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Abstract
LIM-Homeodomain genes encode a family of proteins defined by the cysteine-rich protein/protein
interacting (Lin-11, Isl-1, and Mec-3) LIM domain and a highly conserved DNA-binding domain.
Studies in several organisms have shown that these transcriptional regulators control multiple
aspects of embryonic development and are responsible for the pathogenesis of several human
diseases. Here we report the expression of Islet-1 (Isl-1) in the gastrointestinal epithelium in
developing and adult mice. At embryonic day (E) 9.5–10.5, Isl-1 expression was first detected in
the ventral gastric mesenchyme, and expression in the dorsal mesenchyme initiated a few days
later. Isl-1 expression was first observed in the gastric epithelium at E13.5 and at E14.5 was
restricted to the posterior half of the stomach. In the mature stomach, Isl-1 expression was
detected only in subsets of enteroendocrine cells. Furthermore, Isl-1 expression in the intestinal
epithelium was first detected at E15.5 and was restricted to subpopulations of enteroendocrine
cells in adult mice. These expression analyses suggest that Isl-1 might have an early broad role in
stomach and intestinal cells and a secondary role in terminal differentiation and/or maintenance of
mature enteroendocrine subtypes in the gastrointestinal epithelium.
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1. Results and Discussion
In mammals, the LIM-HD proteins form a family of 13 members of transcriptional
regulators that control numerous developmental processes in the developing tissues and
organs (Hunter and Rhodes, 2005). Some of these LIM-HD proteins have been associated
with human diseases including leukemia, pituitary hormone deficiency, diabetes mellitus
and nail-patella syndrome (Hunter and Rhodes, 2005), implicating this protein family in
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regulating key processes during embryonic and adult lives. Islet-1 (Isl-1), a LIM-HD family
member, is required for cell specification and differentiation events in cardiac mesoderm,
motor neuron and endocrine pancreas (Ahlgren et al., 1997; Cai et al., 2003; Du et al., 2009;
Pfaff et al., 1996).

In the pancreas, Isl-1 is expressed in hormone expressing endocrine cells and has been
shown to regulate their differentiation (Ahlgren et al., 1997; Du et al., 2009). Outside of the
pancreas, endocrine cells are also found throughout the gastrointestinal (GI) mucosa
(referred to as enteroendocrine cells). These cells play critical roles in regulating digestion,
gut motility, appetite, and lipid absorption (May and Kaestner, 2010; Mellitzer et al., 2010).
In contrast to endocrine cells of the pancreas, which cluster to form islets, enteroendocrine
cells in the gastrointestinal tract are scattered as individual cells throughout the epithelium.
Interestingly, while endocrine cells of the pancreas, stomach and intestine arise from
different regions of the definite endoderm, they express a common set of genes and are also
influenced by similar signaling pathways (May and Kaestner, 2010).

Differentiation of the mammalian gastric epithelium is a coordinated process involving
morphogenesis, tissue interactions and cell differentiation. Initial specification of the gastric
epithelium is dependent on the presence of the gastric mesenchyme (Koike and Yasugi,
1999); a similar dependence exists between the dorsal pancreatic bud and the pancreatic
mesenchyme (Ahlgren et al., 1997). In mice, formation of the stomach begins as a bulge
around E10.0, with subsequent extensive remodeling of the epithelium throughout
development (Nyeng et al., 2007). While differentiation of cell lineages and invagination of
the gastric epithelium occur at E15.5–E16.5, maturation of these cells continues into
postnatal life (Nyeng et al., 2007). The mature stomach is divided into two main regions: the
proximal stomach (also known as the forestomach) comprises keratinized squamous
epithelium, while the posterior stomach (also known as glandular stomach) comprises the
corpus and antrum and is made up of stratified epithelium. The glandular stomach is
characterized by numerous tubular invaginations, also referred to as gastric units. Within
each gastric unit, endocrine cells are found scattered at the bases surrounded by other cell
types, including pepsinogen-secreting chief cells, gastric-acid producing parietal cells and
mucus-producing pit cells (May and Kaestner, 2010).

Although formation of the gut tube occurs early during embryogenesis, remodeling of the
pseudostratified intestinal epithelium to a monolayer does not begin until E14.0. Between
E15.5 and E19.0, villus-like structures are present from duodenum to colon (Potten, 1995;
Stappenbeck et al., 1998; Yang et al., 2001). The underlying mesenchyme differentiates into
smooth muscle and connective stromal tissue, whereas the epithelium differentiates into
enterocyte, goblet, paneth and endocrine cells (May and Kaestner, 2010). As in the stomach,
maturation of these intestinal cell types continues from birth until weaning (Henning and
Guerin, 1981).

In the adult, enteroendocrine cells are the least abundant cell types in the gastrointestinal
epithelium and encompass at least 15 different subtypes classified based on their main
hormonal products (i.e somatostatin, gastrin, serotonin, cholecystokinin, and ghrelin),
ultrastructure of their secretory granules, and marker gene expression (May and Kaestner,
2010; Rindi et al., 2004). Most, but not all, enteroendocrine cells are positive for
chromogranin A, a pan-endocrine cell marker, staining (Cetin et al., 1989). Although
chromogranin A-positive enteroendocrine cells are detected at high levels around E16.5
(Nyeng et al., 2007), other markers of enteroendocrine cell differentiation (i.e. Pdx1, Ngn3
and Pax6) can be detected earlier (May and Kaestner, 2010). Due to the large number of
enteroendocrine subtypes and the low number of each specific subpopulation, many studies
have focused only on a subset of endocrine subpopulations (May and Kaestner, 2010).
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Many transcription factors that are essential for endocrine pancreas differentiation also play
important roles in the development of enteroendocrine cells (May and Kaestner, 2010;
Oliver-Krasinski and Stoffers, 2008). Isl-1 has been shown to regulate the differentiation of
glucagon, insulin, somatostatin and pancreatic polypeptide-expressing cells in the endocrine
pancreas (Ahlgren et al., 1997; Du et al., 2009). In the stomach, Isl-1 expression has been
characterized in rat, where it is first expressed in G/D-cell precursors and a subpopulation of
somatostatin-producing D-cells, but not gastrin-producing G-cells (Larsson et al., 1995). In
the intestine, Isl-1 expression is completely uncharacterized. To investigate the possibility
that Isl-1 regulates enteroendocrine cell differentiation in the gastrointestinal epithelium, we
characterized Isl-1 expression during various stages of development and in adult mice.

1.1. Isl-1 expression is detected in the entire gastrointestinal tract
We first examined the presence of Isl-1 mRNA in different regions of the adult
gastrointestinal tract by real-time PCR analysis. The expression of hypoxanthine-guanine
phosphoribosyltransferase (HPRT) was used as an internal control. Highest levels of Isl-1
transcripts were observed in the corpus of the stomach, while squamous stomach and rectum
had the least (Fig. 1A). The gastric antrum and the duodenum showed modest levels of Isl-1
transcripts, with lower amounts in the jejunum, ileum and colon (Fig. 1A).

To further characterize Isl-1 expression in the adult gastrointestinal tract, we performed
immunohistochemistry (IHC) analysis using an Isl-1 antibody on different regions of the
adult GI tract. Scattered Isl-1-positive cells were detected in the epithelium of the stomach,
duodenum, jejunum, ileum and colon (Fig. 1C–G). Within the stomach, Isl-1 positive cells
were more numerous in the corpus than the antrum region, and no Isl-1+ cells were observed
in the squamous stomach, consistent with the mRNA quantitation (Fig. 1A–B).

1.2 Isl-1 in enteroendocrine subpopulations in the adult stomach
The distribution and frequency of Isl-1+ cells in the GI tract were suggestive of
enteroendocrine cells. To confirm this, we carried out IHC analysis of Isl-1 with
chromogranin A and various gastrointestinal hormones. Not all chromogranin A+ cells were
positive for Isl-1, indicating that Isl-1 is differentially expressed in endocrine subtypes (Fig.
2A–C). Most of the somatostatin, serotonin and ghrelin producing cells were positive for
Isl-1 expression (Fig. 2D–L), while there were fewer number of Isl-1+/gastrin+ cells (Fig.
2M–O). Isl-1+ cells co-expressing somatostatin and ghrelin were also detected in the adult
stomach (Fig. 2P–R).

Our observations are in agreement with Larsson and colleagues, who demonstrated that rat
Isl-1 is first expressed in the gastrin and somatostatin coexpressing G/D precursors then later
is restricted to mature somatostatin expressing D cells (Larsson et al., 1995). Based on these
observations and our IHC analyses, Isl-1 is likely to play an important role in the
asymmetric division of the G/D precursors and the differentiation/maturation of the D cells
(Larsson et al., 1995). In addition, Isl-1 has been shown to regulate somatostatin expression
in pancreatic cell lines (Leonard et al., 1992), and Isl-1 deficient mice lack somatostatin
expressing cells in the endocrine pancreas (Ahlgren et al., 1997; Du et al., 2009). By
analogy, Isl-1 may regulate the differentiation of D cells and/or somatostatin gene
expression in the gastric epithelium.

Isl-1 was also detected in cells expressing serotonin or ghrelin, peptides that are responsible
for feeding behavior and modulating gastric peristalsis, sensation, and secretion (Arvat et al.,
2001; Englander et al., 2004; Gershon and Tack, 2007). Interestingly, Isl-1 was also detected
in the ghrelin/somatostatin co-expressing cells, suggesting that these two enteroendorine
subtypes may share a common precursor. Collectively, these observations suggest that Isl-1
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alone or in combination with other transcriptional regulators may be involved in the
differentiation of somatostatin, gastrin, ghrelin and serotonin producing cells in the gastric
epithelium.

1.3 Isl-1 in somatostatin-expressing cells of the adult intestine
We next performed immunostaining to characterize Isl-1 expression with somatostatin and
ghrelin in the adult intestine since these two enteroendocrine subtypes express Isl-1
abundantly in the stomach. IHC analyses demonstrated that while there were very few Isl-1+

cells detected in the adult intestinal epithelium from duodenum to colon, most of the Isl-1+

cells were positive for somatostatin or ghrelin expression (Fig. 3A–O). These results
indicate that the function of Isl-1 in somatostatin- and ghrelin-expressing cells is likely to be
conserved throughout the GI tract.

1.4. Isl-1 in the stomach and intestine during embryogenesis
Since the differentiation of enteroendocrine cells occurs during embryogenesis and Isl-1
showed highest levels of gene expression in the glandular stomach, we focused our
embryonic/perinatal expression analysis on stomach at various developmental stages by
real-time PCR (Fig. 4A). Expression levels at these stages were compared to that of the adult
glandular stomach. Isl-1 expression was high at the onset of gastric epithelial differentiation
and decreased as development progressed. At birth, Isl-1 expression reached a nadir and
then began to increase (Fig. 4A).

To localize the developmental expression of Isl-1, IHC analyses were performed on
transverse sections prepared from mouse embryos (E9.5–E17.5) and tissue sections from
postnatal day (P)14. Isl-1 was first observed at E9.5 in the ventral gastric mesenchyme (data
not shown). At E10.5 as the stomach begins to develop as a tubular structure, Isl-1
expression was detected in the ventral and lateral mesenchyme (Fig. 4B). By E11.5, Isl-1
expression was distributed uniformly in the mesenchyme surrounding the entire gastric
epithelium (Fig. 4C). At E12.5, there was greater expression of Isl-1 in the dorsal
mesenchyme than in the ventral mesenchyme (Fig. 4D). Isl-1 was restricted to the
mesenchyme until E13.5 when the protein was first detected in the gastric epithelium
(asterisks; Fig. 4E). Interestingly, Isl-1 expression in the gastric epithelium coincided with
the onset of gut rotation, which takes place between E13.5 and E14.5 (Kluth et al., 1995).
The Isl-1 expression domain expanded to the entire posterior region of the stomach at E14.5;
this region gives rise to the glandular stomach (Fig. 4F-F′). It is not until E15.5–E17.5 that
rudimentary epithelial invaginations are formed in the gastric epithelium, where few
scattered Isl-1+ cells were found in the base and middle of each gastric unit (Fig. 4G–I). As
Isl-1 is abundantly expressed in the mesenchyme and scarcely in the gastric epithelium
during early embryonic stages (E12.5– E13.5), the high level of Isl-1 expression detected in
our PCR analysis at E13.5 (Fig. 4A) is a reflection of Isl-1 expression in the mesenchyme
and not epithelium (Fig. 4E).

In the developing intestine, Isl-1+ cells were first detected in the intestinal epithelium at
E15.5 (Fig. 4J and data not shown). The scattered expression pattern of Isl-1 continued
throughout development, with more Isl-1+ cells located in the proximal region of the E17.5
intestine (Fig. 4K–L). As in the adult (Fig 1A), the highest levels of Isl-1 transcripts during
development were in the proximal intestine (Fig. 4M).

1.5. Isl-1 in gastric enteroendocrine cells at E17.5 and postnatal day 10
As chromogranin A-positive cells are found during late gestation (~E16.5) in the gastric
epithelium (Nyeng et al., 2007), we performed IHC analysis of Isl-1 with chromogranin A at
E17.5 and found only a few Isl-1/chromogranin A double positive cells (Fig. 5A–C). This is
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likely due to the low number of endocrine cells at this stage. To determine if Isl-1 is co-
expressed with somatostatin and/or ghrelin as in the adult stomach (Fig. 2P–R), we
performed IHC in P10 stomach and detected some Isl-1+/somatostatin+/ghrelin+ cells (Fig.
5D–F).

1.6. Dynamic expression of Isl-1 in comparison with Pdx1, Ngn3 and Pax6 in the
gastrointestinal epithelium

Several transcription factors, including Pancreatic duodenal homeobox gene (Pdx1),
Neurogenin3 (Ngn3) and Paired homeobox gene (Pax6), have been demonstrated to play
critical roles in regulating differentiation of the gastrin-, somatostatin-, or serotonin-
expressing cells in the GI tract (Jenny et al., 2002; Larsson et al., 1998; Lee et al., 2002;
Mellitzer et al., 2010; Offield et al., 1996). To investigate whether Isl-1 expression
correlates with any of these factors, IHC analyses were performed using sections from
embryonic and adult tissues. While Pdx1 expression was detected in the entire gastric
epithelium with few scattered Isl-1+ cells at E13.5 (Fig. 6A–C), we did not detect Isl-1+ cells
in the Pdx1+ gastric epithelium at E17.5 (Fig. 6D–F). Furthermore, we also did not detect
any Isl-1+/Pdx1+ co-expressing cells in adult stomach and intestine (Fig. 6G–L). In addition,
we did not detect any Isl-1+/Ngn3+ co-expressing cells in the gastrointestinal epithelium
during development or in adult mice (Fig. 7A–I and data not shown). Lastly, while Isl-1 and
Pax6 expression did not overlap in the gastric epithelium at E17.5 and P7 (Fig. 7J-L and
data not shown), we did detect some Isl-1+/Pax6+ co-expressing cells in adult mice (Fig. M–
O).

Collectively, these results suggest that Isl-1 is likely to play important regulatory roles in the
formation enteroendocrine subtypes after the initial specification of Ngn3+ endocrine
progenitors. Since we did not observe any overlaps between Isl-1 and Pdx1 expression in
adult stomach and duodenum, we hypothesize that Isl-1 and Pdx1 may be involved in the
differentiation of distinct enteroendocrine lineages. In fact, Pdx1 has been shown to be
necessary for the development of antropyloric gastrin-secreting G cells (Larsson et al., 1996)
and the majority of gastrin+ cells in the adult stomach are Isl-1 negative (Fig. 2M–O)
highlighting the importance of Pdx1 and not Isl-1 during later stages of G cell
differentiation. However, this does not preclude the possibility that Isl-1 may still be
involved in the early differentiation of gastrin cells. Furthermore, we did detect some Isl-1+/
Pax6+ co-expressing cells in the adult stomach suggesting a potential overlapping role
between Isl-1 and Pax6. In fact, it has been shown that Pax6 is required for the development
of gastrin and somatostatin producing cells in the stomach (Larsson et al., 1998), prompting
us to hypothesize that Isl-1 and Pax6 work in parallel or in a hierarchical manner during the
development of gastrin and somatostatin producing cells.

1.7 Isl-1+ cells are post-mitotic and do not express proliferating markers
Most Isl-1+ cells are postmitotic in the motor neuron and pancreas (Ahlgren et al., 1997;
Ericson et al., 1992). We performed IHC analysis for Isl-1 and Ki67, a proliferation marker,
in the developing and postnatal stomach and intestine. Similar to what has been shown in
other tissues, we did not detect Isl-1+/Ki67+ cells at any of the stages examined, indicating
that Isl-1+ cells in the gastrointestinal epithelium are also postmitotic (Fig. 8A–I). These
results suggest that Isl-1 is not likely to be involved in promoting cell proliferation in the
gastrointestinal epithelium.

1.8 Conclusions
We have documented the expression patterns of Isl-1 in the developing and adult
gastrointestinal epithelium. The implication of these patterns remains to be determined using
tissue-specific Isl-1 deletion mouse models. Our expression data analysis implicates the
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involvement of Isl-1 in the differentiation of somatostatin, serotonin, ghrelin and gastrin-
producing cells. As there are many endocrine subtypes in the GI tract, transcriptional
regulators are likely to work in concert and/or have redundant roles to drive the
differentiation and function of these cells. Isl-1 is first expressed in a few gastric epithelial
cells at E13.5 and is then expressed abundantly in glandular epithelium by E14.5, prior to
the secondary transition at E15.5–E16.5. Once the stomach matures, Isl-1 expression is
restricted to subsets of enteroendocrine cells. These observations prompt us to hypothesize
that Isl-1 plays a role in general enteroendocrine differentiation prior to the activation of
specific hormone genes, and may then have a secondary function in further fine-tuning
enteroendocrine subtypes. The importance of enteroendocrine cells has been demonstrated
in mice (May and Kaestner, 2010; Mellitzer et al., 2010) and humans; mutations in the Ngn3
gene cause enteroendocrine cell dysgenesis and severe congenital chronic diarrhea (Wang et
al., 2006). The characterization of Isl-1 expression in the present study is expected to open
new avenues in the molecular analysis of enteroendocrine cell differentiation and function in
the GI tract. Results from our study can also be used to define and isolate endocrine
subtypes during in vitro differentiation of embryonic stem cells towards enteroendocrine cell
lineages.

2. Experimental Procedures
2.1. Animals and tissue preparation

CD1 wild type mice were used for this study. Embryonic age was determined by the
appearance of the vaginal plug as E0.5. All tissues were fixed in 4% paraformaldehyde,
washed in phosphate buffered saline (PBS), cryoprotected in 30% sucrose, embedded in
OCT and sectioned at 10μm. All animal procedures were done following the guidelines of
the Children’s Hospital of Philadelphia Institutional Animal Care and Use Committee.

2.2. Immunohistochemistry and immunofluorescence
Tissue sections were subjected to microwave antigen retrieval by boiling for 14 min in
10mM citric acid buffer (pH 6.0) and allowing to cool for 15 min at room temperature.
Sections were quenched in 30% hydrogen peroxide at room temperature for 20 min,
followed by blocking with Avidin D and Biotin blocking reagent (Vector), for 15 min each
at room temperature with a quick rinse of PBS in between. All slides were blocked with
CAS-Block (Invitrogen, Cat No. 008120) for 30 min at room temperature. Isl-1 antibody
was diluted in PBT (10%BSA and 10% Triton-X100 in PBS) and incubated overnight at
4°C. Slides were washed in PBS and incubated with goat anti-mouse (1:100; Vector
Laboratories) for 30 min at 37°C. Slides were rinsed with PBS and incubated with HRP-
conjugated ABC reagent (Vector Elite Kit) for 30 min at 37°C, followed by developing with
DAB substrate kit (Vector), washing with water, dehydrating in a graded series of alcohol
concentrations, clearing in xylene, and mounting in Permount.

For combined immunohistochemistry and immunofluorescence, slides were first processed
for IHC as described above, then rinsed with PBS and blocked again for 30 min at room
temperature with CAS-Block. Slides were incubated with the primary antibodies diluted in
antibody diluent (Invitrogen, Cat No. 00-3118) overnight at 4°C. The following day, slides
were washed with PBS, incubated with appropriate Cy3- or Cy2-conjugated secondary
antibodies (1:600, Jackson Laboratories) for two hours at room temperature, washed, and
then mounted with an aqueous mounting medium (KPL, Cat No. 71-00-16).
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Antibody Vendor Dilution Species

Isl1 (39.4 D5) or (40.2 D6) DSHB 1:50 Mouse

Chromogranin A DiaSorin 1:3000 Rabbit

Gastrin Santa Cruz 1:2000 Goat

Ghrelin Santa Cruz 1: 200 Goat

Somatostatin Santa Cruz 1:5000 Goat

Somatostatin Zymed 1:50 Rabbit

Serotonin (5-HT) Immunostar 1: 30,000 Rabbit

Pax6 Covance 1:300 Rabbit

Pdx1 Santa Cruz 1: 100 Goat

Ngn3 Gift from Maike Sander 1:1000 Guinea pig

Ki67 Vector Labs 1:200 Rabbit

2.3. Imaging and Microscopy
All images were taken on Leica Microscope using Leica AF software. IHC and IF images
were merged using the Leica AF software.

2.4. Quantitative RT-PCR
RNA was extracted from dissected tissues at different stages in Trizol (Invitrogen). After a
reverse transcription reaction using oligo dT, cDNA was amplified using an Isl-1 specific
primer and HPRT as an internal standard. A Stratagene Mx3005 Real-Time PCR machine
was used for the quantitative PCR analysis. Conditions and primer concentrations suggested
by the SYBR Green Assay protocol was followed. The following forward and reverse
primers were used for amplification:

Hprt: 5′GGCCAGACTTTGTTGGATTTG 3′/5′ TGCGCTCATCTTAGGCTTTGT 3′

Isl-1: 5′CGGAGAGACATGATGGTGGTT 3′/5′ GGCTGATCTATGTCGCTTTGC 3′

2.5. Statistical Analyses
All values are depicted as mean ± standard error of mean from at least 4 animals. All data
were statistically analyzed with Student’s two-tailed t-test.
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Fig. 1.
Expression of Isl-1 in the adult gastrointestinal tract. (A) Relative expression of Isl-1
mRNAs in different regions of the gastrointestinal tract assessed by real-time PCR (n=4).
All results were normalized to the level of hypoxanthine-guanine phosphoribosyl transferase
(Hprt). (B–G) Immunohistochemical analyses of adult stomach and intestine detected Isl-1+

cells (*) in the epithelial compartment (dashed lines) of the digestive tract. Scale bars: 25μm.
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Fig. 2.
Immunohistochemical double staining for Isl-1 and endocrine hormones in the adult
stomach. (A–C) Isl-1 with chromogranin A. (D–F) Isl-1 with somatostatin (Sst). (G–I) Isl-1
with serotonin (Sero). (J–L) Isl-1 with ghrelin. (M–O) Isl-1 with gastrin. (P–R) Isl-1 with
somatostatin and ghrelin. Experiments were conducted on the same section for each
hormone with Isl-1. Insets show co-localization of Isl-1 with the hormones in a magnified
view. Arrows indicate co-expressing cells in all panels. Scale bars: 25μm.
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Fig. 3.
Immunohistochemical double staining for Isl-1 and ghrelin or somatostatin in the adult small
and large intestines. (A–C) Isl-1 with ghrelin in the duodenum. (D–O) Isl-1 with
somatostatin in the duodenum (D–F), jejunum (G–I), ileum (J–L) and colon (M–O).
Experiments were conducted on the same section for each hormone with Isl-1. Insets show
co-localization of Isl-1 with the hormones in a magnified view. Arrows indicate co-
expressing cells in all panels. Scale bars: 25μm.
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Fig. 4.
Isl-1 expression in the developing stomach and intestine. (A) Relative expression of Isl-1
mRNAs in different stages of stomach development from E13.5 to adult measured by real-
time PCR (n=4). (B–I) Immunohistochemical staining for Isl-1 in the stomach at E10.5 (B),
E11.5 (C), E12.5 (D), E13.5 (E), E14.5 (F–F′), E16.5 (G), E17.5 (H) and P14 (I). Dashed
lines outline epithelial compartments. Isl-1+ cells in the epithelium are denoted by “*” in E,
G, H, and I. D: Dorsal; V: Ventral; A: Anterior; P: Posterior; mes: mesenchyme and epi:
epithelium. (J–L) Immunohistochemical staining for Isl-1 in the intestine at E15.5 (J) and
proximal (K) and distal (L) regions of the E17.5 intestine. Isl-1+ cells were denoted by *.
(M) Relative expression of Isl-1 mRNAs in different regions of the E17.5 intestine assessed
by real-time PCR (n=3). Prox: proximal region; mid1: mid-region 1; mid2: mid-region 2;
distal: distal region. Scale bars: 25μm.
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Fig. 5.
Isl-1 expression with endocrine hormones in E17.5 and P10 stomach. (A–F)
Immunohistochemical staining for Isl-1 and chromogranin A at E17.5 (A–C) and
somatostatin and ghrelin at P10 (D–F). Experiments were conducted on the same section for
each hormone with Isl-1. Insets show co-localization of Isl-1 with the hormones in a
magnified view. Co-expressing cells are indicated by *. Dashed lines outline epithelial
compartments. Scale bars: 25 μm.
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Fig. 6.
Immunohistochemical double-staining for Isl-1 and Pdx1 in the gastrointestinal epithelium.
(A–I) Isl-1 with Pdx1 at E13.5 (A–C), E17.5 (D–F) and adult (G–L). Experiments were
conducted on the same section. Dashed lines outline epithelial compartments. Arrows in A
and C indicate Isl-1+ cells. * in D–L indicates Isl-1+/Pdx1− cells. Scale bars: 25μm.
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Fig. 7.
Immunohistochemical double staining for Isl-1 and Ngn3 or Pdx1. (A–I) Isl-1 with Ngn3 in
E13.5 stomach (A–C), in E15.5 proximal intestine (D–F), in adult duodenum (G-I). (J–O)
Isl-1 with Pax6 in E17.5 stomach (J–L) and adult stomach (M–O). Dashed lines outline
epithelial compartments. Experiments were conducted on the same section. * indicates
Isl-1+/Ngn3− or Pax6− cells and # denotes Isl-1−/Ngn3+ or Pax6+ cells in A–L. Arrows
indicate Isl-1+/Pax6+ cells in M–O. Scale bars: 25μm.
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Fig. 8.
Immunohistochemical analyses of Isl-1 expression with Ki67. (A–I) Immunostaining of
Isl-1 and Ki67 in E14.5 stomach (A), E17.5 proximal intestine (B), E17.5 distal intestine,
P10 stomach (D), P10 duodenum (E), P10 ileum (F), adult stomach (G), adult duodenum
(H) and adult ileum (I). A: anterior, P: posterior. Arrows denote Ki67+ cells and * denotes
Isl-1+ cells. Isl-1 and Ki67 staining were done on the same section and images were merged.
Scale bars: 25μm.
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