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Mutations in the PROP1 transcription factor gene

lead to reduced production of thyrotropin, GH, pro-

lactin, and gonadotropins as well as to pituitary

hypoplasia in adult humans and mice. Some

PROP1-deficient patients initially exhibit pituitary

hyperplasia that resolves to hypoplasia. To under-

stand this feature and to explore the mechanism

whereby PROP1 regulates anterior pituitary gland

growth, we carried out longitudinal studies in nor-

mal and Prop1-deficient dwarf mice from early em-

bryogenesis through adulthood, examining the vol-

ume of Rathke’s pouch and its derivatives, the

position and number of dividing cells, the rate of

apoptosis, and cell migration by pulse labeling. The

results suggest that anterior pituitary progenitors

normally leave the perilumenal region of Rathke’s

pouch and migrate to form the anterior lobe as they

differentiate. Some of the cells that seed the ante-

rior lobe during organogenesis have proliferative

potential, supporting the expansion of the anterior

lobe after birth. Prop1-deficient fetal pituitaries are

dysmorphic because mutant cells are retained in

the perilumenal area and fail to differentiate. After

birth, mutant pituitaries exhibit enhanced apopto-

sis and reduced proliferation, apparently because

the mutant anterior lobe is not seeded with pro-

genitors. These studies suggest a mechanism for

Prop1 action and an explanation for some of the

clinical findings in human patients. (Molecular En-

docrinology 19: 698–710, 2005)

APPROXIMATELY 1:4000 live births result in pituitary

growth insufficiency (1, 2). Isolated GH deficiency is

the most common and is often caused by deletions

within the GH gene cluster (3, 4). Combined pituitary

hormone deficiency (CPHD) is defined as a deficiency in

GH and at least one other hormone, and it is caused by

a variety of transcription factor mutations. The majority of

CPHD cases of known cause result from mutations in the

transcription factors, PROP1 and POU1F1(PIT1),

whereas mutations in HESX1, LHX3, and LHX4 are more

rare and are associated with additional structural anom-

alies (5–12). Mutations in PIT1 produce deficiencies in

GH, prolactin (PRL), and TSH (13). PROP1 mutations

cause deficiencies in the same hormones as PIT1, with

additional reductions in LH and FSH, as well as acquired

ACTH loss (14–16). Affected individuals exhibit a high

level of variation in the age of onset and the severity of

the disease. The hormone deficiencies are progressive

and can occur in childhood or later in life (17, 18). Par-

ticularly intriguing is the observation that many patients

with PROP1 mutation undergo apparent degeneration of
the pituitary gland during childhood (19). Initially, mag-
netic resonance imaging analysis reveals a hyperplastic,
or enlarged, pituitary gland, which resolves to a hypo-
plastic appearance a year or so later. The progressive
hormone loss and pituitary degeneration are exclusively
associated with PROP1 mutations.

Two mouse models are available for dissecting the
mechanism of PROP1 action: the spontaneous mutant
known as Ames dwarf (Prop1df) and the genetically
engineered Prop1null mouse (20, 21). Both models
have hormone deficiencies that recapitulate the hu-
man CPHD phenotype, including reduced gonadotro-
pins; lack of TSH, GH, and PRL; and profound adult
pituitary hypoplasia (21, 22). Although some evidence
suggests that the missense mutation in Ames dwarf
mice is a hypomorphic allele, the phenotypes of the df

and null alleles are virtually indistinguishable when
compared on the same genetic background (21). Pre-
vious studies have elucidated some aspects of Prop1

action. For example, the TSH, GH, and PRL deficien-
cies result from the failure to activate Pit1 transcrip-
tion, which is essential for the lineage of cells that
produce these hormones (23, 24). The nature of the
gonadotropin deficiency is less obvious (25). For ex-
ample, the gonadotrope-specific transcription factor
SF1 (Nr5a1) is overexpressed in the absence of Prop1

(26), and gonadotropin production can be induced in
Prop1-deficient mice by correction of the GH and TSH
deficiencies, suggesting adequate commitment to the
gonadotrope fate (27). The mutant mice exhibit a delay
in gonadotrope differentiation on some genetic back-
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grounds, however, which supports the hypothesis that
gonadotropes fail to develop in humans with PROP1

mutations (21).
One aspect of the mouse Prop1-deficient pheno-

type that remains unexplained is the profound dys-
morphology of the dorsal aspect of Rathke’s pouch at
embryonic d 14.5 (e14.5) (20, 22). Pituitary develop-
ment begins at approximately e9 in the mouse, with a
thickening of the oral ectoderm to form the pituitary
placode, which grows and invaginates to produce
Rathke’s pouch and eventually becomes the interme-
diate and anterior lobes of the pituitary gland. Rathke’s
pouch is in direct contact with the neural ectoderm of
the ventral diencephalon, which evaginates to form the
infundibulum, ultimately becoming the posterior lobe
of the pituitary gland and pituitary stalk (28, 29). By
e12.5, Rathke’s pouch has become separated from
the oral ectoderm and has begun to expand to form
the anterior lobe. The growth and shape of the pouch
is influenced by factors secreted from the infundibu-
lum, such as fibroblast growth factor (FGF)8, FGF10,
bone morphogenetic protein 4, and WNT5A, some of
which are regulated by Sox3 expression (30–34). At
e12.5, the proliferating cells within the pituitary primor-
dium are almost exclusively located in the perilumenal
area, with the highest rate of proliferation at the dorsal
tip of Rathke’s pouch (35, 36). There are few or no
proliferating cells in the developing anterior lobe at this
time, which suggests that quiescent cells normally
stream out of the pouch and populate the developing
anterior lobe. At e12.5, Prop1-deficient pituitaries are
indistinguishable from wild type in shape, cell prolifer-
ation, and cell death (36). By e14.5, however, the mu-
tant anterior lobes are 50% smaller than wild type and
the dorsal aspect of Rathke’s pouch appears over-
grown and dysmorphic (22). The dorsal overgrowth of
Rathke’s pouch in Prop1 mutants is hypothesized to
be equivalent to the initial hyperplasia of the pituitaries
of PROP1-deficient patients, but there have been no
longitudinal studies of pituitary gland growth in Prop1

mutant mice (37).
In this study, we compare pituitary growth in the

Prop1-deficient and wild-type mice. Prop1 expression
begins at about e10 in the mouse, peaks at e12.5, and
essentially ceases by e16 (20). Surprisingly, the size of
the organ primordia is indistinguishable in mutant and
wild-type mice during this time. Instead, overall hyp-
oplasia first becomes obvious long after the time in
which Prop1 is normally expressed, becoming signif-
icant around 2 wk of age and accompanied by en-
hanced cell death and reduced proliferation. We show
that proliferating cells normally migrate from the pouch
into the developing anterior lobe, and this process is
impaired in Prop1 mutant mice. Mutant progenitors
cease expression of cyclin D2 but retain tight contact
with neighboring cells and do not seed the anterior
lobe, ultimately resulting in profound hypoplasia of the
organ. This study provides basic information about
how the pituitary gland forms and enhances our un-
derstanding of the mechanism of PROP1 action. Fur-

thermore, our studies provide a plausible explanation
for the intriguing transition from hyperplasia to hyp-
oplasia in humans with PROP1 mutations.

RESULTS

Prop1 Deficiency Results in Pituitary

Dysmorphology

The Ames dwarf (Prop1df) pituitary is dysmorphic and
has an underdeveloped anterior lobe that is approxi-
mately 50% smaller than normal at e14 (22). By 8 wk,
the adult Prop1df/df organ is about 7-fold smaller than
normal by weight, indicative of severe hypoplasia (38).
There is no difference, however, in the location or
quantity of proliferating or dying cells in wild-type and
dwarf pituitaries at e12.5 or e14.5 (36). To determine
the effect of Prop1 deficiency on the growth and shape
of the pituitary throughout development and early
postnatal life, timed pregnancies were generated with
Prop1df/� heterozygote matings. Fetuses were col-
lected at e14.5 and e17.5 and processed for histology.
Serial sections cut coronally and stained with hema-
toxylin and eosin (H&E) confirm that the anterior lobe
of the pituitary has started to develop in normal mice
at e14.5 (Fig. 1A). The anterior lobe continues to grow
laterally throughout embryonic (Fig. 1C) and postnatal
development (Fig. 1E). In Prop1df/df mice, the anterior
lobe is smaller than normal at e14.5, but Rathke’s
pouch has expanded abnormally and the lumen is
much larger than wild type (Fig. 1B). By e17.5, the
mutant perilumenal cells have continued to expand,
growing dorsally and nearly covering the posterior
lobe (Fig. 1D). The lumen is collapsed, presumably
because of the overgrowth, resulting in the extremely
dysmorphic pituitary primordium characteristic of
Prop1df/df mice. The overall size of normal and dwarf
pituitaries appears similar at e17.5, despite the minute
anterior lobe in mutants. At postnatal d 8 (P8), the
dysmorphology remains prominent in dwarfs, and the
overall growth of the dwarf pituitary appears to have
fallen behind that of the wild type (Fig. 1F).

Volumetric Analysis Confirms Growth Defect in

Prop1-Deficient Pituitaries after Birth

The volume of the Rathke’s pouch and its derivatives
was quantitated by computerized, three-dimensional
reconstruction from serial sections of wild-type and
Ames dwarf pituitaries from e12.5 through adulthood
(8 wk). A computer program was used to calculate the
total anterior and intermediate lobe volume of each
pituitary, and the results from several individuals of the
same genotype were averaged (Fig. 1G). Although the
Prop1df/df e14.5 pituitary gland appears larger than the
wild type when comparing H&E-stained sections,
there is no difference in the volume of wild-type and
Prop1df/df pituitaries at e14.5 when corrected for the
expanded lumen volume, suggesting that the total
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number of cells is similar (Fig. 1G, top left). The overall
size and shape of Rathke’s pouch derivatives can be
appreciated in three-dimensional images typical of
mutant and wild-type mice (Fig. 1G, bottom left). This
is consistent with the evidence for identical cell prolif-
eration and cell death rates at this time (36). In con-
trast, by 1 wk of age, the overall volume of the dwarf
pituitary is approximately 1.8-fold smaller that of the
wild type (Fig. 1G, right). The smaller volume is also
evident in three-dimensional reconstruction.

The growth of wild-type and Prop1df/df pituitaries was
quantified throughout development, starting at e12.5
and proceeding through 8 wk of postnatal development

(Fig. 1H). No significant differences were found in the
combined volumes of the anterior and intermediate
lobes of mutant and wild type at e12.5, e14.5, e17.5, or
on the day of birth. The volume of wild-type and the
Prop1df/df pituitaries differed significantly at P8 and P11,
and the differences became even more pronounced at
P15. Apparently the dwarf pituitary almost completely
ceases growing after birth, even though the body weight
of the animal continues to increase until adulthood (21).
By 8 wk, a drastic, 10-fold difference in dwarf and normal
pituitary volume is evident, consistent with the approxi-
mate pituitary weight difference previously reported for
adult mice (38).

Fig. 1. Dysmorphology of Prop1df/df Pituitaries is Evident during Gestation and Overall Hypoplasia is Prominent after Birth
Prop1�/� (A, C, and E) and Prop1df/df (B, D, and F) embryos and neonates were sectioned in the coronal plain and stained with

H&E to examine the pituitary morphology at e14.5 (A and B), e17.5 (C and D), and P8 (E and F). Prop1-deficient mice (B) have
an expanded lumen relative to wild type (A) that eventually folds over on itself by e17.5, giving the mutant organ a profoundly
dysmorphic appearance (D) compared with wild type (C). By P8, the Prop1df/df pituitary, including both prospective anterior and
intermediate lobes, is hypoplastic and dysmorphic (F), relative to wild type mice (E). P, Posterior lobe; I, intermediate lobe; A,
anterior lobe; SC, sphenoid cartilage. Scale bar, 100�m. G, The average volume of the prospective anterior and intermediate lobes
(black bars) of Prop1�/� and Prop1df/df mice is calculated in 104

�m3 by subtracting the volume of the lumen (gray bars) from the
total organ displacement (white bars) at e14.5 (left; n � 3 �/� and 4 df/df) and P8 (right; n �5 �/� and 3 df/df). There is no
statistical difference in the average pituitary volume of wild-type and mutant mice at e14.5 (P � 0.05), but the cellular volume of
the Prop1df/df pituitary is 1.8-fold smaller than wild type at P8 (P � 0.005). Three-dimensional models of wild-type and Prop1df/df

pituitaries at e14.5 (left) and P8 (right) illustrate the anterior and intermediate lobes (pink), the lumen (red), and the posterior lobe
(green). H, Average volumes of Rathke’s pouch derivatives in Prop1-deficient mice (dotted line) are the same as wild type (solid

line) until birth. After birth, the Prop1df/df pituitaries fail to grow and are 60% smaller than wild type by P8; *, P � 0.005. There is
no statistical difference in the volume of adult and P8 Prop1df/df pituitaries; *, P � 0.5. The black bar shows Prop1 expression in
normal mice. The number of mice analyzed at each time point is as follows (n � �/� and df/df): e12.5, n � 3 and 3; e14.5, n �

3 and 4; e17.5, n � 3 and 3; P1, n � 3 and 3; P8, n � 5 and 3; P11, n � 5 and 4; P15, n � 3 and 4; adult, n � 3 and 3. Y-axis

scale, 100,000 �m3.
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Proliferating Cells Fail to Populate the Anterior

Lobe of Prop1-Deficient Mice

The volumetric measurements suggest that prolifera-
tion and/or cell death rates are likely to be altered in
Prop1df/df mice after birth, after Prop1 expression has
waned. To determine whether this is the case, we
examined cell proliferation by injecting pregnant dams
and neonates with the thymidine analog bromode-
oxyuridine (BrdU), which is incorporated into replicat-
ing DNA and is detectable by immunohistochemistry.
At e14.5, the vast majority of proliferating cells sur-
round the lumen and posterior lobe in wild-type mice
(Fig. 2, A and A�). Very few proliferating cells are within
the developing anterior lobe. By e17.5, a large portion
of the proliferating cells appear in the expanding an-
terior lobe, although there are still proliferating cells
surrounding the lumen (Fig. 2, C and C�). By P8, the
majority of the proliferating cells are detected in the
anterior lobe (Fig. 2, E and E�). In Ames dwarf mice,
proliferating cells line the lumen at e14.5, similar to the
pattern characteristic of normal pituitaries (Fig. 2, B
and B�). At e17.5, there are fewer dividing cells in
anterior lobes of mutants than wild types (Fig. 2, D and
D�). At P8, this difference is even more pronounced
(Fig. 2, F and F�). This lack in proliferation of the dwarf
anterior lobe is evident at P11 and P15 (data not
shown), which is consistent with the reduced pituitary
volume of mutants relative to wild type at this time.

Cyclin D2 is expressed during the G1 phase of the
cell cycle and is essential for the passage of the cell
into S phase (40). At e14.5, cyclin D2 is expressed
exclusively in the proliferative zone of wild-type pitu-
itaries (Fig. 3B). In Ames dwarfs, cyclin D2-positive
cells are also detected in the proliferative zone (Fig.
3F), but there appear to be fewer of them than normal.
In addition, the cyclin D2-positive cells appear to be
interspersed with cyclin D2-negative cells in the dwarf,
suggesting that the actively dividing cells in mutants
are interdigitated with quiescent cells. Ki67 is ex-
pressed in cells that are actively cycling (41). Ki67 is
expressed in the proliferative zone of both wild-type
and dwarf pituitaries (Fig. 3, C and G). The dwarf
pituitary exhibited fewer Ki67-positive cells, indicating
an increase in quiescent cells (Fig. 3G). In the wild
type, the vast majority of Ki67� cells are also positive
for cyclin D2 (Fig. 3D, yellow cells). There are only a
few Ki67-positive, cyclin D2-negative cells surround-
ing the proliferative zone of the wild-type pituitaries
(Fig. 3D, green, arrowheads/inset), which suggests
that the vast majority of actively dividing cells are
exiting G1 and entering S phase rapidly. In the dwarf,
however, there is an approximate 3-fold increase in
Ki67-positive, cyclin D2-negative cells in the pouch
(Fig. 3H, green, arrowheads/inset), suggesting that
some of the mutant cells are stalled in G1 phase in
addition to being interspersed with more quiescent
cells. The cyclin D2 and Ki67 immunostaining results

Fig. 2. Progenitors Fail to Populate the Anterior Lobe of Prop1df/df Pituitaries, Resulting in Decreased Proliferation after Birth
Immunostaining of BrdU-injected embryos and neonates was performed to assess proliferation levels and patterns at e14.5 (A

and B), e17.5 (C and D), and P8 (E and F). Proliferating cells (bright green) surround the lumen and are absent from the anterior
lobe in both the wild-type (A and A�) and Prop1df/df (B and B�) pituitaries at e14.5. Proliferating cells are detectable in both the
perilumenal area and the anterior lobe of wild type-mice at e17.5 (C and C�). The Prop1df/df pituitary has an extremely small anterior
lobe at e17.5 (D and D�). By P8, the Prop1df/df pituitary (F and F�) has fewer proliferating cells in the expanding anterior lobe than
the wild type (E and E�). P, Posterior lobe; I, intermediate lobe; A, anterior lobe. Original magnification, �200 (A and B), �100 (C–F).
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suggest that mutant cells leave the cell cycle but re-
main in the proliferative zone instead of populating the
anterior lobe. At e16.5, cyclin D2 expression is re-
duced considerably in the dwarf (Fig. 3J) compared
with the wild type (Fig. 3I), although the Ki67 expres-
sion is similar in both (compare Fig. 3L with 3K). This
data suggests that the cell cycle defect that was seen
at e14.5 persists at later times in embryonic develop-
ment, as cells are apparently stalled in the G1 phase of
the cell cycle in dwarf pituitaries.

Prop1df/df Pituitaries Exhibit a Progenitor

Migration Defect

We hypothesize that the dividing cells located in the
proliferative zone at e12.5 temporarily cease cell divi-
sion as they stream into the anterior lobe at e14.5 in
normal mice. Furthermore, we propose that the Prop1

defect causes reduced progenitor migration that re-

sults in both the dorsal dysmorphology and ventral

hypoplasia of the mutant anterior lobe at e14.5. To test

these ideas, we examined the migration patterns of

dividing cells during the period of peak Prop1 expres-

sion using pulse chase labeling of growing DNA chains

with the nucleoside analogs iododeoxyuridine (IdU)

and BrdU. IdU and BrdU are similar thymidine analogs,

but, after incorporation into replicating DNA, they can

be distinguished by immunohistochemistry. Unincor-

porated nucleoside analogs are cleared within 2 h after

injection (42, 43). Thus, the “chase” does not require

injection of normal, unmarked nucleosides, and fe-

tuses collected several days after the chase reveal the

ultimate location of cells proliferating during the pulse.

This window labeling method, involving sequential in-

jections of IdU and BrdU at different times of devel-

opment, has proved valuable for demonstrating cell

migration patterns in other organs (44).

Fig. 3. Cell Cycle Differences between Wild-Type and Prop1df/df Pituitaries
Cell cycle marker expression was examined in e14.5 wild-type (A–D), e14.5 dwarf (E–H), e16.5 wild-type (I and K), and e16.5

dwarf (J and L) pituitaries. DAPI (blue) counterstain in e14.5 wild-type (A) and dwarf (E) pituitaries. At e14.5, cyclin D2 (red)
expression in wild-type (B) vs. dwarf (F) and Ki67 (green) expression in wild-type (C) vs. dwarf (G) pituitaries reveals an increase
in noncycling cells in the proliferative zone of the dwarf pituitary. Cyclin D2/Ki67 colocalization (yellow) vs. Ki67 only (green,
arrowheads/insets) expression in wild-type (D) and dwarf (H) pituitaries at e14.5 reveal an increase in cycling cells that remain in
G1 phase of the cell cycle in the dwarf pituitary. Analysis of pituitaries at e16.5 shows a decrease in cyclin D2-positive cells (red)
in the dwarf proliferative zone (J) compared with the wild type (I), whereas Ki67 expression (green) appears the same in both the
wild type (K) and the dwarf (L) at this time. The structure to the left of the dwarf pituitary (E–H) is the ventral diencephalon, which
is not seen in the wild-type pituitary picture shown (A–D). This is due only to the slight differences in the plane of the section and
is not specific to the mutant. P, Posterior lobe; RP, Rathke’s pouch; I, intermediate lobe; A, anterior lobe. The number of pituitary
sections analyzed for each time point is as follows (n � �/� and df/df): e14.5, n � 7 and 10; e16.5, n � 3 and 3. Original
magnification, �200.
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We labeled cells during the S phase of the cell cycle
at e11.5 (Fig. 4A) and e12.5 (Fig. 4B) with IdU and
BrdU, respectively, and collected fetuses at e14.5 (Fig.
4C) to determine the destination of the previously pro-
liferating cells. According to our hypothesis, a portion
of the cells proliferating at e11.5 (IdU labeled) will have
migrated into the anterior lobe by e12.5 in both normal
and Prop1-deficient mice, whereas cells proliferating
at e12.5 (BrdU labeled), the peak time of Prop1 ex-
pression, will be compromised in their ability to pop-
ulate the anterior lobe in Prop1 mutants. At e14.5 the
cells of the anterior pituitary lobe are somewhat inter-
mingled with the surrounding mesenchymal tissue, so
we used the PITX1 antibody to mark the pituitary cells
unequivocally. The IdU antibody detects both the IdU
and BrdU analogs. Therefore, cells that were labeled

at e11.5 with IdU and e12.5 with BrdU will appear red

when visualized with the IdU antibody and tetramethyl
rhodamine isothiocyanate (TRITC) fluorescence (Fig.
4D). Cells that were labeled with BrdU at e12.5 appear
green when visualized with the BrdU-specific antibody
and fluorescein isothiocyanate (FITC) fluorescence
(Fig. 4E). When the FITC and TRITC images are over-
layed, the BrdU-labeled cells appear yellow as a result
of the combination of the red and green fluorescence,
whereas the IdU labeled cells appear red (Fig. 4F).

In the pituitaries of normal mice, cells that were
labeled at e11.5 and e12.5 populate both the anterior
lobe and the perilumenal area at e14.5, although the
majority are in the anterior lobe (Fig. 4, D–F). This
provides the first compelling evidence that the anterior
lobe normally forms by movement of cells from the

Fig. 4. Prop1null Pituitaries Exhibit Migratory Defects during Embryonic Development
A–C, Schematic representation of the IdU/BrdU pulse-chase experiment. A, IdU is injected at e11.5 and incorporated into the

DNA of proliferating cells (visualized as red dots). Rathke’s pouch and its derivatives are marked by PITX1 immunohistochemical
staining (blue). B, BrdU is injected at e12.5 (visualized as yellow dots). At this time, the IdU-positive cells in the developing anterior
lobe must have actively or passively moved there. C, BrdU-positive cells follow the IdU-labeled cells into the developing anterior
lobe. Embryos are harvested at e14.5. The pulse-chase experiment was carried out for wild-type (D–F), Prop1df/df (G–I), and
Prop1null/null (J–L) animals. D, G, and J, TRITC images of the IdU- and BrdU-labeled cells (red) because the IdU antibody
recognized both the IdU- and BrdU-incorporated analogs. At e14.5, cells that were injected with IdU at e11.5 have reached the
anterior lobe in the wild-type (D), Prop1df/df (G), and Prop1null/null (J) animals. E, H, and K, FITC images of the BrdU-only-labeled
cells (green). The cells that were labeled with BrdU at e12.5 were plentiful in the anterior lobe of the wild type (E) with an even
distribution between the proliferative zone and the anterior lobe. The Prop1df/df e14.5 pituitary revealed the majority of the
BrdU-labeled cells remaining in the dysmorphic, perilumenal area (H). The Prop1null/null pituitary showed very few BrdU-labeled
cells in the anterior lobe (K). F, I, and L, Overlays of the TRITC and FITC images. The IdU-only-labeled cells appear red, whereas
the BrdU-labeled cells appear yellow as a result of the combination of red and green fluorescence. White line, The boundary
between the Rathke’s pouch and the developing anterior lobe. A, Anterior lobe; RP, Rathke’s pouch; P, posterior lobe. The
number of mice analyzed was Prop1�/�, n �4; Prop1df/df, n �4; Prop1null/null, n �1.
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proliferative zone to the anterior lobe. Whether the
change in localization is passive or active remains to
be determined. These experiments were replicated
with the Prop1df/df mice, at the N4 generation of back-
cross to C57BL/6J (data not shown), and on the non-
inbred DF/B stock (Fig. 4, G–I). At e14.5, the dwarf
pituitary is well populated with cells labeled at e11.5
with IdU (Fig. 4, G and I), and the majority of cells
labeled at e12.5 with BrdU are retained in the perilu-
menal zone of the Prop1df/df pituitaries (Fig. 4, H and I),
suggesting that the migration of these cells from the
proliferative zone to the anterior lobe is impaired. This
migration defect is more evident in the Prop1null/null

pituitary. Cells labeled at e11.5 migrate into the ante-
rior lobe (Fig. 4, J and L); however, very few cells
labeled at e12.5 are seen in the anterior lobe at e14.5
(Fig. 4, K and L). The difference between the Prop1df/df

and the Prop1null/null mice may indicate that the block
in migration is less complete in df/df mutants, or it may
reflect another influence of genetic background, as the
null/null mice examined were on a mixed background
of 129 substrains. Nevertheless, in all mutants, and
regardless of background, cells proliferating at e12.5
predominated in the perilumenal area instead of col-
onizing the anterior lobe.

To determine the identity of the mislocalized cells in
the Prop1df/df pituitary, MSH and proopiomelanocortin
(POMC) expression were examined in wild-type and
Ames dwarf pituitaries on the day of birth (P1). POMC
is cleaved via proteolysis to produce ACTH in the
anterior lobe (45, 46) and MSH in the intermediate lobe
of the pituitary gland (47). POMC is expressed in the
intermediate lobe as well as throughout the anterior
lobe of the wild-type pituitary gland (Fig. 5A) and the
Prop1df/df pituitary gland (Fig. 5B). MSH is expressed
only in the intermediate lobe of the wild-type gland
(Fig. 5C). In the Ames dwarf, MSH is only expressed in
the collapsed pouch regions that make contact with
the posterior lobe (Fig. 5D), which suggests that most
of the mislocalized cells have not differentiated as
intermediate lobe hormone-secreting cells.

Increased Apoptosis in Ames Dwarf Pituitaries

after Birth

After birth there are fewer proliferating cells in
Prop1df/df pituitaries compared with wild-type mice,
and the mutant organ fails to increase in volume after
P8. To determine whether mutant pituitaries exhibit
increased apoptosis in addition to the reduced prolif-
eration, we examined the number of dying cells in both
the wild-type and dwarf pituitaries at P1 and P8 using
the terminal deoxynucieotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL)
assay, which labels the ends of nicked DNA (48). At P1
(data not shown) and P8, there are obviously more
apoptotic cells in dwarf pituitaries than wild type (com-
pare Fig. 5E, E�, arrowheads; and 5F, F�, arrowheads).
To quantify the extent of the increase in apoptosis, cell
counts were carried out on serial sections in wild-type

and dwarf pituitaries at these times. At birth (P1), dwarf
pituitaries had approximately 3-fold more cell death
than wild type, 47 apoptotic cells per pituitary slice �

12 vs. 15 � 4, (Fig. 5G, left). The apoptotic cell counts
at P8 were normalized for pituitary area to take into
account the smaller size of the Prop1df organ at this
time. Approximately 3-fold more apoptotic cells were
observed per 50,000 �m2 of Prop1dfdf pituitary cells
compared with the wild type, 17 � 5 vs. 6 � 1, (Fig.
5G, right). Thus, the 3-fold enhancement in apoptosis
in Prop1df/df pituitaries relative to wild type is consis-
tent at P1 and P8. The decrease in proliferation and
increase in cell death accounts for the lack of growth
of Ames dwarf pituitaries after birth and suggests that
cells that are unable to differentiate are destined to die,
resulting in degeneration of the mutant pituitary gland.

DISCUSSION

Mutations in the transcription factor PROP1 cause
pituitary hormone deficiency in mice and humans.
Prop1df/df mice have profound pituitary hypoplasia as
adults, and the pituitary primordium of Prop1df/df mu-
tants is dysmorphic with slightly smaller prospective
anterior lobe and apparently overgrown Rathke’s
pouch at e14.5 (20, 22, 36). The mechanism whereby
Prop1 deficiency causes this dysmorphology and hy-
poplasia had been elusive, as no difference in prolif-
eration or cell death is evident at e12.5 or e14.5 (36).
Our studies suggest that the role of Prop1 in develop-
ment and growth of the pituitary is to promote the
release of progenitor cells from Rathke’s pouch into
the anterior lobe. In the absence of functional Prop1,

pituitary progenitor cells fail to express Notch2 (26),
prematurely cease expression of cyclin D2, and are
abnormally retained within the perilumenal area of the
pouch, causing the pouch to take on an overgrown,
dysmorphic appearance. The overall size of the devel-
oping organ is not profoundly hypoplastic until the
mice are 1–2 wk old, long after Prop1 expression has
normally waned. The hypoplasia involves both pro-
grammed cell death and reduced proliferation after
birth. These studies demonstrate the importance of
Prop1 in early pituitary development and define the
legacy of Prop1 deficiency on future organ growth.
These observations suggest that the pituitary hyper-
plasia in humans deficient in PROP1 could be due to
trapped progenitor cells and the subsequent degen-
eration could be due to apoptosis of undifferentiated
cells.

During early pituitary organogenesis (e10.5–14.5),
cells proliferating at the highest rate are localized at
the dorsal aspect of Rathke’s pouch, nearest the in-
fundibulum (35). The infundibulum produces factors
that induce differentiation in Rathke’s pouch, including
members of the bone morphogenetic protein, FGF,
and WNT gene families (30–32). Thus, it makes sense
that the highest rate of proliferation is within the part of
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the pouch that is closest to these growth factors.
Apparently Prop1-deficient pituitaries initially respond
to the secreted factors that stimulate proliferation be-
cause the total cellular volume of the pituitary in-
creases approximately 20-fold from e12.5 to birth in
both mutant and normal pituitaries.

The cells around the lumen of Rathke’s pouch are
organized as a tightly packed columnar layer during
gestation, whereas the cells within the anterior lobe
are more loosely packed, giving the tissue a glandular
appearance. We show that cells originating in the
pouch normally colonize the anterior lobe, concomi-
tant with cessation of DNA synthesis and silencing of

cyclin D2 and Notch2 gene expression. In Prop1-de-
ficient mice, some cells leave the pouch and initiate
formation of the anterior lobe, but the majority are
retained within the pouch, retaining dense packing
and causing the characteristic organ dysmorphology.
The failure of Prop1-deficient mice to initiate Notch2

expression at this time may contribute to the retention
of anterior lobe progenitors in the pouch (26). This idea
is supported by the role that Notch signaling plays in
regulation of precursor cell differentiation in nervous
system development (49–51). In contrast to normal
mice, Prop1-deficient cells leave the cell cycle while
they are still in the perilumenal area, and they are

Fig. 5. MSH Expression and Apoptosis in Wild-Type and Prop1df/df P1 Pituitaries
POMC (blue) expression is detected in the intermediate lobe and anterior lobe of both wild-type (A) and dwarf (B) P1 pituitaries.

�-MSH (brown) expression is detected only in the intermediate lobe of P1 wild-type pituitaries (C). MSH is detected in the regions
of the tissue that contact the posterior lobe in the Ames dwarf pituitary (D). Methyl green counterstain was used with the MSH
immunhistochemistry (C and D). P, Posterior lobe; I, intermediate lobe; A, anterior lobe. Original magnification, �200. TUNEL
staining of P8 pituitaries (bright white cells) reveals an increase in apoptotic cells in Prop1df/df (F and F�, arrowheads) compared
with wild type (E and E�, arrowheads). G, The average number of apoptotic cells at P1 (left) and P8 (right) is significantly increased
in Prop1df/df pituitaries (black bars) compared with wild-type pituitaries (white bars) at both ages. P8 apoptotic cell counts were
normalized for pituitary area (apoptotic cells per 5 � 104

�m2). The number of animals analyzed at each time point and statistical
significance is as follows (n � �/� and df/df): P1, n � 3 and 3, P � 0.01; P8, n � 6 and 8; P � 0.001.

Ward et al. • Role of PROP1 in Pituitary Gland Growth Mol Endocrinol, March 2005, 19(3):698–710 705
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/1
9
/3

/6
9
8
/2

7
4
1
3
9
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



severely compromised in detachment and movement
to the anterior lobe. The movement might normally
involve changes in cell adhesion, resulting in release of
cells, followed by either active migration toward fac-
tors produced in the ventral mesenchyme or passive
movement away from the pouch as more cells detach
and fill in the available space between the brain and
sphenoid cartilage. There are numerous examples of
cell adhesion molecules and components of the ex-
tracellular matrix playing roles in cell migration during
organogenesis, including mouse thyroid (52), liver (53),
lung (54), and kidney (55) development. We observed
no obvious changes in expression of E-cadherin (data
not shown), but there are many other cell adhesion
molecules and extracellular matrix components ex-
pressed in normal pituitary glands that could be in-
volved (56).

The mouse pituitary gland normally continues to
grow in late gestation and early neonatal life, expand-
ing in size approximately 14-fold from birth to adult-
hood. We report here that proliferating cells are scat-
tered throughout the anterior lobe of normal newborn
and adult mice, instead of being concentrated in the
perilumenal area of Rathke’s pouch. Prop1-deficient
mice, however, have very few proliferating cells in the
anterior lobe at the same age. The mutant pituitaries
grow very little from birth to P15, when the cells within
the dysmorphic pouch die.

Various BrdU labeling studies in rats have sug-
gested that a significant fraction of differentiated pitu-
itary cells are proliferating during late embryonic de-
velopment and early postnatal life. For example,
approximately 7% and approximately 3.5% of corti-
cotropes appear to be replicating during late fetal de-
velopment and early postnatal life, respectively (57). In
addition, the thyrotrope population increases signifi-
cantly after birth, when it was estimated that approx-
imately 20% of thyrotropes were derived from preex-
isting thryotropes. Also, a quarter of somatotropes
were proliferating at 3 wk of age (58, 59). Transgene
ablation experiments in mice suggest that, although
the majority of gonadotropes are postmitotic, soma-
totropes are actively dividing and have the ability to
regenerate (60–62). Although the identity of pituitary
precursors or stem cells is not known, folliculostellate
cells, a nonendocrine, supporting cell type in the pi-
tuitary, can differentiate into skeletal muscle, suggest-
ing that these multipotent cells could be pituitary pre-
cursors (63–65). Regardless of the nature of the
precursor cells within the developing anterior lobe,
normal pituitaries have the capacity to grow and re-
generate, whereas Prop1-deficient pituitaries exhibit
differentiation failure, which may account for the in-
crease in apoptosis after birth and subsequent failure
of the organ to grow beyond d 8–11 of postnatal life.

Very few apoptotic cells are detectable during nor-
mal pituitary organogenesis, in contrast to some de-
velopmental processes that involve extensive tissue
remodeling and cell death (66). Cell death is enhanced
in the pituitary in certain pathological conditions, such

as failure in FGF signaling (31, 67, 68) and deficiency
of some transcription factors, including LHX4 and
PITX2 (Ref. 36; and Charles, M. A., H. Suh, T. A. Hjalt,
J. Drouin, S. A. Camper, and P. J. Gage, unpublished).
We report here that Prop1 deficiency also leads to cell
death, although the onset of apoptosis is much later in
Prop1 mutants than in the previous examples. Apo-
ptosis occurs in Prop1 mutants long after signaling
from the infundibulum has taken place. This suggests
that a different trigger is responsible for apoptosis in
Prop1-deficient mice, such as the inability precursor
cells to differentiate. There are precedents for this from
a number of systems. For example, primordial germ
cells that fail to migrate to the genital ridges undergo
apoptosis, and both PC12 cells and human epidermal
keratinocytes are more sensitive to apoptosis before
differentiation (69–71).

This study provides a clue as to the mechanism
whereby PROP1 deficiency causes pituitary dysmor-
phology and hypoplasia (Fig. 6). Proliferating cells, either
precursors or pituitary stem cells, normally migrate into
the expanding anterior lobe from the ventral portion of
the Rathke’s pouch early in pituitary development. The
pituitaries of young PROP1-deficient patients usually ap-
pear to be hyperplastic by magnetic resonance imaging,
and the overgrowth usually resolves before adulthood,
resulting in a hypoplastic organ. We propose that the
pituitary overgrowth in human patients is analogous to
the undifferentiated cells trapped in the perilumenal area
of Prop1-deficient mice, and the resolution is due to
degeneration of undifferentiated cells by apoptosis. This
is consistent with the suggestion that the hyperplasia is
due to mislocalized cells and anecdotal evidence that the
hyperplastic pituitaries contain undifferentiated cells (37,
72). We also propose that the gradual loss of hormones
in PROP1-deficient patients is due to the depletion of
precursor pools. The loss of hormones is not as severe in
mice as it is in humans. This disparity has been observed
in other mouse models, such as the dystrophin-deficient
mice, which only develop signs of muscular weakness
very late in life compared with the severe muscular dys-
trophy characteristic of young human patients, probably
because they have a higher capacity for muscle regen-
eration in relation to their life span (39, 73).

In summary, we have demonstrated a role for
PROP1 in progenitor migration from Rathke’s pouch
into the developing anterior lobe. The overall growth of
the mutant pituitary is reduced in older animals due to
the developmental defect. These studies provide valu-
able insight into the mechanism of PROP1 action in
pituitary development and disease.

MATERIALS AND METHODS

Mice

Ames dwarf mice (DF/B-df/df) were originally obtained from
Dr. A. Bartke (Southern Illinois University, Carbondale, IL) and
have been maintained in our colony. Ames Prop1�/df het-
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erozygous mice were repeatedly back-crossed onto the
C57BL/6J background (The Jackson Laboratories, Bar Har-
bor, ME) to generate the N7 C57BL/6J Prop1df mice.
Prop1null mice were generated in R1 ES cells and back-
crossed to C57BL/6J (N4) and the 129S1/SvImJ (N2) (The
Jackson Laboratories) background (21). Prop1df and wild-
type mice on the Ames DF/B background were used for the
H&E, BrdU, volumetrics, and apoptosis studies. The Prop1df

DF/B, Prop1df C57BL/6J, Prop1null C57BL/6J, and Prop1null

129S1/SvImJ mice were used for the BrdU/IdU pulse-chase
studies. The morning after conception is designated e0.5,
and the day of birth is designated as P1. All mice were
housed in a 12-h light, 12-h dark cycle with unlimited access
to tap water and Purina 5008 or 5020 chows. All procedures
using mice were approved by the University of Michigan
Committee on Use and Care of Animals, and all experiments
were conducted in accordance with the principles and pro-
cedures outlined in the NIH Guidelines for the Care and Use
of Experimental Animals.

PCR Genotyping

The genotype of Prop1df mice was determined by PCR am-
plification with the forward primer 5�-GAGCTGGGGAGAC-
CTAAGCTTTGCC- 3� and reverse primer 5�-GCCCAGATGT-
CAGGATACTG-3� to produce a 135-bp band. Restriction
digestion with HinfI generates 97- and 40-bp bands specific
to the wild-type allele, whereas the Prop1df mutant allele is
uncut. The genotype of Prop1null mice was determined by
PCR amplification with the forward primer 5�-GTGAGAAAA-
CAGGTATCTAGCT-3� (specific for both the wild-type and

targeted allele); reverse primer 1, 5�-TTCGTTTGCTTTTCCT-
GATG-3� (specific to the wild-type allele); and reverse primer
2, 5�-CCACTTTGCGTTTCTTCTTGG-3� (specific to LacZ in
targeted allele) to generate the 240-bp band for the targeted
allele and a 270-bp band for the wild-type allele.

Histology and Immunohistochemistry

Prop1�/�, Prop1�/df, and Prop1df/df (Prop1df) embryos or lit-
ters were generated from mating Prop1�/df heterozygotes.
Prop1�/�, Prop1�/�, and Prop1�/� (Prop1null) embryos were
generated from mating Prop1�/� heterozygotes. Embryos
and mouse heads were fixed for 2–24 h in 4% paraformal-
dehyde in PBS (PBS, pH 7.2). All samples were washed in
PBS, dehydrated in a graded series of ethanol, and embed-
ded in paraffin. Six-micrometer sections were prepared and
either stained with H&E or processed as described below.

To detect cell proliferation in fetuses, pregnant mice were
injected ip with BrdU at 100 mg/g body weight, 2 h before
embryo retrieval (43). To examine proliferation in the pituitary
during postnatal development, individual mouse pups were
injected ip with BrdU at 100 mg/g body weight and killed 2 h
later. After epitope retrieval in 2 N HCl, BrdU incorporation
was examined with a rat anti-BrdU antibody (1:200; Harlan
Sera, Belton, UK) and detected with a FITC-labeled second-
ary antibody (1:200; Jackson ImmunoResearch Laboratories,
West Grove, PA). In some cases, sections were counter-
stained with the nuclear counterstain 7-aminoactinomycin D
(Molecular Probes, Eugene, OR).

For the IdU/BrdU pulse-chase experiment, pregnant mice
were injected ip with IdU at e11.5 at 100 mg/g body weight

Fig. 6. Model of Pituitary Growth in Normal and Prop1-Deficient Mice
During gestation (e12.5, e14.5), cells surrounding the lumen of Rathke’s pouch (blue) receive growth-promoting signals from

the developing posterior lobe (neural ectoderm, red) and are released from the proliferative zone to populate the anterior lobe
(white dots). The anterior lobe normally expands laterally after birth (P8, P11), and this growth is driven by actively proliferating
cells within the anterior lobe. From the peak time of normal Prop1 expression (e12.5 onward), Prop1-deficient mice have a deficit
of cells in the anterior lobe because they are not released from the proliferative region. Continued growth without release of the
cells results in the appearance of an overgrown, dysmorphic Rathke’s pouch and hypoplastic anterior lobe. By P8 the cells that
did not differentiate undergo apoptosis (yellow ovals). Little or no proliferating cells are detectable in the hypoplastic anterior
pituitary of Prop1-deficient mice at P11 because the progenitors did not colonize the anterior lobe.
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and then injected ip with BrdU at e12.5 at 100 mg/g body
weight. Embryos were harvested at e14.5. After antigen re-
trieval with 10 mM citrate boiling for 10 min, BrdU was de-
tected with a rat anti-BrdU antibody (1:200; Harlan) and a
biotin-conjugated antirat IgG antibody (1:400; Jackson Im-
munoresearch) using the tyramide signal amplification (TSA)
Fluoresceine (FITC) kit (according to the manufacturer’s pro-
tocol; PerkinElmer, Boston, MA). IdU was detected with a
mouse anti-IdU/BrdU antibody (1:200; Caltag, Burlingame,
CA) and a biotin-conjugated antimouse IgG antibody (1:400;
Jackson ImmunoResearch Laboratories) using the TSA
TRITC kit (PerkinElmer). To distinguish pituitary cells from the
surrounding mesenchyme, PITX1 was detected with a rabbit
anti-PITX1 antibody (1:1500; J. Drouin, Institut de Recher-
ches Cliniques de Montreal, Montreal, Quebec, Canada) and
a biotin-conjugated antirabbit IgG antibody (1:400; Jackson
ImmunoResearch Laboratories) using the TSA coumarin kit
(PerkinElmer). The sections were incubated sequentially with
the PITX1, BrdU, and IdU/BrdU antibodies overnight, and a
biotin/avidin blocking kit (Vector Laboratories, Burlingame,
CA) was used to prevent cross-reactivity. Sections were in-
cubated with 0.1% Sudan Black B (Fisher Scientific, Fair
Lawn, NJ) in 70% ethanol for 30 min before coverslip mount-
ing to prevent autofluorescence of red blood cells. Cells that
were labeled with BrdU were detected by both the IdU/BrdU
and BrdU antibodies and appear yellow as a result of the
combination of FITC and TRITC fluorophores.

Programmed cell death in the pituitaries was detected by
the TUNEL method using either the FragEL kit (according to
the manufacturer’s protocol; Oncogene Research Products,
La Jolla, CA) or the in situ cell detection kit POD (Roche,
Indianapolis, IN). Sections were counterstained with the nu-
clear counterstain 4,6-diamidino-2-phenylindole, dihydro-
chloride (DAPI; Molecular Probes). Apoptotic cells were
counted on four to eight pituitary slices per animal and three
to eight animals per genotype. Apoptotic cell counts were
averaged for wild type and Prop1df at each age. P8 apoptotic
cell counts were normalized for area (per 50,000 �m2) by
capturing digital images of the DAPI-counterstained sections
with a Leitz DMRB microscope (W. Nuhsbaum, Inc.,
McHenry, IL) and an Optronics (Goleta, CA) camera and
processed with SURFdriver 3.5 Software (Kailua, HI) for the
area estimates. Student’s t test was used to determine sta-
tistical significance.

Cyclin D2 was examined with a rabbit anti-cyclin D2 anti-
body (1:500; Santa Cruz Biotechnology, Santa Cruz, CA) after
antigen retrieval with 10 mM citrate boiling and detected with
a biotin-conjugated antirabbit IgG (1:400; Vector Laborato-
ries) followed by a streptavidin-conjugated Cy3 fluorophore
(1:200; Jackson ImmunoResearch). Ki67 was examined with
a rabbit polyclonal anti-Ki67 antibody (1:500; NovoCastra,
Newcastle, UK) after antigen retrieval with 10 mM citrate
boiling and detected with a biotin-conjugated antirabbit IgG
followed by a streptavidin-conjugated Cy2 fluorophore (1:
200; Jackson ImmunoResearch Laboratories).

POMC was examined with a rabbit antihuman ACTH an-
tibody (1:1800; National Institute of Diabetes and Digestive
Kidney Diseases, Torrance, CA) and detected with a biotin-
conjugated antirabbit IgG using the TSH coumarin kit
(PerkinElmer). MSH was examined with a sheep anti-MSH
antibody (1:10,000; Chemicon, Temecula, CA) and detected
with a biotin-conjucted antisheep IgG (1:500; Jackson Immu-
noResearch Laboratories) using the Vectastain ABC kit (ac-
cording to manufacturer’s protocol; Vector Laboratories).

Volumetrics

Volumetrics and three-dimensional modeling was performed
by staining serial sections with H&E. Digital images of these
pituitary sections were captured with a Leitz DMRB micro-
scope and an Optronics camera and processed with the
SURFdriver software for three-dimensional reconstruction
and volume estimation. Three to five animals were used for

each genotype at each age. Student’s t test was used to
determine statistical significance. ANOVA was used to deter-
mine statistical significance across multiple ages.
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