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The pancreatic islet is necessary for maintaining glucose homeosta-
sis. Within the pancreatic islet, the homeodomain protein Nkx2.2 is
essential for the differentiation of all insulin-producing � cells and
a subset of glucagon-producing � cells (1). Mice lacking Nkx2.2
have relatively normal sized islets, but a large number of cells
within the mutant islet fail to produce any of the four major islet
hormones. In this study we demonstrate that Nkx2.2 mutant
endocrine cells have been replaced by cells that produce ghrelin, an
appetite-promoting peptide predominantly found in the stomach.
Intriguingly, normal mouse pancreas also contains a small popu-
lation of ghrelin-producing cells, defining a new islet ‘‘�’’ cell
population. The expansion of ghrelin-producing cells at the ex-
pense of � cells may be a general phenomenon, because we
demonstrate that Pax4 mutant mice display a similar phenotype.
We propose that insulin and ghrelin cells share a common progen-
itor and that Nkx2.2 and Pax4 are required to specify or maintain
differentiation of the � cell fate. This finding also suggests that
there is a genetic component underlying the balance between
insulin and ghrelin in regulating glucose metabolism.

islet � Nkx2.2 � Pax4 � cell-type specification

The pancreas plays a central role in energy balance and
nutrient regulation through the function of two distinct

populations of cells: the exocrine cells secrete digestive enzymes
through a ductal system into the gastrointestinal tract, and the
endocrine cells secrete hormones into the bloodstream. The
islets of Langerhans are the functional units of the endocrine
pancreas and are traditionally thought to be comprised of four
distinct cell types: �, �, �, and pancreatic polypeptide (PP) cells
(reviewed in ref. 2). The mature cell types are defined by their
unique hormone expression: glucagon, insulin, somatostatin,
and PP, respectively. The � cells are the most abundant cell type,
constituting �75% of the islet, and are centrally located within
the islet. �, �, and PP cells are intermixed at the periphery of the
islet, with � cells representing the majority of the remaining cell
types. More recently, a fifth peptide hormone has been identified
in the human islet. The hormone ghrelin is produced mainly in
the stomach and functions to increase secretion of growth
hormone and regulate food intake and energy balance (3).
Expression of ghrelin in the human islet remains somewhat
controversial, because it has variably been reported to be in the
� cells (4), � cells (5), or in a unique islet cell type (6). The
function of ghrelin within the islet is also unknown, but it may
have a paracrine role in regulating insulin secretion.

Extensive analyses of the pancreas have led to a tremendous
understanding of islet morphology, islet function, and the phys-
iological modulation of islet function and insulin secretion. More
recently, there has been increasing interest in understanding the
molecular mechanisms underlying embryonic pancreas develop-
ment as a way to develop therapies to treat diabetes or to
discover diagnostic tools for pancreatic cancer. This has led to a
surge in the identification of many of the signaling pathways and
transcription factors that are critical for the specification, dif-
ferentiation, and maintenance of the developing pancreas (re-
viewed in refs. 7 and 8). Although mouse knockout studies have

allowed significant progress in identifying many of the intrinsic
factors regulating the specification and differentiation of each
islet cell type, including Pax4, Pax6, Nkx6.1, Ngn3, Hlxb9, Pdx1,
Nkx2.2, and NeuroD, the molecular mechanisms underlying the
individual factors and their respective roles in cell type specifi-
cation remain, for the most part, poorly understood (1, 9–18).
Furthermore, islet cell lineage and the roles of individual
transcription factors in directing the lineage remain obscure. It
is likely that a combinatorial code of transcription factor expres-
sion (selective maintenance, activation, or repression) in the
different cell types will determine islet cell type identity.

Of the transcription factors known to be involved in islet cell
development, Nkx2.2, a member of the NK2 class of homeodo-
main transcription factors, plays a unique role in pancreatic �
cell differentiation. Nkx2.2 is expressed throughout the epithe-
lium at the onset of pancreas development, between embryonic
day 8.5 (e8.5) and e9.0. As organogenesis proceeds, Nkx2.2
becomes progressively restricted to all � cells and a subset of �
and PP cells. Targeted disruption of the Nkx2.2 gene in mice
resulted in a complete lack of insulin-producing � cells and
reduced numbers of � and PP cells (1). Notably, this is the only
transcription factor knockout to eliminate 100% of the insulin-
producing � cells. Furthermore, the mutant islets accumulated
a large population of endocrine cells that did not produce any of
the four major islet hormones.

To gain a greater understanding of the molecular function of
Nkx2.2 in the islet, we undertook a comparative microarray
analysis to characterize the large population of non-insulin-
producing endocrine cells and to potentially identify downstream
targets of Nkx2.2 in the pancreas. These studies allowed us to
determine that Nkx2.2 and Pax4 are independently required to
specify � cell fate in the islet and that, in the absence of either
gene, � cells are replaced by cells producing the peptide hor-
mone ghrelin. Furthermore, we demonstrate that the ghrelin
cells define a unique population of cells within the normal mouse
islet.

Methods
Animals. Nkx2.2 and Pax4 heterozygous mice were generated by
homologous recombination as described (1, 9). Nkx2.2�/� ani-
mals were maintained on a Swiss Black background, and Pax4�/�

animals were maintained on an NMRI background. Genotyping
of mice and embryos was performed as described (1, 9).

Microarray Analysis. Pancreas tissue was collected from staged
embryos at e12.5–e13.5, e15.5, and e18.5. For each stage, total
pancreata were collected, stored individually in RNase Later
(Ambion), and genotyped by PCR (1). For each embryonic
stage, equal numbers of wild-type and mutant tissues were
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individually pooled: e12.5–e13.5, 32 ��� and 35 ��� or ���;
e15.5, 25 ��� and 25 ��� or ���; e18.5, 4 ��� and 5 ���
or ���. Extensive analyses have revealed no phenotype asso-
ciated with the heterozygous Nkx2.2 mice; therefore, for the
purpose of this study, heterozygous (���) mice were included
in the ‘‘wild-type’’ pools. Samples of total RNA were processed
for microarray analysis by using the Mu19k A gene chip accord-
ing to manufacturer’s instructions (Affymetrix). Duplicate sam-
ples were analyzed for the e12.5 time point. Chip performance,
background levels, and presence�absence calls were assessed by
using MICROARRAY SUITE software (Affymetrix).

Isolation of m46 cDNA. Pancreata were dissected from �25 e12.5–
e13.5 outbred Swiss Black wild-type embryos. RNA was pre-
pared by using an RNAqueous Kit (Ambion). A pool of double-
stranded cDNA was generated by using the SMART cDNA Kit
(Clontech). PCR primers flanking the m46 cDNA (5�ATGCT-
GTCTTCAGGCACCATC3� and 5�TGTCCGTGGTTACTT-
GTCAG3�) were used to PCR-amplify full-length cDNA from
the cDNA pool. The PCR product was cloned into a Topo II
Blunt vector (Invitrogen) and sequence-verified.

Processing of Embryos and Pancreatic Tissue. Tissues of dissected
embryos or pancreata of newborn mice were fixed overnight by
immersion in 4% paraformaldehyde at 4°C. Tissues were sub-
jected to cryoprotection in 30% sucrose in PBS overnight at 4°C
and were then embedded in tissue-freezing medium (OCT,
VWR International). Tissues were cut into 8- to 10-�m sections
with a cryostat. At least three embryos per stage were analyzed.
For postnatal analysis, n � 7.

Immunohistochemistry. Frozen sections were used for all immu-
nohistochemical assays. Primary antibodies used were rabbit
anti-amylase (Sigma, 1:1,000), guinea pig anti-insulin (Linco
Research, St. Charles, MO; 1:5,000), guinea pig anti-glucagon
(Linco Research; 1:10,000), rabbit anti-mouse ghrelin and rabbit
anti-human ghrelin (Phoenix Pharmaceuticals, Belmont, CA;
1:500), goat anti-ghrelin (Santa Cruz Biotechnology; 1:1,000),
rabbit anti-chromogranin A (Zymed; 1:100), mouse anti-
somatostatin (DAKO; 1:500), rabbit anti-PP (Zymed; 1:200),
rabbit anti-islet amyloid polypeptide�amylin (Phoenix Pharma-
ceuticals; 1:200), rabbit anti-Pdx1 (Chemicon; 1:1,000), rabbit
anti-Nkx6.1 (from J. Jansen, University of Colorado Health
Sciences Center; 1:500), rabbit anti-Pax6 (Chemicon; 1:250), and
guinea pig anti-Nkx2.2 (from B.S.-P., 1:100). Secondary anti-
bodies used at 1:400 were CY2-donkey anti-goat, Texas red goat
anti-rabbit, and Texas red goat anti-guinea pig (Jackson Immu-
noResearch), Alexa 488 goat anti-rabbit, and Alexa 594 goat
anti-rabbit (Molecular Probes). Initial experiments with each
antibody were performed with and without the inclusion of
primary antibody. Due to the controversy associated with ghrelin
expression in the human islet, all expression was confirmed by
RNA in situ analysis. Images were obtained with a BX51
microscope (Olympus, Melville, NY) and a Penguin 600CL
camera (Pixera, Los Gatos, CA). PHOTOSHOP 7.0 (Adobe Sys-
tems, Mountain View, CA) was used to process the images.

RNA in Situ Analysis. RNA was analyzed at the following stages:
e12.5 (n � 3), e14.5 (n � 2), e15.5 (n � 5), e16.5 (n � 2), e18.5
(n � 4), neonates (n � 7). Nonradioactive in situ hybridization
was performed on 8- to 10-�m frozen sections as described (19)
with the following modifications. Prehybridization was per-
formed in a humidified chamber at 55°C for 1–2 h with 500 �l
of prehybridization buffer (50% formamide�5� SSC�50 �g/ml
yeast tRNA�1% SDS�50 �g/ml heparin) per slide for 1–2 h. The
hybridization solution was prepared by adding 1 ng of digoxi-
genin-labeled cRNA per 100 �l of prehybridization buffer. The
sections were covered with 20- � 40-mm coverslips and not

sealed. Posthybridization, slides were washed as described and
then incubated in 1� MAB (100 mM maleic acid�150 mM NaC1,
pH 7.5) for 5 min at room temperature before blocking [2%
blocking reagent (Roche)�10% heat-inactivated sheep serum�
0.1% Tween 20 in 1� MAB] at room temperature for 1 h.
Blocking solution was replaced with fresh blocking solution
containing �-digoxigenin antibody (Fab fragments; Roche) at a
concentration of 1:5,000 and incubated overnight at 4°C. The
slides were washed three times in 1� MAB with 0.1% Tween 20
for 15 min at room temperature, then washed in ddH2O with
0.1% Tween 20 for 20 min at room temperature. The bound
probes were visualized with an alkaline phosphatase-conjugated
anti-digoxigenin Fab fragment (Roche).

Results
Microarray Analysis of Nkx2.2�/� Pancreas. Our previous studies
demonstrated that the Nkx2.2 homeodomain transcription factor
is required for islet cell development and differentiation. Nkx2.2-
null mice completely lack insulin-producing � cells and have
reduced numbers of � cells (1) (compare Fig. 1 a and b with f and
g). Furthermore, we found that the mutant islets accumulate a
large population of endocrine cells (as defined by synaptophysin
and chromogranin A expression), hereafter referred to as � cells,
which do not produce any of the four islet hormones (1). To
characterize the gene expression profile of � cells, we used the
Affymetrix Mu19k A gene chip set to compare Nkx2.2 mutant
and wild-type pancreas at three embryonic ages: e12.5, e15.5,
and e18.5 (see Methods). From this analysis, we discovered a
gene, m46 gastric peptide (GenBank accession no. AJ243503),
that was up-regulated at least 20- to 30-fold in the Nkx2.2 mutant
pancreas at all ages tested. Remarkably, m46 encodes mouse
ghrelin, a recently identified 28-aa growth hormone peptide
secreted predominantly from the gastric pits of the stomach to
stimulate appetite (3).

To verify the microarray, we cloned full-length ghrelin cDNA
from an embryonic cDNA library (see Methods). RNA in situ
analysis using the full-length cRNA was performed on tissue
sections of wild-type and mutant mice at several embryonic and
postnatal stages. As early as e12.5, and at all subsequent ages
tested, we confirmed that ghrelin mRNA was greatly up-
regulated in the islets of the Nkx2.2 mutant mice (compare Fig.
1 c and h; data not shown). Ghrelin protein levels are corre-
spondingly up-regulated in neonatal Nkx2.2 mutant pancreata
(Fig. 1i), which showed an overabundance of ghrelin-producing
cells; �90% of the mutant mature islet cells produce ghrelin (n �
7). Thus, we have uncovered the identity of the � cells in the
Nkx2.2 mutant islet, where it appears that ghrelin-producing cells
have replaced the insulin-producing � cells and perhaps subsets
of � and PP cells.

Ghrelin Cells Represent a Previously Undescribed Cell Population
Within the Islet. At the time of our discovery, ghrelin had only
recently been identified as a gastric peptide important for
appetite regulation; very little was known about its expression
and function in other tissues. Our initial analysis of ghrelin
mRNA and protein expression revealed ghrelin to be normally
expressed in a small population of cells within the wild-type islet
(Fig. 1 c and d). To further characterize ghrelin expression within
the wild-type islet and to determine whether these cells represent
an islet cell population, we analyzed both RNA and protein
expression at several developmental stages. These studies de-
termined that ghrelin is expressed in the pancreas as early as
e10.5 and appears to peak around e15.5 (Figs. 1–3 and data not
shown). In neonates, ghrelin can be detected in a small number
of cells located around the periphery of the islet and is absent
from amylase-expressing exocrine cells (Fig. 1d). Ghrelin con-
tinues to be expressed at very low levels in cells at the periphery
of the mouse islet into adulthood (data not shown). Coexpres-
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sion of islet ghrelin with chromogranin A confirms that ghrelin
cells are typical endocrine islet cells (Fig. 1 e and j). Consistent
with this observation, pancreatic ghrelin cells appear to be
derived from the Ngn3-dependent endocrine cell lineage (G.
Gradwohl, personal communication). To further characterize
ghrelin expression in the wild-type islet, we examined the
expression of ghrelin with respect to the four islet hormones (Fig.
2 a–e). Due to the controversy associated with ghrelin expression
in the human islet, we performed double immunofluorescence
(Fig. 2), as well as single immunofluorescence, on adjacent
sections (data not shown) using three different antibodies to
confirm ghrelin expression in the mouse islet. From our analysis
it is clear that mouse ghrelin is not coexpressed with insulin,
somatostatin, or PP (Fig. 2 a, d, and e). Interestingly, in neonatal
pancreata �30–33% of the ghrelin cells coexpress glucagon,
whereas two-thirds (67%) of the ghrelin cells represent a unique
islet cell population (n � 4 animals; average of 15 sections per
animal). Approximately 80% of glucagon-producing � cells do
not express ghrelin. We detected ghrelin single-positive cells and
glucagon�ghrelin-coproducing cells in the pancreas as early as
e10.5 (Fig. 3b). Even at these earliest stages of pancreas devel-
opment, there was no evidence of insulin�ghrelin-coproducing
cells.

The Ghrelin (�) Cell Type Represents the Majority of Cells Within the
Nkx2.2�/� Islet. To characterize the expanded ghrelin population
in the Nkx2.2 mutant islet with respect to glucagon and the other
islet hormones, we performed immunohistochemical analysis of
the mutant islets. Similar to the wild-type islet, ghrelin-
producing cells in the Nkx2.2 mutant islet do not coexpress
insulin, somatostatin, or PP (Fig. 2 f, h, and i). However, unlike
its expression in wild-type islets, none of the ghrelin-producing
cells in the Nkx2.2 mutant coexpress glucagon (Fig. 2g). This
would suggest that the ghrelin (�) cell type is expanded, whereas

the glucagon�ghrelin double-positive cells are absent from the
Nkx2.2 mutant islet. Therefore, we conclude that, in normal
islets, a population of glucagon-expressing � cells coexpress
ghrelin, but approximately two-thirds of ghrelin-expressing cells
define a new endocrine islet � cell population. Moreover, in the
Nkx2.2 mutant islet, the ghrelin-producing � cell population
has been drastically expanded at the expense of insulin- and
glucagon-producing cells.

Transcription Factor Profile of Ghrelin Cells in the Islet Is Different
from � Cells. The identification of ghrelin-producing � cells as a
unique cell population within the islet prompted us to charac-
terize their normal transcription factor profile to determine their
relative position in the islet cell lineage and to establish whether
ghrelin cells are regulated by a similar complement of transcrip-
tion factors as the other islet cell types. Pdx1 is required for
pancreatic bud expansion and insulin gene transcription (16, 17,
20, 21); it is detected throughout the pancreatic epithelium at the
onset of pancreas formation but becomes restricted predomi-
nantly to � cells upon endocrine cell differentiation (22, 23).
Nkx6.1 is also widely expressed in the pancreatic epithelium but
becomes restricted exclusively to � cells (11, 24). In e10.5
wild-type islets, when immature � cells first form, and at e12.5,
when a wave of mature � cell production occurs, ghrelin-
producing cells are present, but they do not express Pdx1 or
Nkx6.1 (Fig. 3 a, c, and d and data not shown). This would suggest
that ghrelin cells normally have a transcription factor profile that
is distinct from � cells. Furthermore, in the Nkx2.2 mutant islet,
Nkx6.1 expression becomes extinguished and Pdx1 expression is
present but is down-regulated (ref. 1 and data not shown). This
would indicate that the � cells expressing ghrelin in the mutant
islet are unlike � cells and may result from the expansion of a
unique cell-type population.

Pax6 is normally expressed in all endocrine cell types and is

Fig. 1. Ghrelin mRNA and protein are up-regulated in the islets of Nkx2.2 mutant mice. Immunohistochemical analysis of sectioned wild-type pancreas (a–e)
or mutant pancreas ( f–j) is shown. All data are from neonatal pancreata except c and h, which show pancreata from e16.5 embryos. Dashed lines delineate the
pancreas at e16.6 (c and h) and an islet in neonates (d, f, and g). (a and f ) Expression of amylase (green) and insulin (red). (b and g) Expression of amylase (green)
and glucagon (red). (c and h) RNA in situ analysis of ghrelin mRNA in e16.5 pancreas. Incubation time for wild-type and mutant samples was identical. (d and
i) Expression of ghrelin protein (red) and amylase (green). (e and j) Expression of ghrelin (red) and neuroendocrine marker chromogranin A (green).
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positively regulated by Nkx2.2. Microarray analysis of Nkx2.2
mutant islets showed that Pax6 mRNA is decreased at all three
ages analyzed (C.L.P. and L.S., unpublished data), and we have
recently demonstrated that Pax6 protein is absent from the
Nkx2.2 mutant islet (25). Interestingly, in wild-type mice at all
ages tested there appear to be two populations of ghrelin cells
with respect to Pax6 expression: the majority of ghrelin cells
express Pax6, whereas a small number are negative for Pax6 (Fig.
3e). Due to the unavailability of appropriate antibodies, we were
unable to determine how Pax6 expression distributes between
the three glucagon�ghrelin cell types.

Nkx2.2 Is Normally Down-Regulated in Differentiated Ghrelin Cells.
We have demonstrated that Nkx2.2 is highly expressed in � cells
and is required for their differentiation (1). In this study we
demonstrate that, in the absence of Nkx2.2, there is a loss of
insulin-producing � cells and a corresponding increase in ghre-
lin-expressing � cells. If the regulation of Nkx2.2 expression in an
islet progenitor determines the choice between becoming an
insulin-producing � cell (Nkx2.2-high) or a ghrelin-producing �
cell (Nkx2.2-low�off), we would expect Nkx2.2 to be down-
regulated in cells that express ghrelin. Consistent with this
hypothesis, between e10.5 and e14.5 in wild-type islets, ghrelin
cells do not coexpress high levels of Nkx2.2, although relatively
low levels of Nkx2.2 can be detected (Fig. 3f and data not shown).

Pax4�/� Islets also Have an Increase in the Ghrelin Cell Population.
The replacement of insulin-producing � cells by ghrelin-
producing � cells in the Nkx2.2 knockout mice may be indicative
of a characteristic cell fate conversion that occurs whenever �

cell differentiation is blocked. For example, if an active devel-
opmental switch is necessary to trigger the choice to become a
� cell versus a ghrelin cell, then it might be expected that other
mutants or conditions that are defective in � cell differentiation
will default to a ghrelin cell fate. To determine whether or not
the switch from a � cell to ghrelin cell fate is unique to the Nkx2.2
mutant, we characterized the expression of ghrelin in Pax4
mutant islets. Pax4 is expressed in differentiating � cells, and, in
the absence of Pax4, 90% of insulin-producing � cells fail to form
(9, 25). Similar to the Nkx2.2 knockout, Pax4 mutant islets retain
a number of endocrine-committed cells that do not produce
insulin, glucagon, somatostatin, or PP. Microarray analysis com-
paring gene expression between the Pax4 wild-type and mutant
pancreas revealed a 10-fold increase in ghrelin expression in the
Pax4 mutant islet (L.E. and B.S.-P., unpublished data). Addi-
tional RNA in situ and immunohistochemistry analyses con-
firmed that from e14.5 through birth there is a significant
expansion of the number of ghrelin cells in Pax4 mutant islets
(Fig. 4 and data not shown). Interestingly, ghrelin cells within the
Pax4 mutant islet are not increased to the same extent seen in
Nkx2.2 knockout mice, which may reflect the fact that Pax4
mutants maintain a small population of insulin-producing � cells,
and there is no apparent effect on the formation of � or PP cells.
In addition, unlike the Nkx2.2 mutant, Pax6 expression is unaf-
fected in the Pax4 mutant islet; therefore, Pax6 may compensate
to some extent for the loss of Pax4 (25). In the Nkx6.1 mutant,
there is a 90% reduction in � cells, but, unlike the Nkx2.2 and
Pax4 mutants, � cell differentiation appears to be blocked at a
later developmental stage, during the secondary transition. In
these mice, islet size is significantly decreased, and there is no

Fig. 2. Ghrelin-expressing cells define a unique subset of islet cells in the mouse that do not express the four islet hormones; in the absence of Nkx2.2,
ghrelin-expressing cells replace insulin- and glucagon-expressing cell populations. Shown is immunofluorescence analysis of sectioned wild-type (a–e) and
mutant ( f–i) neonatal pancreas. Dashed lines delineate the islets. Red, ghrelin; green, islet hormones. (a and f ) Insulin. (b, c, and g) Glucagon. (d and h)
Somatostatin. (e and i) PP.
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evidence of �-type endocrine cells (11). Consistently, there is no
observable expansion of ghrelin cells in the Nkx6.1 mutant islets
(M. Sander, personal communication).

Discussion
Our findings from this study suggest a model in which high levels
of both Nkx2.2 and Pax4 are independently required to specify
or maintain the islet � cell fate (schematized in Fig. 5). In the
absence of either factor, � cells fail to form and become replaced
with ghrelin-producing � cells, a cell type within the embryonic
mouse islet. Furthermore, it has recently been demonstrated that
loss of Pax6 results in a similar phenotype: reduction of � cells

and a corresponding expansion of ghrelin-producing � cell
numbers (P. Serup, personal communication). Because Pax6
expression depends on Nkx2.2 (25), it is likely that Nkx2.2 acts
upstream of Pax6 in the same pathway to regulate the � and �
cell fate choice. The importance of these findings points to the
need for extensive lineage analysis to determine whether � cells
and ghrelin-producing � cells arise from a common precursor
that becomes diverted to the ghrelin cell fate in the absence of
Nkx2.2 or Pax4. Alternatively, Nkx2.2 and Pax4 may promote �
cell differentiation, and the absence of � cell formation causes
a non-cell-autonomous effect on the expansion of ghrelin-
producing � cells from an independent progenitor population.
Experiments are ongoing to resolve these issues. In the Nkx2.2
mutant, it is also possible that some ghrelin cells may be diverted
from an � or PP cell fate.

It is conceivable that the loss of insulin-producing cells and the
expansion ghrelin-producing cells are merely due to reciprocal

Fig. 3. Transcription factor profile of ghrelin-positive cells in wild-type islets. Immunofluorescence analysis of sectioned embryonic pancreas shows ghrelin
(green), transcription factors, and glucagon (red). (a and b) Ghrelin expression in wild-type pancreas at e10.5. (a) Ghrelin is not coexpressed with Pdx1. (b)
Ghrelin-positive, glucagon-positive cell (white arrowhead) and ghrelin-positive, glucagon-negative cell (white arrow). (c and d) e12.5: ghrelin is not expressed
with Pdx1 (c) or Nkx6.1 (d). (e and f ) e11.5: Pax6 is expressed in some, but not all, ghrelin cells (e). Nkx2.2 is expressed at low levels or not at all in ghrelin-positive
cells (arrowhead) ( f). Nkx2.2-high-expressing cells do not coexpress ghrelin (white arrowhead).

Fig. 4. Pax4 mutant islets also have increased levels of ghrelin-expressing �

cells. Shown is nonradioactive in situ analysis of ghrelin mRNA on sections of
e14.5 pancreas. (a) A small number of ghrelin-expressing cells are normally
expressed in the wild-type pancreas at e14.5. (b) The number of ghrelin-
expressing cells is greatly increased in Pax4 mutant islets, where there is a
concomitant 90% reduction of insulin-producing cells (ref. 25 and data not
shown).

Fig. 5. Schematic of the transcription factor pathway specifying insulin-
producing � cells. In the absence of Nkx2.2 or Pax4, the progenitor cells are
switched to a ghrelin-producing � cell fate.
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gene expression changes of the two peptides (repression of
insulin and activation of ghrelin) within the � cells. However,
there are several lines of evidence to suggest that this is not
occurring. First, there is currently little evidence to suggest that
Nkx2.2 is an activator of insulin gene expression; rather, it may
function to repress insulin gene expression (26). In addition, the
characterized ghrelin promoter element does not appear to
contain Nkx2.2 binding sites (27), and comparison of mouse and
human ghrelin 5� upstream sequences failed to identify con-
served Nkx2.2 binding sites (C. Chao and L.S., unpublished
data). Finally, the amplified population of ghrelin cells in the
Nkx2.2 mutant does not express Nkx6.1 and has reduced levels
of Pdx1, two canonical � cell transcription factors. This would
suggest that the amplified cell population does not represent �
cells but rather represents ghrelin-producing � cells. Immuno-
histochemical and ultrastructural analyses are ongoing to further
characterize this cell type in wild-type and Nkx2.2 mutant islets.

In summary, we have provided an excellent example of how
global gene profiling analysis of knockout mouse tissue can lead
to a significant leap in our understanding of cell differentiation
pathways in an essential organ. These studies have allowed us to
uncover two findings regarding pancreatic endocrine cell type
differentiation that will have an impact on many future studies
of pancreatic development, function, and regeneration. First, we
have determined that ghrelin-producing � cells represent an
endocrine population within the embryonic mouse islet. Second,
we have demonstrated that, in two mouse models, an early block
in the differentiation of insulin-producing � cells leads to an

enormous increase in ghrelin-producing � cells, perhaps through
a cell fate switch. Although the physiological role of ghrelin
remains controversial, several studies have demonstrated that
ghrelin functions to regulate insulin activity (28–30). Therefore,
it is remarkable to find a genetic link between these two
hormones. Our discoveries point to a role for ghrelin in the
pancreatic islet, perhaps as a local regulator of glucose metab-
olism and energy balance. Furthermore, the data we present in
this study provide the interesting possibility that the ghrelin-
producing � cells within the islet are derived from the same
precursor that gives rise to insulin-producing � cells. Therefore,
discovery of the ghrelin cell type will have a major impact on the
generation of pure populations of � cells from stem or progen-
itor cells for cell-based therapy of diabetes. Ghrelin-producing �
cells or their precursors may now be a potential source of
insulin-producing � cells for therapeutic purposes.
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