observation suggests an
important role for PDX-1 in the marked regeneration

observed in IFNg mice, paralleling its critical function
during ontogeny. Also demonstrated was elevated expres-
sion of the homeobox-containing protein Msx-2 in the
pancreata of fetal mice as well as in adult IFNg mice,
identifying this molecule as a novel marker associated with
pancreatic development and regeneration as well. The
identification of PDX-1 and Msx in the ducts of the IFNg
transgenic pancreas but not in the ducts of the non-
transgenic pancreas suggests that these molecules are
associated with endocrine precursor cells in the ducts of
the IFNg transgenic mouse.
Journal of Endocrinology (1999) 163, 523–530

Introduction

Insulin-dependent, or type I, diabetes mellitus is
characterized by the selective destruction of the insulin-
synthesizing and insulin-secreting beta cells of the
pancreatic islets of Langerhans, rendering type I diabetic
patients dependent on exogenous insulin for life. There-
fore, experimental models of pancreatic regeneration are
vital for developing any treatment strategy aimed at
alleviating the consequences of this disease. This rationale
propels our continuing studies of the interferon-�-
producing (IFNg) transgenic mouse. These mice, which
express IFNg in the beta cells of their pancreatic islets,
undergo ductal hyperplasia and destruction of islets by
infiltrating lymphocytes (Sarvetnick et al. 1988, Gu &
Sarvetnick 1993). Remarkably, though, such mice
undergo considerable islet regeneration. The newly
formed islets bud into the lumen of ducts. The aggressive
growth of pancreatic ducts and the continuous differen-
tiation of new endocrine cells during adult life indicate that
islet stem cells responsible for this extraordinary regrowth
occupy the transgenic animals’ pancreata. Here, we

attempted to define the stem cells responsible for this
pancreatic regrowth, as well as to identify markers
associated with the regenerative process.

Elegant and important experiments recently demon-
strated that transcription factors important for insulin gene
expression are critical for the development of the pancreas
during embryogenesis (see Sander & German 1997 for
review). PDX-1 (also called IDX-1, IPF-1, or STF-1), a
transcription factor that regulates insulin expression, is one
important marker (reviewed in Peshavaria & Stein 1997).
PDX-1 is expressed in the pancreatic islets of adult mice
but is absent from duct cells and acinar tissue (Ohlsson
et al. 1993). The fact that PDX-1-deficient mice lack a
pancreas and die shortly after birth indicates the absolute
requirement for PDX-1 during pancreatic development
( Jonsson et al. 1994, Offield et al. 1996). Additionally,
PDX-1 functions in determination and/or maintenance
of the pancreatic identity of common precursor cells
(Peshavaria & Stein 1997).

Like PDX-1, Msx-2 is a homeobox-containing tran-
scription factor. Msx-2 is part of a conserved family of
transcription factors that play critical roles in tissue
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patterning and organogenesis during development
(Davidson & Hill 1991, Davidson 1995). For example, the
involvement of Msx-2 in bone and tooth development has
been well described (Ignelzi et al. 1995, Maas & Bei 1997).
Notably, Msx-2 is expressed at a wide variety of sites in the
developing embryo, suggesting its involvement in the
generation of a number of organ systems (Davidson & Hill
1991, Davidson 1995). Nevertheless, no specific role for
Msx-2 in pancreatic development is known.

PDX-1 and Msx expression patterns were studied to
define and characterize further the progenitor cells that
give rise to islet cells in the IFNg transgenic model of
pancreatic regeneration. Whereas Msx-2 was selected for
study after it was found to be dramatically elevated in the
IFNg regenerating pancreas in a differential cDNA analy-
sis (described below), PDX-1 was selected for study based
on its critical and proven role in pancreatic development.
Indeed, Sharma et al. (1999) recently published a report
demonstrating the induction of PDX-1 in rat ducts fol-
lowing partial pancreatectomy. These authors further sug-
gested that PDX-1 might be involved in the derivation of
beta cells from ductal cells. Importantly, we now report
significant expression of PDX-1 and Msx proteins in the
ducts of the IFNg transgenic pancreas.

Materials and Methods

Animal husbandry

Animals were maintained in a specific pathogen-free
facility at The Scripps Research Institute according to the
rules and regulations governed and enforced by the
Institutional Animal Care and Use Committee. Animals
were housed under a controlled 12-h light/darkness cycle
with food and water available ad libitum. The embryos
used in these studies did not carry the IFNg transgene.

Transgenic mouse generation

Transgenic mice expressing IFNg have been described
previously (Sarvetnick et al. 1988). The IFNg transgenic
mice used in these studies were on the non-obese diabetic
(NOD) background. IFNg mice that have been back-
crossed onto the NOD/Shi strain for more than ten
generations have a very low incidence of diabetes, <20%,
compared with NOD mice which have an incidence of
�80% for females and �25% for males.

Immunohistochemistry

Pancreata from test mice were fixed overnight in 10%
neutral buffered formalin (3·6% formaldehyde) and
embedded in paraffin. Paraffin sections (5 µm) were either
conventionally stained with hematoxylin and eosin for
histological evaluation or stained for the presence of

insulin, PDX-1, or Msx using immunocytochemical tech-
niques. Briefly, sections were deparaffinized and blocked
with 2% normal goat serum before applying the primary
antibodies for insulin (DAKO, Carpentaria, CA, USA),
Msx (BAbCO, Richmond, CA, USA), or PDX-1 (a
generous gift from Dr Chris Wright, Vanderbilt
University Medical School, Nashville, TN, USA and
Dr Helena Edlund, University of Umeå, Umeå, Sweden).
Binding of the primary antibody was detected using the
appropriate secondary antibody (Vector Laboratories,
Burlingame, CA, USA), and the horseradish peroxidase
(HRP)-labeled avidin-biotin complex (ABC kit, Vector
Laboratories). HRP was visualized using 3,3�-
diaminobenzidine as a substrate. Gill’s hematoxylin was
used as a counterstain.

Immunoelectron microscopy

Pancreatic tissue was fixed in 10% normal buffered
formalin (3·6% formaldehyde) for 2 h at 25 �C. Fixed
tissue was infused in 1·5 M sucrose-PBS for 0·5 h with
gentle inversion periodically. Infused tissue was then
quick-frozen in liquid nitrogen, embedded in OCT and
2-methylbutane and sectioned 30-40 µm thick. These
sections were incubated in glycine-PBS to quench
aldehyde for 0·5 h, blocked in 10% normal goat serum for
0·5 h, and incubated for 1 h each in PDX-1 (primary
antibody) and an HRP-conjugated goat anti-rabbit sec-
ondary antibody before refixing in 1% glutaraldehyde-PBS
for 0·25 h and washing in PBS. The reaction product was
visualized with diaminobenzidine (DAB) for 7 min and
DAB+H2O2 for 4 min before treating with 1% OsO4.
Tissue was dehydrated in graded ethanol, cleared in
propylene oxide and embedded in Spurr resin. Thin
sections were viewed with a Hitachi HU 12A electron
microscope.

Differential gene expression analysis

The Atlas Mouse cDNA Expression Array I (Clontech,
Palo Alto, CA, USA) was used to screen the IFNg
NOD-severe combined immunodeficiency (SCID)-
regenerating pancreas for upregulation of mRNAs relative
to the non-transgenic NOD-SCID pancreas. The analysis
was carried out according to the manufacturer’s recom-
mendations. Msx-2 was one of nineteen transcripts found
to be expressed in the regenerating pancreas but not in the
non-transgenic pancreas.

Results

PDX-1 and Msx in the fetal pancreas

We first sought to characterize PDX-1, Msx-2, and
insulin expression during fetal pancreatic development for
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comparison with that during regeneration, with the results
summarized in Table 1. After staining of pancreata from
Balb/c embryos at 14·5 days post conception, PDX-1
reactivity was most notable in the cord region of expand-
ing epithelial tissue from which the ducts and endocrine
tissue develop, and was also observed in the acinar tissue,
consistent with previous reports (Fig. 1A; Ohlsson et al.
1993, Guz et al. 1995). Nuclear staining was clearly
observed in the expanding epithelia, as well as in the acinar
tissue. Additionally, diffuse non-nuclear staining was ap-
parent within the region of PDX-1 staining. Based upon a
number of other studies which clearly demonstrate the
nuclear localization of PDX-1, we believe that this non-
nuclear staining is probably an artifact due to PDX-1
antigen leakage during fixation of the embryos. Impor-
tantly, although less extensive than PDX-1 staining, Msx
displayed considerable staining in the expanding epithelia
of the developing pancreas where PDX-1 was also

detected (Fig. 1B). Both nuclear and diffuse cytoplasmic
staining were observed with this antibody as well, and faint
nuclear staining in the acinar tissue was also detected
(Fig. 1B and Fig. 2A). Finally, insulin-producing cells
were also found in the region of expanding epithelia in the
embryonic pancreas (Fig. 2B). Compared with PDX-1
and Msx staining, its expression was not as widespread
within the cords, but rather was restricted more to the
peri-epithelial region (Fig. 2 illustrates this point with a
comparison of Msx and insulin staining patterns).

PDX-1 expression in pancreata of IFNg transgenic mice

To determine if PDX-1 is present in the pancreas during
regeneration as well as embryonic development, we
screened regenerating pancreata of adult IFNg mice for
PDX-1 expression. As shown in Fig. 3A, we found
striking expression of PDX-1 in the ducts of the IFNg
transgenic mouse. Specifically, we found nuclear localiz-
ation of PDX-1 in islet cells (as expected), as well as in a
proportion of cells within the duct wall. Staining was
observed in both small and large ducts, as well as in ducts
with and without intraductal islets. Staining of adjacent
sections with antibody to insulin revealed that these
PDX-1-positive ducts also contained a subpopulation of
cells that were positive for insulin (Fig. 3B). PDX-1
expression has not previously been observed in murine
pancreatic duct cells (Ohlsson et al. 1993) and, as expected,
the ducts from non-transgenic control mice did not express
PDX-1 or insulin (Fig. 3C and D). The expression of
PDX-1 but not insulin in a subpopulation of ductal cells in
IFNg transgenic mice suggests that such cells represent
pre-endocrine progenitor cells.

Ultrastructural analysis of PDX-1-expressing duct cells

We used immunoelectron microscopy to determine the
ultrastructure of PDX-1-expressing cells in ducts of the

Table 1 Summary of PDX-1, Msx, and insulin staining patterns in
fetal, IFNg transgenic, and non-transgenic pancreata

PDX-1 Msx Insulin

Fetal Balb/c
Duct (cord) +++ + +/�
Peri-epithelial +++ ++ ++
Acinar ++ +/� �

Adult IFNg transgenic
Duct +++ ++ +
Acinar � � �
Islet +++ + +++

Non-transgenic
Duct � � �
Acinar � � �
Islet +++ + +++

Plus signs refer to the extent of staining, from low (+/�) to extensive
(+++). Peri-epithelial staining refers to staining abutting the ductal cord
region.

Figure 1 PDX-1 and Msx immunostaining of the fetal pancreas. Serial sections of an E14·5 embryo were stained with antibody to
either PDX-1 (A) or Msx (B). Note the expression of both proteins, albeit at different levels, in the region of epithelial expansion.
Original magnification �20.
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IFNg transgenic mouse. Consistent with our observations
that not all PDX-1-expressing cells also expressed insulin,
we identified cells which expressed PDX-1 but which
were devoid of endocrine granules (Fig. 4). Moreover, we

found no significant structural differences among duct
cells, regardless of PDX-1 expression. In fact, ductal cells
in the regenerating pancreas exhibited many of the mor-
phological features characteristic of ductal epithelial cells,

Figure 2 Msx and insulin immunostaining of the fetal pancreas. Serial sections of an E14·5 embryo were stained with antibody to
either Msx (A) or insulin (B). Note that Msx is expressed in both the ductal and peri-epithelial regions, while insulin is found mainly in
the peri-epithelial region. Original magnification �50.

Figure 3 PDX-1 immunostaining in the IFNg transgenic pancreas. Pancreatic sections from an adult IFNg transgenic mouse (A, B) and an
adult non-transgenic mouse (C, D) were stained with antibody to either PDX-1 (A, C) or insulin (B, D). Panels A and B are serial sections.
Note the presence of both insulin-positive and insulin-negative PDX-1-expressing ductal cells. Original magnification �50.
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including centrally located, irregularly shaped nuclei,
numerous interdigitating processes on the lateral aspects
of the cells, unspecialized cytoplasm containing mito-
chondria, sparse elements of rough endoplasmic reticulum,
scattered stacks of Golgi lamellae, and a variety of vesicular
profiles. The apical plasma membrane possessed typical
apical ultrastructural specializations including microvilli
and junctional complexes complete with tight junctions
(Yamamoto & Kataoka 1988).

Msx expression in IFNg mice

We next screened sections of regenerating pancreata from
adult IFNg mice for the presence of the Msx proteins by
staining with a polyclonal antibody directed against the
Msx homeodomain. The only antibody available for this
purpose recognizes both the Msx-1 and Msx-2 proteins
and probably Msx-3 as well. Our analyses demonstrated
diffuse Msx staining throughout the islets of all mice
assessed. In contrast, acinar tissue did not stain with the
Msx antibody. Importantly, a significant proportion of
duct cells in the regenerating pancreas were positive for
Msx expression (Fig. 5B and C). We observed staining in
the nucleus, as expected for members of this transcription
factor family; however, cytoplasmic staining was also
observed in many instances. The extent of staining varied
among ducts; some ducts had many positive cells and other
ducts had few, if any, Msx-positive cells. No Msx expres-
sion was evident in the ducts of non-transgenic control
mice (data not shown). Furthermore, Msx staining was less
extensive than PDX-1 staining in the transgenic ducts,
and comparison of serial section staining patterns suggested
that Msx-expressing cells also expressed PDX-1 (Fig. 5A

and B). Subsequent analyses further suggested coincident
staining between insulin and Msx in many instances.
Although the similarity in Msx and insulin expression
patterns could reflect a basal level of cross-reactivity
between the Msx antibodies and endocrine cells (sup-
ported by the diffuse islet staining we observe with the
Msx antibody), we identified Msx-positive cells that did
not stain for insulin in a number of ducts; insulin-positive
cells lacking Msx expression were also observed (Fig. 5C
and D). Thus, based on PDX-1, Msx, and insulin staining
patterns, we suggest that at least four populations of ductal
cells, not present in the non-transgenic pancreas, can be
identified in the IFNg transgenic pancreas: PDX-1+

Msx� insulin� ductal cells, PDX-1+ Msx+ insulin�

ductal cells, PDX-1+ Msx+ insulin+ ductal cells, and
PDX-1+ Msx� insulin+ ductal cells.

Discussion

We have observed the regeneration of islets that bud into
the ductal lumen in the IFNg transgenic mouse, where
they are protected from destruction by infiltrating
lymphocytes. In this study, we used histological analyses
to characterize the progenitor cells responsible for the
remarkable ductal proliferation and islet regeneration.
Indeed, we have now defined markers associated with
ducts during regeneration in the IFNg transgenic mouse:
PDX-1 and Msx-2. These results suggest that these
proteins are associated with endocrine progenitor cells in
the ducts of the IFNg transgenic mouse.

The ductal epithelium, which consists of intercalated
(small), intralobular (medium) and interlobular (large)

Figure 4 Ultrastructural analysis of PDX-1-expressing ductal cells in the IFNg transgenic pancreas. Immunoelectron microscopy was used
to characterize PDX-1-expressing ductal cells in the pancreas of an adult IFNg transgenic mouse. The figure shows a PDX-1-positive cell
(left) adjacent to a PDX-1-negative cell (right). Note the similar morphology of these cells. Original magnification �8500.
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ducts, has been designated as the site of exocrine and
endocrine development in the pancreas (Pictet et al. 1972,
Argent et al. 1992, Slack 1995). A specific pathway for islet
development in these animals, defined by the expression of
duct, exocrine, and endocrine specific antigens, is thought
to involve the derivation of endocrine cells from duct cells,
which progress through a series of intermediate cell types
(Gu et al. 1994). In promoting regeneration and new islet
formation, we believe that progenitor stem cells in the
ducts of the IFNg transgenic mouse recapitulate the
early development of the pancreas. Indeed, parallels exist
between normal ontogeny and IFNg-mediated regener-
ation, and in both cases, endocrine gene expression is an
early event. Individual endocrine cells are initially scat-
tered in the duct wall; these cells subsequently migrate to
form clusters, which develop into fully differentiated islets.
Thus, we hypothesized that endocrine cell precursors
would be abundant in the ducts of mice undergoing islet
regeneration, as they are in the fetal pancreas.

PDX-1 is thought to be expressed in the earliest
pancreatic progenitor cell, from which both exocrine and
endocrine cells develop (reviewed in Peshavaria & Stein
1997). Indeed, whereas PDX-1 is present only in the
endocrine cells of the adult, PDX-1-deficient mice have
no pancreas at all, indicating the critical role PDX-1 plays
in the development of all pancreatic tissue ( Jonsson et al.
1994, Offield et al. 1996). Using light and immuno-
electron microscopy, we have now found that ductal cells
in the transgenic pancreas also express PDX-1. In
addition, only a subset of the PDX-1-expressing cells also
express insulin. These observations are striking, because
they define distinct populations of endocrine precursor
cells during pancreatic regeneration and new islet growth.
Indeed, we believe that duct cells expressing PDX-1 but
not insulin represent early pre-endocrine progenitor cells.

We have also observed substantial expression of PDX-1
in the developing pancreas during ontogeny, as expected
given the critical role of this molecule in pancreatic

Figure 5 Msx immunostaining in the IFNg transgenic pancreas. Serial sections of the pancreas from an adult IFNg transgenic mouse were
stained with antibody to either PDX-1 (A), Msx (B, C), or insulin (D). Note the significant expression of Msx as well as PDX-1 in panels A
and B (the arrows in panel B highlight Msx-positive cells in the duct wall). Msx-positive cells lacking insulin expression are indicated by
arrows in panel C; insulin-positive cells lacking Msx expression are indicated by arrows in panel D. Panels C and D represent serial
sections somewhat offset and at slightly different magnifications. Original magnification A, B, D �40; C �50.
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development and consistent with reports by others
(Ohlsson et al. 1993, Guz et al. 1995). Although its precise
functions during ontogeny and regeneration are not clear,
the expression of PDX-1 in the IFNg regenerating
pancreas appears to recapitulate the requirement for this
protein in pancreatic development during ontogeny.
Indeed, the ductal derivation of new endocrine cells
coupled with PDX-1 expression in the ducts of the IFNg
transgenic mouse suggests that the new endocrine cell
formation we observe during regeneration in the IFNg
transgenic mouse proceeds through mechanisms similar to
those active during fetal development.

Recent studies in rats have found weak expression of
PDX-1 in the pancreatic ducts of normal rats (Sharma et al.
1999). While PDX-1 expression is not detected in the
ducts of normal mice, the expression of PDX-1 in normal
rats is weak, and the differences between ductal expression
patterns might be attributed to subtle differences between
the species. Interestingly, Sharma et al. (1999) have further
demonstrated that PDX-1 expression is significantly
induced in ductal cells during the regeneration that ensues
following partial pancreatectomy. Based on the kinetics of
PDX-1 expression, these authors suggested that PDX-1
might be involved in the derivation of new endocrine cells
from ductal cells. These studies, therefore, parallel and
support our own observations, which suggest a role for
PDX-1 in the extensive new endocrine cell formation
exhibited by the IFNg transgenic mouse. The ductal
expression of PDX-1 in two distinct models of pancreatic
regeneration and new islet formation is striking and
suggests that PDX-1 serves a central and critical function
in the differentiation of endocrine cells, during both
ontogeny and regeneration.

Msx-2 is part of a conserved family of homeobox-
containing transcription factors that regulate tissue growth
and patterning during embryogenesis (reviewed in
Davidson 1995). Using the Atlas cDNA array to study
differential gene expression patterns, we found that Msx-2
is expressed in the regenerating pancreas of the IFNg
transgenic mouse. We used immunohistochemistry to
confirm these results and to follow expression of the Msx
protein directly. These experiments utilized an antibody
which detects both Msx-1 and Msx-2, preventing us from
drawing conclusions regarding Msx-2 expression specifi-
cally from this staining alone. Despite this limitation, we
detected significant expression of Msx in the pancreatic
ducts of IFNg transgenic mice. This is in contrast to the
work of others as well as our own observations in non-
transgenic mice demonstrating that the Msx proteins are
not expressed in the normal adult mouse pancreas (Maas
et al. 1996). Strikingly, we also observed significant
expression of Msx in the developing pancreas during
embryogenesis. This expression was localized to the grow-
ing epithelia from which ducts and endocrine cells arise.
Coupled with the fact that we did not observe enhanced
Msx-1 expression in the transgenic pancreas using the

Atlas cDNA array, these results support our identification
of Msx-2 as a marker associated with endocrine progenitor
cells both in the developing and regenerating pancreas.
Furthermore, our staining demonstrated considerable
cytoplasmic as well as nuclear localization of Msx. As a
transcription factor, Msx is expected to be localized in the
nucleus, although others have reported its presence as a
diffuse cytoplasmic stain as well (Stelnicki et al. 1997).
Although this cytoplasmic staining might represent an
artifact due to the fixation procedures, it is possible that
Msx might be localized to the cytoplasm under certain
conditions, as is the case for NFkappaB prior to its
activation (Baeuerle & Baltimore 1988a,b).

A number of studies indicate that Msx-2 can be induced
through a signaling network involving members of the
transforming growth factor (TGF) beta superfamily,
including BMP-4 (Vainio et al. 1993, Marazzi et al. 1997).
Although we have not yet explored regulatory aspects of
Msx induction in the regenerating pancreas, possibly the
cytokine network induced by IFNg in this model contrib-
utes directly to the induction of Msx protein. Indeed,
previous work in our laboratory has demonstrated signifi-
cant changes in the cytokine profile of the regenerating
pancreas. For example, TGF�, interleukin 1�, and tumor
necrosis factor � are elevated in the regenerating pancreas
(Arnush et al. 1996 and M Arnush & N Sarvetnick,
unpublished data). At this time, the functional significance
of Msx-2 expression in pancreatic regeneration is not clear.
Msx-2 is expressed at many sites during development,
including the cranial neural crest, neural tube, tooth
germs, eyes, ears, nose, limb buds, pituitary, and heart,
and, in particular, Msx-2 expression appears to be associ-
ated with sites of epithelial–mesenchymal interactions
(reviewed in Davidson & Hill 1991, Davidson 1995). Msx
proteins are also thought to be crucial to pattern formation
during the development of diverse organs (reviewed in
Davidson & Hill 1991, Davidson 1995). A number of
reports have also implicated Msx-2 in the apoptotic
program during development (Graham et al. 1993, 1994,
Marazzi et al. 1997, Winograd et al. 1997, Ferrari et al.
1998). Although the expression of Msx-2 in the pancreas
during development has not been reported previously, the
evidence presented here suggests that Msx-2 might play a
critical role in regulating the pancreatic developmental
program as well.

The identification of markers associated with endocrine
progenitor cells in the IFNg transgenic pancreas is clearly
of value, with regards to both defining these precursor cells
and in an analysis of the regenerative process. In this study
we have correlated the expression of two such molecules,
PDX-1 and Msx-2, with the striking pancreatic regener-
ation exhibited by the IFNg transgenic mouse. Each of
these homeodomain proteins appears to play a critical role
in organ formation during ontogeny, and each is expressed
in the developing as well as the regenerating pancreas.
While future studies will be aimed at defining the precise
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contributions of these proteins during pancreatic develop-
ment and regeneration, their association with pancreatic
progenitor cells will be valuable in the isolation and
characterization of this critical cell type.
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