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SUMMARY

Deficiencies in the homeobox transcription factors LHX4
and PROP1 cause pituitary hormone deficiency in both
humans and miceLhx4 and Propl mutants exhibit severe
anterior pituitary hypoplasia resulting from limited

differentiation and expansion of most specialized cell types.

Little is known about the mechanism through which these
genes promote pituitary development. In this study we
determined that the hypoplasia inLhx4 mutants results
from increased cell death and that the reduced
differentiation is attributable to a temporal shift in Lhx3
activation. In contrast, Prop1l mutants exhibit normal cell
proliferation and cell survival but show evidence of

defective dorsal-ventral patterning. Molecular genetic
analyses reveal thatLhx4 and Propl have overlapping

functions in early pituitary development. Double mutants
exhibit delayed corticotrope specification and complete
failure of all other anterior pituitary cell types to

differentiate. Thus, Lhx4 and Propl have critical, but

mechanistically different roles in specification and
expansion of specialized anterior pituitary cells.

Key words: Pituitary development, Proliferation, Cell death, Lhx3,
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INTRODUCTION

produced by the infundibulum, and BMP2 from the ventral
mesenchyme, constitute opposing signals that activate region-

The pituitary gland is known as the master gland because dpecific expression of the lim homeodomain transcription
controls the release of hormones that affect diverse procesdastors LHX3 and ISL1 in the dorsal and ventral regions of
including growth, metabolism and fertility. Many of the genesthe pouch respectively (Ericson et al., 1998). The stereotypic
necessary for normal development and function of theattern of activation of these transcription factors is critical
specialized hormone producing cells of the anterior pituitaryor determination of the corticotropes (cells that synthesize
lobe have been identified (Dasen and Rosenfeld, 2001; Watkinserenocorticotropic hormone or ACTH) and the cells that
Chow and Camper, 1998) The key genes fall into severgroduceaGSU, the common subunit of thyrotropin (TSH)
groups: transcription factors, secreted signaling molecules arahd the gonadotropins (luteinizing hormone, LH, and follicle
receptors. Each transcription factor shown to be important istimulating hormone, FSH). Very few additional links have
mouse pituitary development is also a cause of congenitAken made between signaling molecules, transcription factor
pituitary hormone deficiency in humans, a common conditiomctivation, and the specification of hormone producing cells.
occurring with a frequency of 1 in 4000 births (Procter et al., The roles of transcription factors in cell specification have
1998; Vimpani et al., 1977). The excellent correspondence difeen illuminated by both molecular and genetic studies (Dasen
mouse and human pituitary phenotypes suggests that moumed Rosenfeld, 2001; Watkins-Chow and Camper, 1998).
studies will be ideal to characterize the undefined genetiRelated transcription factors have overlapping functions in

interactions between these transcription factors.

early development. The bhicoid type transcription facRitsl

The pituitary gland develops from an invagination of oraland Pitx2 are expressed throughout the oral ectoderm at the
ectoderm known as Rathke’s pouch (Burrows et al., 199%®arliest stages of pituitary specification (Suh et al., 2G0&2
Watkins-Chow and Camper, 1998). The pouch is in contads required for expansion of the pouch and has a later role in
with the ventral diencephalon, infundibulum or prospectivespecification of gonadotropes and expansion of i
posterior lobe, and surrounding mesenchyme. Each of theireage: thyrotropes, somatotropes and lactotropes (Suh et al.,
adjacent tissues secrete signaling molecules that establigB02). Pitx1 has a minor role in expansion of the individual
spatial orientation and identity of the pouch. Experimentaspecialized cells, affecting only the relative proportions of each
evidence supports the involvement of BMP4, FGF8, FGF1Gzell type (Szeto et al., 1999). Deficiency in bBttx1 andPitx2
SHH, BMP2, WNT4, and chordin (Ericson et al., 1998;causes an earlier arrest in development than caused by lesions
Takuma et al., 1998; Treier et al., 1998). FGF8 and FGF1n either gene alone (Suh et al., 2002).
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Classical genetic analysis of the LIM gene family reveal€Embryos were fixed for 2 to 24 hours in 4% paraformaldehyde in
similar roles to those of the PITX family (Sheng et al., 1997 phosphate-buffered saline (PBS, pH 7.2). All samples were washed in
Sheng et al., 1996). Bothhx3 and Lhx4 are expressed in PBS,_dehydrated in a graded series of ethanol_ and embedde_d in
Rathke’s pouch. Thehx3-deficient phenotype is similar to that paraffin. 6-10um sections were prepared and either stained with
of Pitx2, consisting of pouch hypoplasia and absence of mo&tematoxylin and Eosin or processed as described below.

O; th;]e Eltur;aryt cell typef (She.ng et ?l"f 193?)' The phfrlpty?fﬁtraperitoneally with bromodeoxyuridine (BrdU) at 10 mg/g body
0 xamutants suggests a minor roie for this gene relative R/eight, 2 hours before embryo removal (Nowakowski et al., 1989).
th3. Lhx4eeficient pituitaries exhibit correct speuﬂcaﬂqn of after epitope retrieval in 2 N HCI, BrdU incorporation was examined
all five hormone producing cell types, but the expansion ofith a rat anti-BrdU antibody (1:200; Harlan) and a TRITC-labeled
each specialized cell is reduced dramatically (Sheng ekcondary antibody (1:200; Jackson Immunoresearch). For cell
al., 1997). Loss of bothLhx3 and Lhx4 causes earlier counts, a FITC-labeled secondary antibody was used and the
developmental arrest; only rudimentary pouch formation isections were counterstained with the nuclear counterstain 7-
detected (Sheng et al., 1997). The mechanism leading fgninoactinomycin D (7-AAD, Molecular Probes). The percentage of
hypoplasia in_hx3 and Lhx4 mutants is not defined. pro!lfera}tlnghcells vyasI deltermlne(gl by sectioning the ﬁntlrel_gltuna_rﬁ

Another gene important for pouch expansiorPispl, a  €dlon in the sagittal plane and staining every other slide wit

- - . : antibodies specific for BrdU. The total number of cells in Rathke’s
paireciike homeobox trans.crlptlon. factor gene that is only ouch and the anterior lobe were tallied, and the number of cells with
expressed for a short dperlod durln.g mouse emt_ero_genes dU immunoreactivity was ascertained. Three to four mice were
Ames dwarf.mlce Rrop1dh) have a missense mutation in Fhe examined for each genotype.
homeodomain oPropl that reduces transcriptional activity  proliferation was also assessed by immunostaining with an
(Sornson et al., 1996). The pituitaries exhibit hypoplasia withantibody that detects phosphorylated histone 3 (PH3, 1:200; Upstate
less than 1% the normal levels of thyrotropes, somatotropésotechnologies) and a FITC-labeled secondary antibody (1:200;
and lactotropes (Gage et al.,, 1996). The hypoplasia i¥ckson Immunoresearch).
presumably due to the failure to activate the prototype POU- Programmed cell death in the embryos was detected by the TUNEL
homeodomain transcription factor PIT1, which is responsibl@ethod using the FragEL kit (Oncogene Research Products)
for the specification of those three cell lineages (Camper et afccording to  the manufacturer’s protocol. ~ Sections  were

i : ‘dunterstained with Methyl Green (Vector Labs).
1990; Li et al., 1990). Serum gonadotropins are reduced I(I\‘]The transcription factors expressed during pituitary gland

P_ropldf r_nu_tan'gs, although the role &fropl in gonadotrope development were examined by immunostaining for these factors with
differentiation is not clear (Tang et al., 1993). specific antibodies, PITX1 (1:1500; J. Drouin, Institut de Recherches
Mutations in PROP1 are the most common cause of Cliniques de Montreal, Montreal, Quebec, Canada), LHX3 (1:1000,
combined pituitary hormone deficiency (CPHD) in humanevelopmental Studies Hybridoma Bank (DSHB), University of
(Cogan et al., 1998; Mendonca et al., 1999; Wu et al., 1998pwa, lowa City, 1A), ISL1 (1:600, DSHB) SF-1 (1:1500, K.
The clinical features of patients vary considerably, and thellorohashi, National Institute for Basic Biology, Myodaiji-cho,
are not explained completely by genotype-phenotypicaq)ké}zaki,. Japa_n). Bi_ot_inylated s_ec_ondary antiboplies were USEd. in
correlations, suggesting that genetic interactions with varian@njunction with avidin and biotinylated peroxidase (Vectastain
in other genes may be one cause of heterogeneity (Fliick et Ag‘.o'v' (mouse), guinea pig, rabbit and human Kkits; Vector

; : e ; boratories). Diaminobenzidine (Sigma), which produces a brown
1f998).' To r|1nvest|gate thls% idea Wte tc_:hara(;;erIZ(:eLd thc? EEGZOWD ecipitate, was used as the chromogen. Slides were counterstained
of mice homozygous for mutations 1RTopL an X% Jvith either Hemotoxylin or Methyl Green (Vector Labs).
examining the effects on cell proliferation, cell death, and 1pe pituitary cell populations in embryonic day (E) 18.5 mouse

expression of other critical transcription factor genes. Wempryos were analyzed by immunohistochemistry with antibodies
found that_hx4andProplhave overlapping functions in early against each of the pituitary hormone markers. Immunostaining was
pituitary development, although the two genes have differentarried out with polyclonal antisera againsGSU (1:200), rat PRL
mechanisms of causing hypopladi&ix4 is required for cell (1:2000, AFP1050B), rat GH (1:1000, AFP411S), rapL{#:1000,
survival and t|me|y activation Oﬂ_hX3, while Prop]_ is AFP22238790GPOLHB), rat T$-{1:1000, AFP1274789) (National

ACTH (1:1000, Dako).

In order to detect cell proliferation, pregnant mice were injected

MATERIALS AND METHODS
RESULTS
Mutant animals .
Ames dwarf mice (DF/BH/df) were originally obtained from Dr A. Lhx4 is necessary for the correct temporal
Bartke (Southern lllinois University, Carbondale, IL), and have bee@XpPression of Lhx3 and Isl1
maintained in our colony.hx4 mutant mice on a mixed CF1, 129, Two genes known to be critical for the formation of the anterior
BL6 background were a gift from Dr S. Potter (University of jobe areLhx4 and Propl To investigate the mechanism of
Cincinnati, Cincinnati, OH). Double heterzygotes were generated byction of these genes in pituitary gland development and to test

mating theProp1*/d" and Lhx4""~ mice and intercrossing the doubly (o genetic interactions, we analyzed single mutant mice and
heterozygous progeny to generate double mutant emiFFysi(fct mice deficient in botiPropl and Lhx4 By E12.5 of mouse

Lhx47). For each experiment, 3-5 mice of the different genotypes )
were examined. development, Rathke’s pouch has separated from the oral

ectoderm and cartilage has begun to proliferate beneath it (Fig.
Histology and Immunohistochemistry 1A). The anterior lobe has begun to form at the rostral and
Embryos were generated from matings of double heterozygous micéentral aspect of the pouch. At this tifReop197df pituitaries
The day the copulatory plug was detected was taken as day O&re morphologically indistinguishable from wild type (Fig.
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1B). In contrast, th&hx4”- pouches are substantially smaller is weak and distributed throughout the primordium, with the
than wild type and there is no evidence of anterior lobdighest expression in the dorsal aspedtiof4 mutants (Fig.
formation (Fig. 1C). The morphology of the double mutantlK, inset). Despite these differences in expressidslbfand
pouches is identical to that bhx4 mutants at this stage (Fig. Lhx3 the two bicoid homeodomain transcription facteitx1
1D). To determine the mechanism by which these genemnd Pitx2 are expressed normally in all cases examined:
promote anterior lobe formation, we examined the expressioRrop29fdf |_hx4--, and double mutants (Fig. 1M-P and data
pattern of other critical transcription factors. LHX3 not shown). These data indicate th#ix4 is important for
immunoreactivity is detected throughout the pouch and in thactivation ofLhx3,which is known to be critical in restricting
anterior lobe of both the wild-type afitopl mutant mice at Isl1 expression to the ventral aspect of the pituitary gland.
E12.5 (Fig. 1E,F). Thus, LHX3 protein and mRNA expressiorProplis not required for the activation or patternLdik3and
are coincident (Sornson et al., 1996). In contrast, only a fewsll expression, but it acts together witthx4 in the
cells express LHX3 in thehx4 mutants, and these cells are maintenance ofhx3 expression. In additiorRitx1 and Pitx2
restricted to the dorsal-most aspect of the pouch (Fig. 1Gare upstream or independentlLdix4 and Propl
Mice deficient in botliProplandLhx4, have no LHX3-positive . ) ) .
cells at E12.5 (F|g ]_H) Thughx4 is necessary for proper ExpanS|on of the anterior lobe is blocked in double
Lhx3 expression, an&rop1 contributes to this process. mutant Rathke’s pouches

Another LIM homeodomain transcription factor, ISL1, is The anterior pituitary lobe normally expands substantially
initially expressed throughout Rathke’s pouch at €9.5 antetween E12 and E14.5 (compare Fig. 1A and Fig. 2A).
becomes restricted to the developing anterior lobe by E12.Blthough initiation of pituitary development and activation of
There is no change ilsl1 expression irPropl mutant mice  transcription factor gene expressiorProp197dfmice appears
relative to wild type at E12.5 (Fig. 11,Jsl1 is expressed normal at E12.5, the prospective anterior lobe is clearly
correctly throughout the pouch at E10.5 in thhex4’= mice  hypocellular at E14.5, and Rathke’s pouch has expanded to
and theLhx4, Propldouble mutants (data not shown), but it produce an abnormal, overgrown, branched morphology (Fig.
fails to be properly down regulated and restricted to the ventr&B). The minute pouch evident lthx4”/—mice at E12.5 has
side of the pouch at E12.5 (Fig. 1K,L). Instead, the expressigorogressed to a larger pouch by E14.5, but the anterior lobe is

LHX3 ISL1
| ;
% % !
B &2 -
o s =
= N 1
3
Iy
OF
o

Fig. 1.ProplandLhx4are necessary for
normal temporal and spatial activation of
Lhx3andlsl1. (A-D) Embryos collected
at E12.5 were genotyped as described in
Materials and Methods, sectioned in the
sagittal plane, and stained with
Hematoxylin and Eosin (H&E).

(E-P) Immunohistochemistry was used
to detect LHX3 (E-H), ISL1 (I-L), and
PITX1 (M-P) in sections from each
genotype. LHX3 is present throughout
Rathke’s pouch in wild-type and
Prop19fdf mice (E,F), but only a few
LHX3-positive cells were present in
Lhx4 mutants (arrow and inset, G), and
no positive cells were detected in double
mutants (H). (I-L) ISL1 is restricted to
the ventral part of the anterior lobe in
wild-type andProp197df mice (1,J) but it

is expressed in the most dorsal area of
Lhx4 mutant pituitaries (K) and in

double mutants (L). (M-P) PITX1 is
present in the pituitaries of all the
genotypes examined.

Prop19"¥ Lhx4+*

Prop1** Lhx4™"

Prop197 Lhx4"
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Prop1** Lhx4** Prop19%df | hx4++ Prop1** Lhx4™"

Fig. 2. Prop1normally represses dorsal
growth and activates ventral expansion.
Midsagittal sections of embryos collected
at E14.5 were stained with H&E to reveal
the dorsal overgrowth iRrop1d7df (B)
relative to wild type (A) antLhx4"—(C).
The anterior lobe is marked with a
bracket. Limited anterior lobe expansion is
evident inProplandLhx4 mutants, but no
anterior lobe development is detected in
Prop19/df |_hx47-double mutants (D-G)
in sections spanning the lateral through
midsagittal regions. The number of
lumens is increased in double mutants
relative to any of the other genotypes.

still barely discernible as a slight thickening in the ventral Mice mutant in bothLhx3 and Lhx4 form only a pouch
region or as a small anterior lobe (Fig. 2C). Sometimes theidiment and fail to initiate development of the anterior
pouch inLhx47- mice appears dysmorphic with a second,pituitary lobe (Sheng et al., 1997). The arrest in development
smaller pouch located ventrally and bisecting the underlyingg more profound than ifPropl or Lhx4 single or double
cartilage. The pituitary morphology &hx4 mutants is more mutants. Thus, the eventual activationLtix3 probably is a
variable than that ofPropl mutants or double mutants, major contributor to the initiation of anterior lobe formation in
suggesting that hx4 mutants are more sensitive to geneticLhx47~ mice and probably accounts for the milder phenotype
background, environment or stochastic events than either tlod Lhx4 mutantsLhx3expression, however, is not sufficient to
Proplsingle mutants or theropl, Lhx4double mutants. Mice rescue anterior lobe formation in mice that are deficient in both
lacking both Propl and Lhx4 never have any evidence of Lhx4 and Propl (Fig. 3D,H,L). This is consistent with each
anterior lobe formation at E14.5 (Fig. 2D-G). The transcription factor activating a set of genes rather than a linear
dysmorphology of Rathke’s pouch characteristic of thepathway.

Prop1dfdf single mutants is also apparent in double mutants, To assess pituitary cell specification in mice lacking both
but it is less dramatic. The ventral dysmorphology typical oPropl and Lhx4, we analyzed the expression of two early
Lhx47~ mutants is more pronounced in the double mutantsnarkers of cell differentiation: ACTH andGSU (standard
These data indicate th&ropl and Lhx4 have overlapping nomenclature, chorionic gonadotropin alpBaa). ACTH is
functions in specifying normal pouch morphology and interacproduced by processing of pro-opiomelanocortin, or POMC, in
to stimulate anterior pituitary lobe expansion. Since the dorsdhe anterior lobe via proteolytic cleavage. In the intermediate
dysmorphology is reduced in double mutants relative tdobe POMC is processed differently to produce melanocyte
Prop1dfdf mice, Lhx4 must be permissive for the abnormal stimulating hormone and endorphins. The ACTH antibody
dorsal pouch expansion. The dysmorphic features typical otacts with the POMC protein precursor. POMC normally

Prop1dfdf mice shift more ventrally in the absencelbi4. appears first in the anterior lobe at E14.5 (Fig. 3E) and later is

o ) ) detectable in intermediate lobe melanotropes (E15.5-E16.5)
Lhx3 expression is eventually activated in ~ Lhx4-/- (Elkabes et al., 1989; Liu et al., 1992). Immunopositive cells
and in Prop1, Lhx4 double mutants are readily detected in the prospective anterior lob&sagf1-

By E14.5Lhx3expression has formed a dorsal-ventral gradienand Lhx4-deficient mice at E14.5 (Fig. 3F,G), indicating
with strong expression in every cell of the intermediate lobethat neither gene is essential for initiating corticotrope
of wild-type andPropl-deficient mice (Fig. 3A,B). Weaker specification. No POMC expression is detected in double
LHX3 immunostaining is detected in discrete cells scatterechutants at E14.5, however, suggesting fapl and Lhx4
through the anterior lobes of these mice. Despite the presenicave overlapping roles in beginning the process of corticotrope
of little or no LHX3-positive cells at E12.5 Ithx4 mutants or  differentiation (Fig. 3H).

double mutants, the normal pattern Idfix3 expression is In wild-type miceaGSU transcripts are detected throughout
established in these mice by E14.5, including the dorsal-ventr®athke’s pouch at €9, are later confined to the rostral tip of the
gradient (Fig. 3C,D). anterior lobe by E12.5, and are restricted to thyrotropes and
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gonadotropes from late gestation through adulthood (Japon etly scattered positive cells in the intermediate lobe and
al., 1994). As expected,GSU is detected in the rostral tip of absolutely no positive cells in the presumptive anterior lobe
wild-type pituitaries at E14.5 with some expansion caudallyFig. 4H). This suggests thBtoplandLhx4are important for
along the ventral aspect (Fig. 31). This pattern of expression gpecification of corticotropes, and they interact to promote or
unaltered irPropl-deficient mice (Fig. 3JL.hx4 mutants also maintain this cell type. The reduction in corticotropes is
haveaGSU-positive cells, although there are far fewer than irconsistent with the idea that proper expressidrhaBandlsl1
wild-type pituitaries. (Fig. 3K). In contrast, md5SU protein  is essential for activation dPomc expression, and with the

is detectable in double mutants (Fig. 3L). This confirms th@ccasional deficiency of ACTH in humans witPROP1
morphological observation that no anterior lobe specificatiomutations (Pernasetti et al., 2000).

is occurring in double mutant pituitaries. At birth aGSU is detected in the caudomedial region where

Corticotrope and gonadotrope
differentiation fails in double
mutants

The well-defined lobular structure of 1
pituitary gland is evident at birth (F
4A). The infundibulum has develop
into the posterior lobe, and although li
expansion of the intermediate lobe
taken place, the anterior lobe |
expanded all along the rostral to cat
aspect of the lumen of Rathke’s pot
The abnormal growth of the dor
aspect of the pouch has persisted
expanded ifProp197df mutants (Fig. 4B
The development of the pouch limx4
mutants fails to progress much bey
E14.5 (compare Fig. 2C and Fig. 4
Surprisingly, the double mutant pot
appears larger than that of thdix4
single mutants, but the expans
extends laterally rather than dorsally
ventrally (Fig. 4D).

At birth POMC is expressed in t
majority of cells in the intermediate lo
and in scattered cells of the anterior |
in normal mice (Fig. 4E). The pattern
POMC expression inProp1ddf mice
suggests that some of the do
overgrowth and dysmorphology con
from  expansion of  prospecti
intermediate lobe cells (Fig. 4F). Th
are more POMC-negative cells in
intermediate lobes oProp19fdf mice
than  wild-type  mice, howeve
suggesting that Propl deficiency
promotes expansion but r
differentiation of cells in th
intermediate lobe (Fig. 4F). T
population of corticotropes is apparet
normal in the anterior lobes ¢fropl-
deficient mice (Fig. 4F). POMC-positi
cells are detectable in both
prospective intermediate and ante ) ) ) ) )
lobes of Lhx4 mutant pituitaries, b Fig. 3.Co_rt|cotrope_s andGSL_J expressing cells fail to develop in double mqtants._
there are substantially few Immunohistochemical detection of LHX3 (A-D), ACTH (E-H), am@SU (I-L) in sagittal
differentiated cells in both regions (F sections of embryos of each genotype at E14.5 reveal the lack of cell spgcmcatlon in double
1G) S isinalv. POMC is detectabl mutants. LHX3 immunoreactivity is present throughout the entire Rath_kes pouch 0fW|Ic_JI type

G). Surprisingly, IS detectable ) prop1dfidf (B), Lhx4- (C) and double mutants (D). However, ACTH is not detectable in
birth in the double mutants, but  the double mutants (H) compared to the other genotypes (E-G). SimiG8Y is absent in
expression is compromised even fur  double mutants (L) but is present in the other genotypes (I-K). In these sections, anterior lobe
than it is in theLhx4/~ mutants, witl  is marked with a bracket and intermediate lobe with a curved bracket.

Prop1** Lhx4+*

Prop19#df | hx4++

Prop1+* Lhx4”

Prop14/df Lhx4+
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TSH producing thyrotropes are located and in the ventraholecular markers. The earliest markea8SU, followed by
region where gonadotropes arise (Fig. 41)Phop197df mice  gonadotropin releasing hormone recept®nitr) transcripts,

the aGSU immunoreactivity is confined to the most ventralwhich precede expression of the beta subukRikb and
region (Fig. 4J). This is not unexpected becatsepl Lhb (Alarid et al., 1996). Several transcription factors are
deficiency leads to a lack of caudo-medial thyrotropes (Gagenportant, beginning with GATA2, which is critical for

et al., 1996; Sornson et al., 1996)Lhx4 mutants, th@GSU-  expression ofshband Lhb, but also plays a role in tHeitl
positive cell population does not expand after E14.5, with onljineage (Dasen et al., 1999). The first definitive marker is the
a few positive cells apparent at birth (Fig. 4K). These rare cellsrphan nuclear receptor SF1 (officially knowrNaSal) which

are located towards the caudal tip of the anterior lobe. Theis necessary for basal transcriptionFshbandLhb (Dorn et
identity is not clear, but they may represent thyrotropes that asd., 1999; Halvorson et al., 1998; Keri and Nilson, 1996). We
also detectable in very low numbers (data not shown). Thesxamined expression of SF1 to better understand gonadotrope
data are in agreement with the observation &SU and development in the single and double mutant mice.

TSH are present at greatly reduced numbersLhng"’- SF1 is detected only in the ventral-most aspect of the
pituitaries (Sheng et al., 1997). N&SU-expressing cells are pituitaries of normal mice (Fig. 4M). Surprisingly, SF1 is
detectable in the pituitaries of double mutant mice (Fig. 4L)detected in many regions of tReop1¢7df pituitaries (Fig. 4N).

In addition, double mutants lack detectable TSH and GH (dat&@here are positive cells in the ventral region as expected, but
not shown). This suggests that final differentiation ofimmunoreactive cells extend all along the caudal aspect to the
thyrotropes and somatotropes is dependent ugo@ and  dorsal tip of the organ. Additional positive cells are present on

Propl the opposite side of the pouch lumen, in the caudal aspects of
Gonadotrope development can be followed by a series dfie prospective intermediate lobe. Thus, the expression

ACTH oGSU SF1

Fig. 4. Double mutants express an intermediate lobe marker and a pregonadotrope marker. H&E-stained mid-sagittal sectionssdtpituitarie
PO reveals the stunted anterior lob@mp197df hx4-double mutants relative to normal mice and single mutants (A-D). p, posterior lobe; I,
intermediate lobe; a, anterior lobe. (E-H) ACTH immunoreactivity is normally detected in intermediate lobe melanotropes@nidlaat
corticotropes (E). By PO, ACTH is present in double mutant pouches (H), but it is confined to the dorsal aspect of theiptineordia
prospective melanotropes. (I-)GSU protein is easily detected in thyrotropes and gonadotropes of wild-type Ryauidldf pituitaries (J).

Only isolated cells il.hx4~ pituitaries expresaGSU (inset, K), andiGSU is not evident in any sections of double mutants (L). (M-P) SF1-
positive pre-gonadotropes lie along the ventral surface of wild-type anterior lobes (bracket, M). The expression domasiiyaeilly 1

expanded dorsally iRrop29fdf mice, including areas within the dysmorphic pouch (bracket, N). There are a few isolated SF1-positive cells in
Lhx4- pituitaries (inset and arrowhead, O) and readily detectable SF1 expressing cells in double mutants (inset, P).
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Prop1+* Lhx4+*
A

-

Prop197df | hx4++ Prop1++ Lhx4"- Prop19/df Lhx4-"

Fig. 5. Proliferation in Rathke’s pouch at E12.5
and E14.5 is unaffected in mice lackiRgppl,

Lhx4, or in double mutants. Immunostaining of
BrdU-injected embryos was performed to assess
proliferation levels in the pituitary mutants at
E12.5 (A-D) and at E14.5 (E-G). Wild-type

(A,E), Prop1dfdf(B F), Lhx4"- (C,G) and
Prop1dfdi_hx4-- (D) mice all had dividing cells

in the pituitary primordium. The anterior lobe is
indicated with a bracket.

domain of SF1 is extended substantially Rrop197df in wild-type (40.3+4%) andPropl-deficient mice (38.0+7%)
pituitaries, but expression of SF1 alone is not sufficient t@at E12.5 (Fig. 5A,B). A greater number of dividing cells are
activate then-subunit. Few positive SF1 cells are detected irpresent in the dorsal pouch, in close juxtaposition to the
the Lhx4 mutants (Fig. 40). These are located caudally, amfundibulum. Also, most of the proliferation is occurring near
expected on the basis of the location of th&@SU-positive  the lumen of the pouch. The mitotic index is slightly lower than
cells in these animals (Fig. 4K). Surprisingly, the doublenormal inLhx4 (30.1+4%) and double mutant pituitaries (Fig.
mutants express substantially more SF1 thari th&@ single  5C,D). Independent experiments using an antibody to
mutants (Fig. 4P). SF1-positive cells are as numerous iphosphorylated histone H3, a marker of mitosis (Hendzel et al.,
double mutant pituitaries as they are in wild-type mice, and997), produced similar results (data not shown). At E14.5 the
they are appropriately confined to the ventral region. Theseumber of mitotic cells appeared similar to that at E12.5 (Fig.
data suggest thathx4 is an activator oSfl expression, and 5E,G). The amount and location of dividing cells detected in
Proplis a repressor. In double mutants the failuréafpl the mouse embryonic pituitary is in agreement with values
to repressSfl transcription dominates over the lack of reported for the rat (lkeda and Yoshimoto, 1991). Our data
activation byLhx4 Thus, additional activators ddfl are  suggest that cell proliferation does not completely explain the
probably present in double mutant mice. hypocellular anterior pituitaries d®ropl or Lhx4 single or

LH and FSH immunoreactivity are normally detectable latedouble mutants.
in gestation (Japon et al., 1994Prop1ddf pituitaries _ _ _ _
possess near Wi|d-type numbers of gonadotropes at. birtth4 is essential for the survival of cells in Rathke’s
Gonadotropes are only rarely indentified lihnx4 mutants, ~ Pouch
consistent with the low level of SF1 expression (Sheng et aM/e examined mutant pituitaries for evidence of apoptosis using
1997) (data not shown). Neither of the gonadotropins arthe TUNEL method. Very few apoptotic cells are evident in
detectable in the double mutant pituitaries (data not shownhormal orProplmutant pituitaries at E12.5 (Fig. 6A,B) or 14.5
The failure to activate transcription BshbandLhb, despite  (Fig. 6E,F). Thus, there is no evidence of either decreased cell
the expression @fl, suggests that gonadotrope differentiationproliferation or enhanced cell death in developPppl-

is initiated but arrests before it is complete. deficient mice. The number of cells in the mutant gland is
approximately the same as in wild type, but the distribution of

Proliferation in Rathke’s pouch is unaffected by loss cells along the dorsal-ventral axis is different, suggesting a role

of Propl and Lhx4 for Proplin dorsal-ventral patterning. In contrast, dying cells

To test whether the hypocellular anterior lobeBrop19fdfand  are detectable throughout the pituitary primordiato4/-and
Lhx47~ mice result from a failure of cell proliferation, double mutant mice at E12.5 (Fig. 6C,D). At E14.5 TUNEL-
we labeled dividing cells with the nucleoside analog,labelled cells are only present in the small portion of primordia
bromodeoxyuridine (BrdU). BrdU is incorporated into thethat lies ventral to the cartilage and is still connected to the oral
DNA of dividing cells and can readily be detected with anectoderm (Fig. 6G,H). Little or no cell death is found in the
epitope-specific antibody. Fetuses were collected at E12.5 addrsal aspect of thehx4 mutant pitutiaries at this stage. Thus,
E14.5, 2 hours after injecting the mothers with BrdU. Thethe hypocellularity of the anterior lobe ithx47~ mice is
mitotic index, calculated as the number of BrdU-labeled cellgprimarily attributable to failure of pituitary precursor cells to
divided by the total number of nuclei, is essentially the samsurvive.
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DISCUSSION Our studies initiated a mechanistic exploration of the

cooperation between these genes during pituitary development.
A concert of signaling molecules and transcription factordn the absence afhx4, LHX3 protein is only present in a small
work together to specify the 5 cell types of the anterior pituitarjpjumber of cells in the dorsal most aspect of Rathke’s pouch at
gland. Although many genes regulating pituitary developmerE12.5. Furthermore, iRrop197di_hx4-- pituitaries, LHX3 is
have been identified, the ways they fit together in pathways thaot detectable at E12.5. However, by E14.5 LHX3 is expressed
lead to anterior lobe development remain to be defined. In ordar Rathke’s pouch in the appropriate gradient in single and
to determine the genetic hierarchy of genes controllinglouble mutants. This indicates thdtx4 is only essential for
pituitary development, we created mice doubly mutant in twd.HX3 expression early in pituitary specification, and that by
unrelated genes that are individually necessary for expansi@il4.5 LHX3 has a phase of expression that is independent of
of committed pituitary cell types. Our studies demonstrate thboth Lhx4 and Propl The initial failure to activatd_hx3
importance ofPropl and Lhx4 in patterning Rathke’s pouch transcription results in dorsal spread of ISL1 expression and a
and cell survival, and reveal the relationship of these genes tielay in ACTH expression.

expression of another key homeobox getinex3. The second phase of LHX3 expression must be important
] ] o for pituitary development because B®plandLhx4 double

Importance of Lim homeodomain genes in pituitary mutant mice, which lack both LHX4 and LHX3 until E14.5,

development have a distinctly different phenotype than the3 and Lhx4

The LIM homeobox genekhx3 and Lhx4 are important in  double knockouts. A pouch rudiment forms but remains
controlling the formation of Rathke’s poudthx3is essential connected to the oral ectoderm through E15.5 inLifme3,

for formation of an anterior and intermediate lobe (Sheng et alLhx4 double mutants (Sheng et al., 1997). In contrast, the
1996). Lhx4 mutants have a less severe phenotype i3  pouch ofPropl and Lhx4 double mutants is morphologically
mutants; all five anterior cells types are present, albeit severdrger and in the correct position by E15.5. These data suggest
reduced in number (Sheng et al., 1997). We have found th#tat Propl has a repressor function in pouch elaboration and
mice doubly mutant in these genes arrest in pouch formatighat mice lacking the LIM genes can form a more definitive
before E12.5, indicating an early cooperative function of thespouch withoutPropl

2 related genes in pituitary organogenesis. The role of the LIM . )

homeodomain genes in pituitary development appears to be Rpuch expansion relies on  Lhx4

specifying the oral ectoderm to form a definitive pituitaryThe mechanism for the hypocellularity observed in both
primordium. In neuronal developmehtix3andLhx4have a Lhx4’~ and Propldfdf pituitaries was an enigma.
distinctly different role than in the pituitary. Motor neurons areSpecification of all five cell lineages of the anterior pituitary
generated in appropriate numbers in mice lacking hott8  is detectable in the single mutants, but the lineages fail to
andLhx4, but the identity of ventrally projecting motorneuronsexpand. This was thought to be highly suggestive of a defect
is not specified and the fate of the existing motorneurons is proliferation of the precursor cells. Surprisingly, the
shifted to dorsally projecting (Sharma et al., 1998). Althoughmitotic indices are nearly identical in wild type aRdopl

the studies of both pituitary and motorneurons described thautants, and only slightly reducedlihx4 mutants. Although
phenotype in the absence Idfix3 and Lhx4, little is known there is no increase in cell death Rrop1dfdf mice, the
about the pathways through which these genes act duridypoplasia inLhx4 mutants is clearly due to a wave of
development. precursor cell death that is mostly completed by E14.5. The

Prop1+* Lhx4+* Prop19df hx4++

" . Fig. 6.Rathke’s pouch is
smaller inLhx4"~mice owing
to cell death at E12.5. Tunnel
assay at E12.5 (A-D) and at
E14.5 (E-H) demonstrated that
only a few cells are dying
(arrows) in the pituitary of

" wild-type (A) andProp1df/df

(B) mice. However, numerous
dying cells were detected in

~ Rathke’s pouch at E12.5 in
Lhx47-(C) and
Prop19f/di_hx4-- (D) mice.

At E14.5 no cell death was
detected in any of the
genotypes: wild type (E),
Prop29f/df(F), Lhx4"-(G) and
Prop14t/di_hx4-- (H).
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anterior lobe begins to undergo limited differentiation afterexploring the pathway by whichhx4 controls pituitary cell
the brief interval of apoptosis, around the tibiex3is finally ~ survival and differentiation (Blackshaw et al., 2001; Douglas
activated. and Camper, 2000; Douglas et al., 2001).

Signals sent by the diencephalon are necessary for the oral S
ectoderm to undergo pouch formation and survival. Fofell specification in Rathke’s pouch: dorsal versus
example, diencephalon development fails in mice deficient iMentral
the transcription factof/ebp and this results in apoptosis of The loss ofPropl does not significantly affect either cell
Rathke’s pouch (Takuma et al., 1998). The absend@etifp  proliferation or cell survival. We cannot rule out the possibility
causes secondary deficiencies of FGF8 and FGF10, suggestthgt differences in these processes exist but were undetected by
FGFs may be required for cell survivefl0and its receptor the techniques we used. However, our methods were sensitive
Fgfr2 are also required for survival of oral ectoderm cells (Deenough to detect a short period of cell deathhird mutants
Moerlooze et al., 2000; Ohuchi et al., 2000). The similamand the region-specific differences in proliferation
phenotypes of mice deficient in FGF signaling and.timet’~  characteristic of normal rodent pituitaries (lkeda and
mutants suggest thathx4 is required for response to FGF Yoshimoto, 1991). Moreover, at least one other paired-type
signaling. gene,Paxg causes hypoplastic organ development without

Lhx4 expression is necessary for the early patterning odltering the mitotic index or cell death (van Raamsdonk and
Rathke’s pouch, a process that is also dependent on FQ@Hghman, 2000). We favor the idea that the abnormal dorsal
signaling. Elegant explant culture experiments have shown thakpansion of the pituitary primordia Rrop? mutants, which
FGFs are sufficient for extinguishing ISL1 expressiongenerates the characteristic dorsal dysmorphology and
throughout the pouch and for initiation of LHX3 expressionhypercellularity, occurs at the expense of the expansion of the
(Ericson et al., 1998). The pituitariesldfx4”/—mice share this ventral area and prospective anterior lobe.
failure to regulate ISL1 and LHX3 expression properly, Very few proliferating cells are detected in the anterior lobe
supporting the hypothesis that sornlex4 target genes are of normal mice. This suggests that the anterior lobe grows
necessary for the response to FGF signaling. In the absencetimfough ventral and lateral movement of cells from the highly
Lhx4, cell death and inappropriate patterning of Rathke'groliferating zone at the dorsal tip. Target genelBropl may
pouch results. No differences lgf10 mMRNA expression are be required for this ventral movement. Little is known about
evident inProp1d7df, | hx4-- or double mutant mice (data not pituitary cell migration, but failure to leave the dorsal
shown). Thus, the cell death and patterning defectproliferative zone would reduce exposure of precursor cells to
characteristic ofLhx4 mutant mice probably result from a critical ventral signals such as BMP2 (Ericson et al., 1998).
failure to respond to FGF at the level of the receptors, In addition to repressing expansion of the dorsal pouch,
intracellular signaling responses, or transcription factor targeg?ropl also restricts anterior lobe differentiation to the more
genes. Given the complexity of genes involved in FGFventral aspect of the gland. The dorsal spreading of SF1
signaling (Kato and Sekine, 1999), approaches that screempression irProp197dfmice is consistent with this ideBax6
broadly for differentially expressed genes will be useful foris expressed in the dorsal pituitary primordia, in the same

E10.5 E12.5 PO
Fig. 7.Lhx4andProplfunction

LHX3
PIT1domain
ISL1 SF1 domain
together in promoting anterior

. . Ventral expansion, pituitary formation. Analysis of hx4
Pitx1,2 wep Lhx4 wep [hx3 wep Propl wep Pit]l wep cel specification Pnutant)s/ revealed that th%s gene is
gslrlvival necessary for initial activation of

LHX3 expression at the appropriate
SF1 and ,dorsal time and for cell survival. Ames
expansion dwarf mutant analysis showed that
Proplis essential for repressing
dorsal expansion of the primordium

and SF1 expression, as well as for
Lhx4-/- Propldf/df the expansion of the anterior lobe. In
the absence of both of these genes,

no specification of corticotropes,
®  LHX3 SF1 domain gonadotropes or thyrotropes occurs
in the anterior lobe. The schematic of
% ISL1 the defects in thehx4 mutant

Isl1

pituitary is depicted at E12.5 and the
Proplmutant pituitary at PO.
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region asPropl, and it is also involved in restricting SF1 genes, and also identified the mechanism behind LHX4 action
expression to the ventral aspect, although its influence is nit pituitary gland development.

as strong as that ¢#fropl (Kioussi et al., 1999)Prop1 may

repress SF1 directly or be required for the response of cells inWe thank Dr Steven Potter for providing thiex4 mutant mice, Dr
the primordia to repressive signals such as chordin, whicliriam Meisler for helpful discussion and reading of the manuscript,
represses BMP signaling along the caudal aspect of the gla mes Beals for assistance in preparing the model figure and Jill

g 2 . } arolyi for managing the Human Genetics animal facility. This work
In any case, it is clear thBtoplis important in dorsal-ventral was supported by funding from the NIDDK F32 DK60306-01 (L. T.

patterning at both the morphological and molecular level. R.), NIGMS T32GM 07315-24 (R. D. W.) and NICHD R01 HD30428

Lhx4 and Propl function together in promoting and ROL HD34283 (S. A. C.).
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