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Multistep signaling requirements
for pituitary organogenesis in vivo
Mathias Treier,1 Anatoli S. Gleiberman,1,2,5 Shawn M. O’Connell,1,5 Daniel P. Szeto,1,3

Jill A. McMahon,4 Andrew P. McMahon,4 and Michael G. Rosenfeld1,6

1Howard Hughes Medical Institute, 2Eukaryotic Regulatory Biology Program, 3Biomedical Sciences Graduate Program,
University of California, San Diego, School and Department of Medicine, La Jolla, California 92093-0648 USA; 4The Biolabs,
Harvard University, Cambridge, Massachusetts 02138 USA

During development of the mammalian pituitary gland specific hormone-producing cell types, critical in
maintaining homeostasis, emerge in a spatially and temporally specific fashion from an ectodermal
primordium. We have investigated the molecular basis of generating diverse pituitary cell phenotypes from a
common precursor, providing in vivo and in vitro evidence that their development involves three sequential
phases of signaling events and the action of a gradient at an ectodermal boundary. In the first phase, the
BMP4 signal from the ventral diencephalon, expressing BMP4, Wnt5a, and FGF8, represents a critical dorsal
neuroepithelial signal for pituitary organ commitment in vivo. Subsequently, a BMP2 signal emanates from a
ventral pituitary organizing center that forms at the boundary of a region of oral ectoderm in which Shh
expression is selectively excluded. This BMP2 signal together with a dorsal FGF8 signal, appears to create
opposing activity gradients that are suggested to generate overlapping patterns of specific transcription factors
underlying cell lineage specification events, whereas Wnt4 is needed for the expansion of ventral pituitary cell
phenotypes. In the third phase, temporally specific loss of the BMP2 signal is required to allow terminal
differentiation. The consequence of these sequential organ and cellular determination events is that each of
the hormone-producing pituitary cell types—gonadotropes, thyrotropes, somatotropes, lactotropes,
corticotropes, and melanotropes—appear to be determined, in a ventral-to-dorsal gradient, respectively.
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The anterior pituitary gland exerts its pivotal roles in
homeostatic regulation of vertebrates by signaling to pe-
ripheral organs, such as the adrenal gland and thyroid
gland under control of the endocrine hypothalamus
(for review, see Treier and Rosenfeld 1996). The mature
gland contains six hormone-producing cell types, includ-
ing corticotropes secreting adrenocorticotropin (ACTH);
melanotropes secreting melanocyte-stimulating hor-
mone (MSH); thyrotropes secreting thyroid-stimulating
hormone (TSH); gondadotropes secreting luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH); so-
matotropes secreting growth hormone (GH); and lacto-
tropes secreting prolactin. FSH, LH, and TSH are het-
erodimeric peptide hormones that share a common
subunit referred to as a-glycoprotein subunit aGSU (for
review, see Voss and Rosenfeld 1992). These cell types
emerge from a common primordium in a precise spatial
and temporal pattern (Simmons et al. 1990; Japon et al.
1994); because of the well-defined nature of these cell
types the pituitary gland has provided an excellent

model system in which to investigate the molecular
mechanisms that underlie the appearance of distinct cell
phenotypes during mammalian organogenesis.

The anterior pituitary gland arises as a midline struc-
ture from the anterior neural ridge immediately anterior
to the adjacent region of the neural plate from which the
hypothalamus and posterior pituitary will develop
(Couly and Le Dourain 1988; Eagelson and Harris 1990).
A number of transcription factors are expressed in the
area of the pituitary primordium including Six-3 (Oliver
et al. 1995), PAX-6 (Walther and Gruss 1991), and Rpx/
Hesx1 (Thomas et al. 1995; Hermesz et al. 1996), all of
which continue their expression in the oral ectodermal
field and in Rathke’s pouch, which first appears as an
invagination of the oral ectoderm, making direct cell–
cell contact with the neuroepithelium of the nascent di-
encephalon at embryonic days 8.5–9.0 (E8.5–9.0) in
mouse development (Jacobsen et al. 1979). Concurrent
with organ commitment, a LIM–homeodomain factor,
Lhx3 (Zhadanov et al. 1995), also referred to as P-Lim
(Bach et al. 1995), is expressed in a fashion restricted to
Rathke’s pouch, as well as the related factor Lhx4 (Sheng
et al. 1997). Deletion of the Lhx-3/P-Lim gene in mice
results in failure of the pituitary gland to grow and dif-
ferentiate, although Rathke’s pouch forms (Sheng et al.
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1996), whereas a double gene deletion for both Lhx3 and
Lhx4 results in failure in formation of Rathke’s pouch
(Sheng et al. 1997). The OTX related factor Ptx1/P-OTX
(Lamonerie et al. 1996; Szeto et al. 1996) is also expressed
throughout early pituitary development, whereas a
nuclear receptor, SF1, appears to be expressed later in the
nascent gonadotrope lineage (Luo et al. 1994). A tissue-
specific POU domain factor Pit-1 is required for terminal
differentiation, growth, and survival of somatotropes,
lactotropes, and thyrotropes (Li et al. 1990) and is ex-
pressed ventrally on E13.5 in the caudomedial region of
the nascent gland that will express growth hormone, pro-
lactin, and TSHb, with thyrotropes being the most ven-
tral of the three Pit-1 producing cell types (Simmons et
al. 1990; Japon et al. 1994). In addition, a paired-like
homeodomain factor Prop-1 proved to be required for
determination of the Pit-1 lineage (Sornson et al. 1996).
Whereas these studies have begun to elucidate the tran-
scription factors responsible for critical aspects of pitu-
itary gland development, the extracellular signals that
dictate the serial events required for pituitary organogen-
esis remain undefined.

The application of genetic approaches to development,
initially in Drosophila, led to discovery of both tran-
scription factors and the signaling molecules Decapen-
taplegic (Dpp), Wingless (Wg), and Hedgehog (Hh) critical
for initial pattern formation, including dorsal and ventral
patterning (for review, see Rusch and Levine 1996), and
later development of numerous systems and structures
derived from imaginal discs (for review, see Lawrence
and Struhl 1996). The subsequent identification and
study of their mammalian orthologs revealed a large
family of bone morphogenetic proteins (BMPs), Wnt, and
Hh molecules. Their potential roles in mammalian de-
velopment and organogenesis has received intensive at-
tention in the past few years, with evidence of their in-
volvement in several models including limb (for review,
see Johnson and Tabin 1997), spinal cord (for review, see
Tanabe and Jessell 1996), and tooth development (for re-
view, see Thesleff and Sharpe 1997), as well as in somite
patterning (for review, see Bumcrot and McMahon 1995).
Similarly, roles for the large family of fibroblast growth
factors (FGFs) in early mammalian development and in
organogenesis have been suggested (for review, see Tabin
1995).

In this paper we have used several experimental ap-
proaches to understand the serial signaling events that
might underlie the process of pituitary development
from initial organ commitment to the appearance of ma-
ture cell phenotypes. We report that BMP4, Wnt5a, and
FGF8 are expressed in distinct, overlapping patterns in
the ventral diencephalon, whereas Shh, initially ex-
pressed uniformly in the oral ectoderm, is excluded from
the developing Rathke’s pouch, creating a molecular
boundary within the continuous ectoderm from which a
ventral-to-dorsal gradient of BMP2 arises. We provide in
vivo and in vitro evidence that BMP4 is required for the
first phase of development—organ commitment of the
pituitary gland, whereas the subsequent generation of
opposing ventrodorsal BMP2/FGF8 gradients serve to

dictate the second phase—determination of ventral cell
phenotypes (gonadotropes and the Pit-1 lineage) and dor-
sal phenotypes (melanotropes and corticotropes), respec-
tively. Finally, attenuation of the BMP2 signal is shown
in vivo to be required for terminal differentiation of ven-
tral cell types, the third phase of organogenesis. Thus,
the well-described nature of the specific cell phenotypes
within the pituitary gland have permitted interpretation
of our in vivo experiments to propose a model for mul-
tistep signaling regulation of pituitary organogenesis.

Results

Signaling molecules in pituitary organogenesis

We initiated our investigation of early pituitary organo-
genesis by delineating the expression of potential signal-
ing molecules in the neuroepithelium and subsequently
the pituitary gland and/or surrounding mesenchyme,
evaluating known members of the BMP, FGF, and Wnt
gene families (Hogan 1996; Cadigan and Nusse 1997).
BMP4 (Jones et al. 1991) and FGF8 (Crossley and Martin
1995), reported to be expressed in the infundibulum at
E10.5, were found to be expressed in the ventral dien-
cephalon during the initial development of Rathke’s
pouch and subsequently in the infundibulum until emer-
gence of specific cell lineages, with initial BMP4 expres-
sion detected temporally prior to the appearance of FGF8
(Fig. 1; data not shown). In addition, Wnt5a was found to
be expressed throughout the diencephalon (Fig. 1), exhib-
iting a less restricted expression than BMP4 and FGF8.
Wnt4 expression is also detected in Rathke’s pouch and
is sustained later dorsally and ventrally through E14.5.
The oral ectoderm appears to uniformingly express Shh;
with the morphological appearance of Rathke’s pouch,
Sonic hedgehog (Shh) expression was restricted out of
the invaginating oral ectoderm, remaining expressed in
the surrounding oral ectoderm until at least E11, and
thus represents a molecular boundary at the morphologi-
cal transition between the oral ectoderm and Rathke’s
pouch (Fig. 1; data not shown). Because this pattern is
reminiscent of the anterior–posterior compartment
boundary in the Drosophila wing (Basler and Struhl
1994) in which Hh in posterior cells locally induces ex-
pression of Dpp in adjacent anterior cells, we investi-
gated whether there might be similar induction of the
expression of the Dpp counterparts, BMP2 or BMP4, in
the adjacent Shh-nonexpressing cells of the nascent
Rathke’s pouch. We found that initial expression of
BMP2 was observed at the oral ectoderm/Rathke’s
pouch boundary on E10.5 within Rathke’s pouch ecto-
derm and with expression in the adjacent mesenchyme;
by E12.0 expression was continuous throughout Rath-
ke’s pouch and in the underlying, condensing mesen-
chyme with attenuation of the signal by E13.5–14. These
data were consistent with the possibility that a ventral
BMP2 signal might be essential for the development of
specific pituitary cell lineages. Furthermore, we found
that one of the known BMP antagonists, chordin (Piccolo
et al. 1996), is expressed in the mesenchyme caudal to
the developing anterior pituitary gland.
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Figure 1. Expression of signaling molecules during early stages of pituitary development. Schematic representation of different stages
of pituitary development (a–d). In situ hybridization analysis for BMP4, FGF8, Wnt5a, BMP2, Wnt4, Sonic hedgehog (Shh), and chordin
during early stages of pituitary development [embryonic day (e) of mouse development is indicated at top right of each panel]. BMP4
expression is detected early on in the ventral diencephalon and later in the infundibulum to subsequently disappear. FGF8 is expressed
temporally later than BMP4 in the infundibulum. Wnt5a is expressed throughout the ventral diencephalon not showing any restric-
tion. No BMP2 expression is detected early in the vicinity of Rathke’s pouch. At E10.5 BMP2 expression was detected in the most
ventral part of Rathke’s pouch ectoderm and in some adjacent mesenchymal cells (arrows). By E12.0 BMP2 was expressed throughout
Rathke’s pouch and in the underlying condensing mesenchymal cells. Two days later BMP2 expression is confined to the perilumenal
cells in Rathke’s pouch and the underlying cartilage growth zone. Wnt4 expression is observed in the oral ectoderm and Rathke’s
pouch throughout pituitary gland development. Shh expression is observed throughout the oral ectoderm, whereas the invaginating
part of oral ectoderm that becomes Rathke’s pouch is void of any detectable expression, creating a molecular boundary between two
ectodermal domains of Shh expressing and nonexpressing cells. The BMP antagonist chordin is expressed in the caudal mesenchyme
(CM) adjacent to Rathke’s pouch. BMP2 and Wnt4 expression is noted in the condensing mesenchyme beginning at E12. (INF)
infundibulum; (RP) Rathke’s pouch; (OE) oral ectoderm; (P) pituitary; (VD) ventral diencephalon.
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In vitro requirement for ventral diencephalon
in pituitary development

To further investigate the role of the ventral diencepha-
lon in Rathke’s pouch development, we established a
ventral diencephalon/Rathke’s pouch organ coculture
system. Isolation and culturing of Rathke’s pouch ex-
plants from E9.5 embryos required cocultivation with
ventral diencephalon from the same stage to achieve
ACTH, Pit-1, and aGSU cell phenotypes (Fig. 2Aa,e,i);
coculturing under identical conditions with COS cells
could not replace this activity (Fig. 2Ac,g,k); only few
ACTH-positive cells were detectable (Fig. 2Ac). In con-
trast, Rathke’s pouch cell explants from E10.5 embryos
were capable of generating ACTH, Pit-1, and aGSU cell
lineages, whether cultured in the presence or in the ab-
sence of the ventral diencephalon (Fig. 2Ab,d,f,h,j,l).
These results imply that at ∼E10.5, the pituitary gland

switches from an extrinsic (ventral diencephalon) to in-
trinsic (Rathke’s pouch) signaling mode that is required
for cell lineage specification.

To investigate whether BMP4 or Wnt5a activity alone
or together was sufficient to induce the a-glycoprotein
subunit (aGSU) in E9.5 Rathke’s pouch explants, we cul-
tured E9.5 Rathke’s pouch explants together with COS
cells that were transfected with cytomegalovirus (CMV)-
based expression vectors containing BMP4, Wnt5a, Shh,
or FGF8 cDNAs, alone or in all possible dual combina-
tions. Whereas BMP4, or to a lesser extend Wnt5a alone
were only sporadically able to induce aGSU in the co-
culture system (Fig. 2Bf,g); the combination of BMP4
with Wnt5a was able to consistently induce robust ex-
pression of aGSU in these explants (Fig. 2B h). However,
the coculture system proved unable to faithfully repro-
duce all aspects of later temporal events in pituitary de-
velopment. For example, few TSHb-producing cells were

Figure 2. BMP activity is required for anterior pituitary development. (A) Requirement for signaling from the ventral diencephalon
in the induction of pituitary lineages. (a,e,i) Coculturing of E9.5 ventral diencephalon with E9.5 Rathke’s pouch explant for 6 days
resulted in the appearance of all major lineages as shown by immunohistochemical staining with ACTH (a), Pit-1 (e), and aGSU (i)
antisera. (b,f,j) Coculturing experiments done under the same conditions with explants from E10.5, respectively, resulted in the same
outcome as in a,e, and i). (c,g,k) Coculturing E9.5 Rathke’s pouch explants in the presence of COS cells for 6 days led to the appearance
of only few ACTH-positive cells (arrows, c), no Pit-1 and aGSU-positive cells were detected (g,k). (d,h,l) Coculturing experiment done
under the same conditions as under (c,g,and k) with Rathke’s pouch explants from E10.5, resulting in the appearance of ACTH (d)-,
Pit-1 (h)-, and aGSU (l)-positive cells. Results are shown from n = 5 independent experiments. (B) Synergistic induction of aGSU
expression through BMP and Wnt signaling. (a,e) E9.5 Rathke’s pouch explants cultured in the presence of COS cells showed induction
of only ACTH expression (a) as revealed by immunohistochemistry; no aGSU expression (e) is detectable. (b,c,f,g) Similar results were
obtained as in a and e when E9.5 Rathke’s pouch explants were cultured with COS cells secreting either BMP4 or Wnt5a alone. (d,h)
Coculturing of COS cells producing both BMP4 and Wnt5a with E9.5 Rathke’s pouch explants resulted in induction of aGSU
expression (h). Results are from n = 4 independent experiments. (C) Expression of a POTX–Noggin transgene leads to an arrest of
pituitary development. (a) Wild-type (WT) littermate at E17.5 stained for ACTH. (b) Phenotypic appearance of the pituitary gland in
a POTX-Noggin transgenic embryo at E17.5. The gland has not progressed beyond a single layer epithelium stage reminiscent of
Rathke’s pouch at E10.0. A connection towards the oral cavity still remains. (c) Higher magnification of b. Arrows mark the few
ACTH-positive cells that can be found in this gland. (d,e) Immunohistochemical staining of adjacent sections with aGSU and Pit-1
antisera, respectively. No positive cells for either of the two markers could be found. Four independent transgene-positive embryos
from this stage of gestation were obtained with three showing an abnormal phenotype.
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observed, even though Pit-1 expression was detected and
growth-hormone-positive cells consistently appeared in
these cultures. It is therefore likely that the coculture
system does not fully maintain all of the three dimen-
sional aspects of normal development, compelling in
vivo experiments to evaluate signaling control of the en-
tire process of pituitary organogenesis.

BMP4 is required for pituitary organ commitment
in vivo

As gene deletions for BMP2 (Zhang and Bradley 1996)
and BMP4 (Winnier et al. 1995) result in embryonic le-
thal phenotypes prior to any potential role in pituitary
development, we took advantage of the fact that Noggin
is reported to specifically and efficiently block the action
of BMP2/BMP4 and only inefficiently BMP7, but not
other known members of the TGFb family (Zimmerman
et al. 1996; Liem et al 1997), to investigate whether BMP
signaling was required for initial pituitary organ com-
mitment. In order to utilize such an in vivo approach, it
was necessary to identify the regulatory sequences of an
appropriate transcription unit that would selectively tar-
get a noggin transcription unit in an appropriate tempo-
ral and spatial fashion to Rathke’s pouch. We found that
8 kb of 58 cis-regulatory information of the P-OTX/Ptx1
gene (Lamonerie et al. 1996; Szeto et al. 1996; Lanctot et
al. 1997) was capable of specifically directing transgenic
expression to the oral ectoderm and to Rathke’s pouch in
transgenic animals (D.P. Szeto and M.G. Rosenfeld, un-
publ.). This transcription unit permitted us to target mis-
expression of noggin in transgenic animals (Fig. 2C). In
the noggin transgenic embryos the development of Rath-
ke’s pouch was arrested, exhibiting a morphological ap-
pearance resembling an E10 Rathke’s pouch, even at
E17.5 (Fig. 2C). Immunohistochemical staining for cell-
type-specific markers revealed that neither aGSU- nor
Pit-1-positive cells could be identified, with only a few
ACTH-positive cells detectable. This phenotype very
closely resembles that reported for the LIM homeodo-
main factor Lhx3/P-Lim gene-deleted mouse (Sheng et
al. 1996), which is induced in the Shh nonexpressing
ectoderm after contact with the neuroepithelium, and
which has been interpreted to reflect a failure of initial
organ commitment and proliferation events. Based on
our current understanding of noggin function and the
fact that BMP4, but not BMP2 or BMP7, could be de-
tected in the neuroepithelium at this time, our data
strongly suggest that BMP4 activity is itself required for
initial organ commitment and development of the pitu-
itary anlage.

BMP2 signal requirement for the Pit-1 lineage

The appearance of BMP2 on E10.5 at the ventral limit of
the presumptive Rathke’s pouch at the Shh boundary
next raised the issue of the role of BMP2, and suggested
that its expression in the developing gland might be a
critical component of the loss of dependence on the ven-
tral diencephalon signaling after E10.5. To gain func-

tional insight into the potential role of the endogenous
BMP2 activity in subsequent cell-type determination,
we took advantage of the fact that BMP signaling is me-
diated through a BMP receptor (BMPR) system of type I
and type II receptors, which both have low affinity for
their ligand and only together achieve high affinity bind-
ing (for review, see Massagué 1996) and therefore is sus-
ceptible to a dominant-negative approach. Although 4.6
kb of 58 cis-regulatory information of the aGSU gene,
expressed early in Rathke’s pouch development (Sim-
mons et al. 1990; Kendall et al. 1994), have been reported
to target to all the cells of Rathke’s pouch (Kendall et al.
1994), we used 14 kb of 58 cis-regulatory information of
the aGSU gene to more efficiently misexpress a domi-
nant-negative BMPR1A receptor (Suzuki et al. 1994) in
transgenic animals prior to cell type determination. We
chose this BMPR isoform because it was previously
shown that this receptor specifically binds to BMP2 and
BMP4, but not activins (for review, see Massague 1996).
Mice expressing the transgene exhibited a dwarf pheno-
type. Analysis of the pituitary gland showed a highly
hypoplastic phenotype, effecting primarily the anterior
lobe (Fig. 3). In situ hybridization revealed that the Pit-1
lineage was almost completely absent (Fig. 3e,f,g,l,m,n);
with only rare positive cell clones, similar to the few
remaining clusters of Pit-1 lineage cells described in the
Prop-1-defective, Ames (df) mouse (Gage et al. 1996;
Sornson et al. 1996). In contrast, the remaining cells in
the anterior lobe expressed either POMC (Fig. 3b,i) or
aGSU (Fig. 3c,j) and the dominant-negative BMPR trans-
gene, as shown by hybridization with a transgene-spe-
cific probe (human GH) [hGH Fig. 3a,h], with a substan-
tial percentage of aGSU-positive cells also positive for
the gonadotrope-specific markers LHb and FSHb (Fig.
3d,k; data not shown). Because the dominant-negative
receptor can function only in a cell-autonomous fashion,
this result further implies that the precursors of the Pit-1
lineage are initially temporally specified as aGSU-posi-
tive cells, as terminally differentiated GH- and prolactin-
positive cells do not express aGSU, consistent with a
broad, early pattern of aGSU expression (Simmons et al.
1990; Kendall et al. 1994). Whereas the aGSU population
was clearly diminished, determination of the gonado-
trope lineage was consistently observed, as might be ex-
pected because the dominant-negative receptor would be
least effective in inhibiting highest levels of BMP activ-
ity most ventrally, where the gonadotrope lineage origi-
nates.

Wnt4 is involved in pituitary cell-type expansion

Of the known Wnt family members we could detect only
low levels of Wnt4 transcripts during pituitary develop-
ment. As shown in Figure 4, analysis of Wnt4−/− mice
(Stark et al. 1994) at E17.5 revealed a clear reduction in
cell number in the anterior pituitary gland of Wnt4 mu-
tant animals compared to their wild-type littermates.
Immunohistochemical analysis exhibited a drastic re-
duction in number of the ventral aGSU, TSHb, and GH
cell populations, without alteration in dorsal ACTH-ex-

Signaling gradients in pituitary organogenesis
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pressing corticotropes. Therefore, we propose that Wnt4
alone, or together with yet unkown members of the Wnt
family, represents an intrinsic signaling molecule re-
quired for at least the expansion of some pituitary-cell-
type precursors, analogous to the role proposed for other
Wnt family members in various developmental systems,
such as the requirement for Wnt signaling in expansion
of neural crest and CNS progenitors (Ikeya et al. 1997).

Attenuation of the BMP2 signal is required
for terminal differentiation

Terminal differentiation of Pit-1 cell types occurs only
by E15.5–16.5 (Simmons et al. 1990; Japon et al. 1994), by

which time BMP2 expression is no longer detected. We
therefore wished to investigate whether the suppression
of BMP2 activity was required for terminal differentia-
tion of pituitary cell phenotypes. To address this ques-
tion, BMP2/4 was misexpressed under the aGSU cis-
regulatory elements in transgenic mice; immunohisto-
chemical analysis on E17.0, well after the appearance of
terminal differentiation markers, revealed that aGSU,
TSHb, growth hormone, and prolactin were not present
(Fig. 5b–e, l–o), whereas ACTH was unaffected (Fig. 5a,k).
These data suggest that the physiological attenuation of
BMP2 expression is a critical component of terminal dif-
ferentiation, as sustained expression of BMP activity re-
sults in a block of terminal differentiation of these four
cell types. As the gland was not hypoplastic, and even
hypercellular, we asked whether lineage determination
had occurred. Marker gene expression was assessed by in
situ hybridization. Transcripts for Pit-1, Isl-1, and
GATA-2 were present, showing that lineage determina-
tion had indeed occurred (Fig. 5g–i, q–s). Expression of
GATA-2 and Isl-1 has been noted in permanent gonado-
trope and thyrotrope cell lines (Steger et al. 1994), and we

Figure 4. Wnt4 affects cell type expansion in the pituitary
gland. Pituitary phenotype in Wnt4−/− mutant animals at E17.5
(e–h) compared to wild-type littermate (a–d). Immunohisto-
chemical analysis for the trophic hormones ACTH (a,e), GH
(b,f), TSHb (c,g), and aGSU (d,h) are shown. Arrows indicate
positive cells for the corresponding hormones in the mutant and
wild-type pituitaries. Only a few positive cells for GH, TSHb,
and aGSU are present in the pituitaries of Wnt4−/− mutant ani-
mals. Five pairs of embryos were analyzed.

Figure 3. Role of endogenous BMP activity in cell-type deter-
mination. Pituitary phenotype of mice expressing the aGSU–
DBMPR transgene. Pituitaries of a 8-week-old aGSU–DBMPR
transgenic mouse (h–n) and its wild-type littermate (a–g) are
shown. In situ analysis for Pit-1 (e,l) and the trophic hormones
POMC (b,i), aGSU (c,j), LH (d,k), TSHb (f,m) and GH (g,n), as
well as a transgene specific probe hGH (a,h) are shown. The
asterisk (*) in b marks the intermediate lobe that expresses
POMC at such a high level that the region is overexposed and
hence black. Three independent founders exhibited a dwarf phe-
notype.
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found that GATA-2 shows a ventrally restricted expres-
sion pattern, similar to that of Isl-1 (J.S. Dasen, S.M.
O’Connell, and M.G. Rosenfeld, unpubl.). Interestingly,
the GATA-2/Isl-1-positive cell population is strongly ex-
panded, with GATA-2, but not Isl-1, being highly tran-
scriptionally induced. Thus the ventral cell types appear
to respond directly to the BMP signal pathway by up-
regulation of GATA-2. At the same time Msx-1, one of
the relatively few established target genes of the BMP2/4
pathway (Vainio et al. 1993), exhibited a marked up regu-
lation throughout the gland, whereas in a wild-type
gland Msx-1 was detectable at E17.0 only in the perilu-
menal cells (Fig. 5j,t). Because it has been shown that
Msx-1 can function as a transcriptional repressor in
other systems, such as in muscle differentiation
(Woloshin et al. 1995) it is tempting to speculate that
sustained expression of Msx-1 may, at least in part, ac-
count for the observed phenotype.

FGF8 prevents ventral-cell-type determination

The recent observation that signaling through the recep-
tor tyrosine kinase/MAP kinase (Erk1/2) pathway leads

to the dominant inhibition of BMP activity (Kretschmar
et al. 1997) is highly suggestive of the possibility that
FGF8 expressed in the ventral diencephalon/infundibu-
lum counteracts the ventral BMP signal. To test a model
proposing that FGF8 and BMP2 represent counteracting
activity gradients in the developing gland, we misex-
pressed FGF8 under the aGSU cis-regulatory elements in
early Rathke’s pouch. The pituitary gland of such trans-
genic animals exhibited a dramatic phenotype, with se-
vere dysmorphogenesis and enlargement. Immunohisto-
chemical analysis for the trophic hormones MSH,
ACTH, GH, TSHb, aGSU, and LHb (Fig. 6; data not
shown) revealed that in the more severe phenotypes (Fig.
6f–j), cell lineages including gonadotropes, thyrotropes,
somatotropes, and lactotropes were missing (Fig. 6h–j),
whereas there was a greatly expanded population of
MSH- and ACTH-expressing cells detected (Fig. 6f,g).
Furthermore, expression of Pit-1, Isl-1, and GATA-2 was
not detected (data not shown), indicating that determi-
nation of the Pit-1 and gonadotrope lineage had failed to
occur. These data are consistent with the idea that FGF8
is critical for determination of the dorsal cell pheno-
types, which have proved to be corticotropes (producing

Figure 5. Prolonged BMP activity inhibits terminal differentiation. Phenotypic appearance of the pituitary gland in aGSU–BMP4
transgenic embryos at E17.0. Pituitaries of an E17 transgenic embryo (k–t) and its wild-type littermate (a–j) are shown. Immunohis-
tochemical analysis for the trophic hormones ACTH (a,k), aGSU (b,l), TSHb (c,m), GH (d,n), and PRL (e,o) are shown. Arrows indicate
positive cells for the corresponding hormones in the wild-type mouse. In situ analysis was performed with the following markers:
aGSU (f,p), Isl-1 (g,q), GATA-2 (h,r), Pit-1 (i,s), and Msx-1 (j,t). Four independent transgenic embryos from this stage of gestation were
analyzed, all showing an abnormal phenotype.
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ACTH) and melanotropes (producing MSH), with higher
levels of FGF8 activity actually suppressing all ventral
cell types.

According to a gradient model, gonadotropes and thy-
rotropes should be most sensitive to FGF8 signaling as
they are determined in the region most ventral to the
source of FGF8 expression. Consistent with this model,
transgenic embryos with a lower copy number of the
FGF8 transgene exhibited a less severe phenotype (Fig.
6k–o), with the appearance of some growth hormone
positive somatotropes (Fig. 6m), which arise dorsally to
the thyrotrope or gonadotrope cell populations, yet still
excluding thyrotropes and gonadotropes entirely (Fig.
6n,o). These data therefore suggest counteracting BMP2/
FGF8 activity gradients in determination of specific pi-
tuitary cell phenotypes.

Dorsoventral gradients of transcription factor
expression in the developing pituitary gland

Based on these data we predicted that one should be able
to find transcription factors with spatially and tempo-
rally restricted expression patterns that would reflect
these two opposing activity gradients. In contrast to fac-
tors such as P-OTX/Ptx1 that exhibit uniform expres-

sion (Fig. 7B), Brn-4 (Mathis et al. 1992), a POU ho-
meodomain transcription factor, appears ventrally at
E10–10.5 and ultimately becomes expressed throughout
the ventral half of the maturing nascent gland (Fig. 7B).
We isolated several new genes exhibiting restricted ex-
pression patterns in Rathke’s pouch using RT–PCR. One
is a novel member of the Winged-helix (Forkhead) tran-
scription factor family, that we refer to as P-Frk (for pi-
tuitary forkhead factor; Fig. 7A). As shown in Figure 7B,
expression of P-Frk was initiated at the most ventral part
of Rathke’s pouch, coincident with the appearance of the
ventral Shh/BMP2 boundary and remained restricted at
later times to the most ventrorostral part of the gland,
further subdividing the Brn-4 expression domain. In con-
trast to P-Frk, the LIM–homeodomain factor Isl-1 (Thor
et al. 1991) appeared to be more widely expressed ini-
tially and subsequently became ventrally restricted, ex-
hibiting a temporally and spatially overlapping expres-
sion with P-Frk during pituitary organogenesis. Six-3
(Oliver et al. 1995) and Prop-1 (Sornson et al. 1996) are
initially expressed in a complementary dorsoventral gra-
dient, extending to partially overlap the Brn-4 expression
domain (Fig. 7B; data not shown).

On the most dorsal aspect of the developing gland,
directly opposite to the highest levels of FGF8 expres-

Figure 6. FGF8 promotes proliferation
and opposes BMP activity in the pituitary
gland. Phenotypic appearance of the pitu-
itary gland in aGSU–FGF8 transgenic em-
bryos at E17.5. Two transgenic embryos
are shown, because the phenotype became
more severe with higher copy number of
the transgene [aGSU–FGF8 (f–j) strong
phenotype, aGSU–FGF8 (k–o) weaker phe-
notype]. In both cases the gland exhibited
striking dysmorphogenesis and increased
cellularity (all photomicrographs taken at
the same magnification). In aGSU–FGF8
(f,g), new clusters of lumenal-like cells
have budded off (open arrows). Immunohis-
tochemical analysis for the trophic hor-
mones MSH (a,f,k), ACTH (b,g,l), GH
(c,h,m), TSHb (d,i,n), and aGSU (e,j,o) are
shown, with selective loss of GH (h), TSHb

(i), and aGSU (j) in the case of the more
severe phenotype and TSHb (n) and aGSU
(o) in the case of the weaker phenotype.
The arrows mark clusters of positive cells
for the respective hormones analyzed.
Note that the dark dots, especially seen in
the a–aGSU analysis of the aGSU–FGF8
(o) transgene, represent blood cells and not
positive staining. Seven independent trans-
genic embryos at this stage were analyzed,
with three showing the more severe abnor-
mal phenotype then the other four.
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sion, a Nkx-related homeobox gene, Nkx-3.1 (Bieberich
et al. 1996), was found to be the most dorsally restricted
known transcription factor expressed in Rathke’s pouch
and further subdivides the Prop-1/Six-3-positive field.

The expression of genes encoding these distinct classes
of transcription factors in overlapping dorsoventral quad-
rants indicates a division of the nascent Rathke’s pouch
into regions with distinct complements of transcription

Figure 7. Patterning of Rathke’s pouch by
spatially restricted expression of transcription
factors. (A) Comparison of the amino acid se-
quence of the new Winged-helix transcription
factor P-Frk to that of other related Winged-
helix (Forkhead) factors. (B) In situ hybridiza-
tion analysis for P-OTX, Isl-1, P-Frk, Brn-4,
Nkx-3.1, Six-3, and Msx-1 during early stages
of pituitary development. Notice that P-Frk ex-
pression was detected at E10.5 in the most ven-
tral part of Rathke’s pouch (arrowheads).
Brackets mark the position of the pituitary and
the different dorsal-to-ventral expression of
each transcription factor, respectively. (e) Em-
bryonic day of mouse development; (A) ante-
rior lobe; (I) intermediate lobe; (RP) Rathke’s
pouch; (P) pituitary; (VD) ventral diencepha-
lon.
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factors, suggesting that cell lineage determination may
well have already occurred by this stage of pituitary or-
ganogenesis, consequent to the proposed BMP2/FGF8
gradients.

Discussion

We have obtained evidence for three phases of signaling
control in generating the hormone-producing pituitary
cell types, providing a model for the generation of spe-
cific cell phenotypes from a common primordium in
mammalian organogenesis. Our data support a model of
pituitary development (Fig. 8) in which dorsal neuroepi-
thelial signals, particularly BMP4, are critical for initial
pituitary organ commitment. The subsequent establish-
ment of a ventral boundary at Shh-expressing and -non-
expressing ectodermal domains within the oral ectoderm

appears to function as an organizing center, resulting in
induction of BMP2 in Rathke’s pouch. Later, the action
of FGF8 dorsally and of BMP2 ventrally, may dictate the
observed restricted dorsal or ventral expression patterns
of specific transcription factors in the nascent Rathke’s
pouch that are proposed to determine specific pituitary
cell lineages. Thus, the pituitary gland provides a case in
which related BMP factors serve sequential roles, first
dorsally and then ventrally, to successively determine
organ and distinct cell types within the pituitary gland.
Finally, attenuation of specific signals is required for ter-
minal differentiation of distinct cell phenotypes. These
data lead to the conclusion that each of the mature cell
types are determined relatively early during organogen-
esis, at the Rathke’s pouch stage, in a strict ventral-to-
dorsal fashion, with gonadotropes, thyrotropes, somato-
tropes/lactotropes, corticotropes, and melanotropes rep-

Figure 8. Model of cell lineage determination in pituitary ontogeny. At E8.5 (e8.5) in mouse development, Shh and P-OTX are
continuously expressed throughout the oral ectoderm. Signals from the ventral diencephalon, most prominently BMP4, suppress the
expression of Shh, creating a Shh-nonexpressing zone, the primordium of the nascent Rathke’s pouch and at the same time induce
P-Lim/Lhx3. The boundary between the oral ectoderm expressing Shh and the nonexpressing Rathke’s pouch function as an organizing
center for ventral gene induction, including BMP2. At E10.5 Rathke’s pouch has formed and the infundibulum is visible. FGF8,
expressed in the infundibulum, functions antagonistically to BMP2, resulting in ventrodorsal BMP and dorsoventral FGF activity
gradients in Rathke’s pouch. This leads to the induction of several temporally and spatially restricted transcription factors, postulated
to combinatorially divide Rathke’s pouch into zones with different identities. These zones are proposed to impose the determination
of cell lineages at this developmental stage. During the next 2 days of cell lineage expansion, the BMP2 activity gradient in Rathke’s
pouch is reinforced by ventral expression of BMP2 in the underlying condensing mesenchyme and counteracted by dorsal expression
of FGF8 and caudal expression of chordin.
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resenting the progressively more dorsally determined
cell types (Fig. 8).

Initial phase of pituitary development: dorsal
neuroepithelial signals in pituitary organ commitment

The mammalian pituitary gland represents an example
in which initiation of organ development depends on
contact between two distinct ectodermal cell layers,
whereby the ventral diencephalon produces the inducing
factor(s) and the oral ectoderm provides the competence
required to respond to this signal(s) (Kimura et al. 1996),
similar to established classical embryological experi-
ments (Spemann 1938). BMP4, FGF8, and Wnt5a repre-
sent the only known members of these three families of
regulatory molecules that are expressed in the region of
the ventral diencephalon that directly contacts the in-
vaginating oral ectoderm destined to become the pitu-
itary gland. These factors appear to be expressed in over-
lapping, but distinct fashion, with BMP4 exhibiting the
most restricted expression, in contrast to the more ex-
tended expression of Wnt5a in the ventral diencephalon.

The ability to appropriately target noggin misexpres-
sion by the use of specific regulatory sequences of the
P-OTX/Ptx-1 gene has permitted the initial proof in vivo
of a required role for BMP activity in pituitary organ
commitment. Noggin can interact with BMP4 and BMP2
and to lesser extent with BMP7 (Zimmerman et al.
1996), but neither BMP2 or BMP7 appear to be expressed
in the ventral diencephalon, suggesting that BMP4 is the
signaling molecule required for initial determination of
the pituitary gland. As the initial invagination of oral
ectoderm is not lost in the noggin transgenic mice, the
phenotype of these mice is virtually identical to that of
the Lhx3/P-Lim(−/−) mice (Sheng et al. 1996). In both
cases, only a few ACTH-positive cells are present among
the ectodermal cells. Therefore, it is likely that BMP4 is
either directly or indirectly responsible for Lhx3/P-Lim
induction or represents a parallel requirement for the
same step of organ commitment. Our experiments fur-
ther show that FGF8 is a potent mitogen within Rathke’s
pouch, leading to hyperproliferation when ectopically
expressed. Therefore, FGF8, as in other systems (Cross-
ley et al. 1996; Lee et al. 1997; Neubuser et al. 1997), is
required at least for the growth of Rathke’s pouch. To-
gether these studies have provided the initial in vivo
proof that at least one of the signaling molecules ex-
pressed in the ventral diencephalon, BMP4, is required
for pituitary organ commitment.

Second phase of pituitary development: counteracting
dorsoventral FGF8/BMP2 gradients

The onset of pituitary organogenesis is also marked by a
striking restriction of Shh, uniformly expressed in oral
ectoderm, from the invaginating Rathke’s pouch, result-
ing in a molecular boundary in the oral ectoderm. The
second phase of pituitary development appears to in-
volve a ventral-to-dorsal gradient of BMP2 expression,
beginning at the boundary of Shh expression. Based on

the effects of the expression of a specific dominant-nega-
tive receptor, the role of BMP2 appears to be determina-
tion of all the ventral cell phenotypes, including specifi-
cation of the Pit-1 lineage. We suggest that determina-
tion of the most ventral cell lineage specifying the
gonadotropes is also dependent on BMP2, although the
dominant-negative receptor inefficiently blocked the
higher ventral BMP2 activity. Indeed, overexpression of
BMP2/4 expands this ventral lineage marked by in-
creased expression of GATA-2. In contrast, melano-
tropes producing MSH, and corticotropes producing
ACTH were not affected, consistent with a model that
they represent the dorsal cell types.

In addition to the ability of FGF8 to increase prolifera-
tion of the nascent pituitary gland, it also exerts a central
role in dorsal cell type determination. Overexpression of
FGF8 markedly increases the melanotrope and cortico-
trope populations, and abolishes appearance of the ven-
tral gonadotrope, thyrotrope, somatotrope, and lacto-
trope cell types. Consistent with the model of a dorsal-
to-ventral FGF gradient, at lower levels of FGF8 we now
observed appearance of a somatotrope population. There-
fore, FGF8 appears to exert several roles in proliferation
and subsequently in cell type determination, similar to
its role in limb development and patterning at the mid-
brain/hindbrain boundary (Crossley et al. 1996; Lee et al.
1997). In concert with previous anatomical evidence (Ja-
pon et al. 1994; Simmons et al. 1990), we suggest that
early in Rathke’s pouch development, the six hormone-
producing cell types are determined in a ventral-to-dor-
sal gradient, generating gonadotropes, thyrotropes, so-
matotropes, lactotropes, corticotropes, and melano-
tropes, respectively.

We have identified a series of transcription factors that
are expressed in overlapping dorsal-to-ventral or ventral
to dorsal gradients, consistent with overlapping patterns
of factors that could combinatorally determine specific
cell types. Among the factors identified is a member of
the Nkx family, Nkx-3.1 (Bieberich et al. 1996), which is
the most dorsally expressed transcription factor thus far
identified. Expression of several genes encoding tran-
scription factors, including Six-3, extend more ventrally.
Conversely, a series of ventrally expressed factors ex-
hibit progressively more dorsal extension in their field of
expression. A novel forkhead factor, P-Frk, has proved to
be the most ventrally expressed factor, whereas GATA-
2, Isl-1, and Brn-4 exhibit progressively more dorsal ex-
pression, overlapping with Six-3 and Prop-1 (Fig. 8). It is
noteworthy that the closest related forkhead member to
P-Frk, TTF-2 is also expressed in the pituitary gland and
is involved in thyroid gland cell-type determination
(Zannini et al. 1997). Consistent with the hypothesis
that expression of these factors are generated by gradi-
ents of signaling molecules, we have found that pertur-
bation of the BMP2/FGF8 gradients in vivo alters bound-
aries of expression of these factors. For example, overex-
pression of BMP2/4 extended the boundaries of Isl-1 and
GATA-2 expression dorsally, linking the patterns of in-
duced transcription factors to generation of specific cell
types.
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Therefore, the sequential roles of BMP4 expressed in
the ventral diencephalon and BMP2 expressed within the
pituitary gland are conceptually analogous to the pro-
posed cascade of TGFb inductive signals leading to neu-
ronal patterning in the dorsal spinal cord (Liem et al.
1997) and the demonstration that Dpp can serve as a
long-range signal (Nellen et al. 1996), exhibiting concen-
tration-dependent effects on cell type specification (Le-
cuit et al. 1996).

The initial appearance of BMP2 immediately adjacent
to the Shh boundary raises intriguing questions concern-
ing the role, if any, of Shh in pituitary development.
Targeting Shh under the aGSU 58-flanking sequence re-
sulted in an enlargement of the embryonic rostral tip and
an expansion of aGSU-positive, Isl-1-positive cell types,
(M. Treier, A. Gleiberman, and M.G. Rosenfeld, un-
publ.), suggesting that Shh here serves to expand ventral
gonadotrope populations, consistent with the role of Shh
in expansion of specific cell types in other organs (Bel-
lusci et al. 1997). In addition to the role of BMP2, at least
one Wnt (Wnt4), expressed within the developing gland
as well as throughout the oral ectoderm appears to exert
roles during pituitary development. The pituitary glands
of Wnt4−/− mice were hypocellular, but all cell types
were correctly determined, suggesting that Wnt factors
may exert roles in progenitor cell expansion in the pitu-
itary gland similar to their roles in neural crest and CNS
development (Ikeya et al. 1997). Thus members of the
BMP, FGF, and Wnt families and possibly Shh, all par-
ticipate in the progression from organ commitment to
cell-type determination that occurs between E10 and
E12, with the dorsal FGF and ventral BMP2 gradients
being critical determinants of the hormone-producing pi-
tuitary cell types.

Third phase of pituitary development: cell-type
differentiation requires attenuation of BMP signaling

We have provided evidence that attenuation of specific
signaling molecules is itself a critical component of the
terminal differentiation events in the pituitary gland, be-
cause continued expression of BMP2/4 results in a fail-
ure of terminal differentiation of all ventral cell types
including gonadotropes, thyrotropes, somatotropes, and
lactotropes, but not their determination, as marked by
expression of Isl-1, GATA-2, and Pit-1. The importance
of attenuation of BMP2 expression for progression to de-
finitive cell types, indicates that negative control of
BMP2 expression itself, is required to permit terminal
differentiation. Because Msx-1 is a well described target
gene for BMP2/4, it as well as other potential target
genes may mediate the block of differentiation; similar
to roles suggested for Msx-1 in muscle and tooth devel-
opment (Vainio et al. 1993; Woloshin et al. 1995). It is
interesting to note that overexpression of BMP2/4 in the
pituitary gland does not result in inhibition of cell pro-
liferation or the induction of apoptosis as reported in
other systems (Bellusci et al. 1996).

The paradigm of pituitary development, characterized
by serial determination events, thus extends our under-

standing of the sequential roles of signaling gradients in
the generation of specific cell phenotypes during mam-
malian organogenesis.

Materials and methods

Generation and identification of transgenic mice

Transgenic mice were produced as described (Crenshaw et al.
1989). Constructs were generated by inserting the respective
cDNAs between a rabbit 0.65-kb b-globin intron fragment at the
58-end and a 0.63-kb poly(A) fragment of the human growth
hormone gene at the 38-end. Finally either a 14-kb fragment
containing the mouse aGSU promoter or a 8-kb fragment con-
taining the mouse P-OTX promoter was inserted 58 of this cas-
sette, respectively. The P-OTX transgene was flanked on the 58

and 38 site with 2× the chicken b-globin insulator fragment (gift
of G. Felsenfeld, NIH, Bethesda, MD). Mouse DNA was ana-
lyzed for integration of the transgene by PCR analysis using two
specific primers for each transgene, respectively. The following
cDNAs were used, mouse DBMPR cDNA as described (Suzuki
et al. 1994, gift of N. Ueto), the 58 out-of-frame ATGs were
removed in the full-length mouse BMP4 cDNA (gift of B. Hogan,
HHMI, Vanderbilt University, Nashville, TN) by mutagenesis, a
EcoRI–HindIII DNA fragment encoding full-length Xenopus
noggin (gift of R. Harland, University of California, Berkeley).
The aGSU–FGF8 transgene contains the cDNA for FGF8b cor-
responding to isoform (1) in Crossley and Martin (1995) (gift of
C.A. MacArthur, Washington University, St. Louis, MO).

The number of transgenics obtained at the reported stage and
the number showing an abnormal phenotype (respectively in
parentheses): POTX–Noggin, E17.5 (4;3); aGSU–DBMPR, 2
months (7;3); aGSU–BMP4, E17.5 (4;4); aGSU–FGF8, E17.5
(7;7). The generation of the Wnt4 (−/−) mutant animals and
genotyping are described in Stark et al. (1994).

In situ hybridization and immunohistochemistry

Isolation, fixation, and hybridization with 35S-labeled antisense
RNA probes and exposure were all done as previously described
(Simmons et al. 1990). Immunohistochemistry was done on 5–
7-mm thick paraffin sections stained by indirect immunoper-
oxidase method. Peroxidase activity was visualized with DAB/
metal enhancer (Pierce, Rockford, Il). Sections were counter-
stained with methyl green and mounted in Permount (Fisher).
Antibodies are obtained and used diluted as follow: ACTH
(Chemicon, Temecula, CA) 1:1000; GH, PRL, TSHb (all from
DAKO, Carpinteria, CA); aGSU (National Hormone and Pitu-
itary Program) 1:1000; Pit-1 rabbit antiserum, 1:100. Anti-rabbit
horseradish peroxidase-conjugated antibodies were from
Chemicon and used in a 1:500 dilution.

Isolation and cultivation of Rathke’s pouch

Mice used were F1(C57B/6J × CBA). Embryos were obtained
from dated pregnancies. The day of the vaginal plug was con-
sidered E0.5. Somite number was used in addition to determine
developmental stages for early embryos. Rathke’s pouch and
ventral diencephalon were dissected from E9.5 and E10.5 mouse
embryos after 10–20 min of treatment with collagenase (type I,
Sigma) in DMEM (GIBCO) plus 10% FCS, using electrolytically
sharpened tungsten needles. Rathke’s pouch and/or ventral di-
encephalon were placed on HAWP filters (Millipore), trans-
ferred on plastic floating rafts and cultivated in RPMI-1640 me-
dium supplemented with 10% FCS for 6–8 days for filter induc-
tion experiments; or Rathke’s pouch were cocultivated with
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COS cells that were transiently transfected with CMV-based
expression vectors containing full-length BMP4 or Wnt5a
cDNAs.
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