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Multi-induction is required for pituitary gland formation

Abstract

T/ebp (Nkx2.1, Tifl, Titf1) is a homeobox gene expressed in tﬁe ventral
diencephalon during forebrain formation that is not expressed in Rathke's pouch or in
the pituitary gland at any time of embryogenesis. However, targeted mutation of this
gene in mice results in ablation of the pituitary. Examination of pituitary development in
T/ebp homozygous null mutant embryos revealed that a pouch rudiment is initially
formed, but is eliminated before formation of a definitive pouch. In the diencephalon of
the mutant, Bmp4 expression is maintained, whereas Fgf8 expression is not detectable.
These data, together with previously published genetic and molecular observations,
suggest that Rathke's pouch develops in a two step process that requires at least two
sequential inductive signals from the diencephalon. BMP4 is required for induction and
formation of the pouch rudiment, a role confirmed by analysis of Bmp4 homozygous
null mutant embryos. FGF8 is necessary for activation of the key regulatory gene Lhx3
and subsequent development of the pouch rudiment into a definitive pouch. This study
provides the first molecular genetic evidence that both formation and morphogenesis of

the pituitary organ primordium is induced by signals from the adjacent diencephalon.

Introduction

The primordium of the anterior and intermediate lobes of the pituitary gland,
Rathke's pouch, initially arises from a portion of the midline oral ectoderm that lies in
direct contact with the floor of the diencephalon. Subsequently, a portion of the adjacent
neuroectoderm evaginates to form the posterior or neural lobe of the pituitary (Schwind
1928; Kaufman 1992 ). The close apposition of Rathke's pouch and the diencephalon is

maintained throughout the early stages of pituitary organogenesis, and has long
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suggested that inductive tissue interactions are involved in this process. Experimental
manipulations of amphibian and chick embryos (Etkin 1967; Ferrand 1972; Kawamura
and Kikuyama 1995), as well as tissue recombination explants in rat (Watanabe 1982a,
b; Daikoku et al. 1982) have shown that signals from the diencephalon are essential for
the proper differentiation and expansion of certain pituitary cell lineages. However, the
molecular mechanism involved in initial determination and morphogenesis of the
Rathke's pouch primordium has not been determined.

In wild type mouse embryos, the first visible sign of Rathke's pouch formation
appears at E8.5 when a portion of the oral epithelium thickens and invaginates
(Kusakabe et al. 1984). At the same time, BMP4, a potent signaling molecule of the
TGFB family, is expressed in the ventral diencephalon that lies adjacent to Rathke's
pouch and the expression continues until apporoximately E10.5 (Jones et al. 1991;
Ericson et al. 1998). By E9.5, expression of another signaling molecule, Fgf8, is
initiated in the vicinity of Rathke's pouch (Crossley and Martin 1995; Ericson et al.
1998). At E10.5, the Fgf8 expression domain shifts to the infundibulum, the portion of
the diencephalon immediately above and adjacent to the pouch. It has recently been
shown that these two signaling molecules have differential and integrated effects on
Rathke's pouch ectoderm in explant culture (Ericson et al. 1998). BMP4 can maintain
expression in vitro of one of the earliest marker genes expressed in the pituitary
primordium, the LIM-homeobox gene Is/1 (Ericson et al. 1998). In contrast, FGF8
extinguishes Is/1 expression and activates another LIM-homeobox gene, Lhx3, which
has been shown to be essential for pituitary organogenesis and cell-type specific gene
expression (Bach et al. 1995; Sheng et al. 1996).

The homeobox gene T/ebp (also known as Ttf1, Nkx2.1, and Tiff1) ( Lazzaro et
al. 1991) is expressed in the ventral diencephalon, thyroid, and lung during early
development. Targeted deletion of 7/ebp resulted in mice that die at birth with multiple

defects in these organs. Interestingly, the pituitary gland of the null mutant was missing
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at birth. 7/ebp is never expressed in the pituitary or its primordium, suggesting this
phenotype is a secondary effect due to lack of signaling from 7/ebp -expressing
neuroectoderm (Kimura et al. 1996).

In this study, we have examined pituitary ontogeny in 7/ebp mutant embryos.
Combined with analyses of three other pituitary mutants; Lhx3, Bmp4, and Isi1 null
embryos, we have deliniated molecular mechanisms for the Rathke’s pouch formation.
Here we demonstrate first time that the inductive signals from the adjacent diencephalon

is essential for the pituitary morphogenesis.

Results and Discussion

Histological analysis of the 7/ebp null mutant embryos revealed that a
rudimentary Rathke's pouch was initially formed during embryogenesis. The wall of the
pouch is composed of densely packed columnar cells. The T/ebp'/ - pouch, however,
fails to differentiate further. It remains single layered, and is subsequently eliminated
through programmed cell death.

Genetic dissection of pituitary development through the analysis of mice
mutant for Lhx3 (Sheng et al. 1996) and the closely related LIM-homeobox gene Lhx4
(Gsh4) (Li et al. 1994) has demonstrated that Rathke's pouch forms in two steps: a
slightly invaginated pouch rudiment is formed initially, followed by further cell
proliferation and invagination to form the definitive pouch (Sheng et al. 1997). While
the invaginating pouch rudiment expresses Is/1, but not Lhx3 or Lhx4, the nascent
definitive pouch expresses all three LIM-homeobox genes, followed by downregulation
of Is/1 in most of the pouch by E11.5 (Sheng et al. 1997; Ericson et al. 1998). We
examined expression of these and other pituitary marker genes in the 7/ebp null mutant
to ascertain the stage where developmental arrest in pouch formation occurred. In the

T/ebp~/- pouch, expression of Is/l was maintained. Ptxl (P-OTX), a homeobox gene
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expressed in all stomodeal derivatives, including Rathke's pouch (Szeto et al. 1996,
Lanctot et al. 1997), was also expressed, although at a decreased level. Transcripts of
Lhx3 or Lhx4, however, were not detected. Thus, both morphological and marker gene
analyses indicated that in the absence of 7/ebp function, pouch development arrests
after formation of a rudimentary pouch but before formation of a definitive pouch,
similar to the arrest seen in Lhx3~/-;Lhx4-/~ double mutants (Sheng et al. 1997).

In order to understand how the ventral forebrain influences development of
Rathke’spouch, we analyzed diencephalic defects in the 7/ebp homozygous null mutant.
In the T/ebp'/ - mutant, the expression domain of Bmp4 is maintained at E9.5. The result,
in accordance with data derived from organ culture, explains the observation that Is/1 is
induced in the T/ebp'/ - mutant pouch. Fgf8 expression was detected in three domains in
the developing brain of wild type E10.5 embryos: the midbrain-hindbrain junction, the
commissural plate of the forebrain, and in the ventral diencephalon / infundibulum
(Takuma et al. 1998). Transcripts for the receptor of Fgf8 (Fgfi2) are detected in
Rathke's pouch adjacent to the domain of Fgf8 expression. The ventral diencephalic
domain of Fgf8 expression overlaps with and is included within the 7/ebp expression
domain (Takuma et al. 1998). This domain of Fgf8 expression is deleted in the 7/ebp
null mutant. Lack of Fgf8 expression in the mutant diencephalon in the domain
directly in contact with the developing Rathke's pouch can explain the failure to activate
Lhx3 and Lhx4 expression in the pouch, and thus the failure to form a definitive pouch.

To ascertain if BMP4 is responsible not only for Is/1 expression in the pouch,

but also actual formation of the pouch itself, we examined pituitary development in the

Bmp4‘m1 homozygous null mutant (Winnier et al. 1995). At E9.0, formation of a

rudimentary pouch is already apparent in the wild type mouse (Takuma et al. 1998).
Most homozygous Bmp4-/- embryos die before this stage. However, on some genetic

backgrounds, a proportion survive to E9.5-10.0, and a few of these develop relatively
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normal anterior structures (Y. Furuta and B. Hogan unpublished data). Histological
examination of pouch development in such mutants revealed no sign of a Rathke's
pouch, nor even of a thickened ectodermal pouch placode (Takuma et al. 1998). This
result demonstrates that BMP4 signaling from the diencephalon is absolutely necessary
for the initial induction and formation of a pouch rudiment.

In the wild type mouse, Is/1 is specifically expressed in the pouch rudiment
upon BMP4 induction, and its expression precedes that of Lhx3 and Lhx4 (Ericson et al.
1998). We therefore analyzed Is/l function in pouch formation by histological
examination of the Is/1-/- targeted mutant (Pfaff et al. 1996). Is/1 homozygous null
mutants die at approximately E10, but analysis at E9.5 revealed that the oral ectoderm
of the mutant had invaginated to form a rudimentary pouch (Takuma et al. 1998).
However, the Is/1-/~ pouch remains small and primitive. Its wall is obviously thinner
and appears as a flat, undifferentiated epithelium, indicating that, in the absence of Is/1,
differentiation of the pouch epithelium is blocked at an early stage.

Although a rudimentary pouch is initially formed and subsequently
developmentally arrested in both the 7/ebp’/~- and Isil”- mutants and the
Lhx3-/~;Lhx4-/-  double mutants (Sheng et al. 1997), the basis for the developmental
arrest in these mice is very different. ISL1 is a transcription factor intrinsically
expressed in the pouch rudiment. Null mutation of Is/1 could directly lead to
developmental arrest of the pouch precursor cells, as is the case for the motor neurons
(Pfaff et al. 1996). Inactivation of 7/ebp, on the other hand, causes a deletion of the Figf8
expression domain in the diencephalon. It, in turn, leads to developmental arrest of the
pouch presumably through failed induction of LAx3 and Lhx4 expression.

We suggest that formation of Rathke's pouch requires dual inductive signals
from the diencephalon. This conclusion is based on the analysis of pouch development
in several mutant mice, including the T/ebp‘/ -, Bmp4-/- , and Is/1-- mutants described
in this paper, and the Lhx3-/-;Lhx4-/- double mutant described previously (Sheng et al.
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1997). This model is built on several observations. First, morphogenesis of Rathke's
pouch is a two-step event: a pouch rudiment is formed first, and then a definitive pouch.
We have demonstrated fhis primarily by genetic analysis of the Lhx3-~;Lhx4-/- double
mutant (Sheng et al. 1997). This contention is supported by evidence from the T/ebp as
well as Is/1 null mutants in which only a rudimentary pouch is formed. Second, BMP4
is responsible for induction of the initial invagination of the oral ectoderm and
formation of the pouch rudiment, since these events do not occur in the Bmp4~- mutant.
On the contrary, in the T/ebp™'- mutant, Bmp4 expression in the diencephalon persists
and both events occur. Third, FGF8 is responsible for induction of Lhx3, and
presumably Lhax4. This has been shown in vitro by organ culture experiments (Ericson
et al. 1998), and confirmed in vivo by analysis of the T/ebp~- mutant. When Fgf8 is
absent, neither Lhx3 nor Lhx4 is expressed. Fourth, LhAx3 and Lhx4 are genes
intrinsically expressed in the pouch and are absolutely required for the pouch rudiment
to develop into a definitive pouch. This has been demonstrated by similar growth arrest
of the pouch rudiment in both the Lhx3~/~;Lhx4~~ double mutant (Sheng et al. 1997),
and in the T/ebp‘f - mutant, which fails to express Lhx3 or Lhx4. Fifth, formation of a
pouch rudiment does not spontaneously lead to formation of a definitive pouch. In the
absence of FGF8 signaling from the diencephalon, as in the T/ebp‘/ - mutant (Takuma et
al. 1998), a definitive pouch does not form. Collectively, these data indicate that after
formation of the pouch rudiment, which requires BMP4 signaling, a second signal from
the diencephalon, specifically FGF8, is essential for further development and
proliferation of the pouch. In the absence of this second inductive signal, the
rudimentary pouch is eliminated through programmed cell death. The exact mechanism
driving apoptosis in this case is not known. However, FGFs promote proliferation of
pouch cells in vitro (Ericson et al. 1998) and may also be important for pouch cell
survival in vivo.

This study demonstrates for the first time that the ectodermal primordium of
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Rathke's pouch is induced by signals emanating from the juxtaposed neural tissue.
Previous studies on manipulated embryos and explant cultures have focused primarily
on the role of the brain in eliciting cell-type specific gene or pituitary hormone
expression. We provide direct in vivo evidence that Rathke's pouch is induced from an
ectodermal placode by neural contact in a manner analogous to induction of the lens
placode by the optic cup. While the signals involved in lens induction remain elusive,
we have delineated the molecular mechanisms underlying the initial inductive events in

pituitary morphogenesis.

Materials and Methods

Mouse embryos

T/ebp (Kimura et al. 1996), Bmp4tm1 (Winnier et al. 1995), and Is/1 (Pfaff et al.

1996) homozygous null mutants have previously been described. Nominal embryonic
age was designated as embryonic day 0.5 (E0.5) on noon of the day in which the |
copulatory plug was detected. On some occasions, somite number was counted to
determine the exact embryonic day.

Histological analyses and immunohistochemistry

A solution of 4% paraformaldehyde in PBS (pH7.2) was used to fix embryos for 2-4
hr. Embryos were embedded in paraffin, sectioned at five um, and stained with
hematoxylin and eosin (H&E) for histological examinations. Apoptotic cells were
detected immunohistochemically using the ApopTag Plus In situ Apoptosis Detection
Kit (Oncor, Gaithersburg, MD).

RNA in situ hybridization

Five um paraffin sections of mouse embryos were processed for in situ hybridization
with 33P-UTP labeled RNA synthesized from linearized riboprobe vectors as

described (ref. 24). After exposure and development, slides were stained with
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bis-benzimide and photographed under simultaneous darkfield and UV illumination.
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