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Paris, France

ABSTRACT

Knockout (KO) mice have been created that carry null mutations of genes encoding molecules

essential for prolactin (PRL) release, PRL, the receptor for prolactin (PRLR), and various members

of the receptor’s signaling pathway. This allowed an in vivo genetic analysis of the role of PRL in

target organ function. In PRLKO and PRLRKO mice, mammary ductal side branching was absent,

terminal end bud (TEB)-like structures persisted at the ductal termini well into maturity, and no

alveolar buds formed along the ductal tree. Transplants of recombined mammary glands formed from

stromal and epithelial elements with and without PRLR showed normal development, while

supplementation of progesterone levels in PRLKO animals restored ductal side branching. During

pregnancy, PRLR heterozygous animals initially showed normal ductal and alveolar development.

However, alveolar development stalled during late pregnancy, preventing successful lactation. This

defect could be rescued by the loss of a single allele of the suppressor of cytokine signaling (SOCS)

1 gene. Transplants of recombined glands containing PRLRKO epithelium and wild-type (WT)

stroma formed alveolar buds during pregnancy but showed no lobuloalveolar development. Recom-

binations of WT epithelium and PRLRKO stroma showed normal development, demonstrating that

a direct action of the lactogenic hormones is confined to the epithelium, to promote lobuloalveolar

development. Transcript profiling of epithelial transplants expressing or not expressing PRLR was

used during early pregnancy to investigate the transcriptional response to lactogens underlying this

defect. Such profiling has identified a number of genes with well-characterized roles in mammary

development, in addition to a number of novel transcripts.

I. Background

The mouse mammary gland develops in four discrete stages: 1) in utero,

where a rudimentary ductal structure is first produced; 2) during puberty, when
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ducts elongate and bifurcate to fill the mammary fat pad; 3) during each estrus

cycle, where in a strain-dependent manner, the density of ductal side branches

and alveolar buds increases with each cycle; and 4) during pregnancy, where the

alveolar buds that formed on the ductal tree give rise to large, lobuloalveolar

structures capable of milk production. Following weaning and each estrus, the

gland undergoes involution, losing most of the epithelial component gained

during the preceding event. In humans, the gland involutes further, with declining

ovarian function in later life.

A number of hormonal factors controlling these developmental stages have

been described. Embryonic mammary epithelium appears to develop indepen-

dently of ovarian and pituitary influence, although responsive to hormonal

stimuli (Ceriani, 1970). Hormonal replacement in hypophysectomized, ovariec-

tomized, and adrenalectomized mice showed that development of the mammary

ducts (resembling pubertal development) was produced by a combination of

estrogen and growth hormone, while further alveolar development (resembling

pregnancy) required additional progesterone and prolactin (PRL) (Nandi, 1958).

These hormonal combinations were shown to produce similar results in serum-

free, in vitro culture of whole mammary glands, although mammary development

did not achieve the extent seen in normal animals (Ichinose and Nandi, 1964;

Vonderhaar, 1998).

In rodents, lobuloalveolar development during pregnancy initially depends

upon increased PRL production by the pituitary, maintained by the medial

preoptic area of the brain in response to cervical stimulation during copulation

(Jakubowski and Terkel, 1986). Development becomes independent of the

pituitary from midgestation (Collip et al., 1933), due to lactogen production by

the placenta’s trophoblast cells (Thordarson and Talamantes, 1987). These

lactogenic hormones may act indirectly via the modulation of endocrine organs

capable of producing mammotrophic factors, such as the ovary, where lactogenic

hormones provide trophic support of the corpora luteum, maintaining estrogen

and progesterone production (Galosy and Talamantes, 1995), or the liver, where

PRL increases output of insulin-like growth factor-1 (IGF-1) (Wennbo et al.,

1997). PRL also may direct mammary development via interaction with prolactin

receptors (PRLRs) in the mammary gland, which are expressed by the epithelium

and the stroma. The mammary PRLR signals via the Jak2 kinase, to activate the

Stat5a, mitogen-activated protein (MAP) kinase, and other signaling pathways.

Knockout (KO) mice now allow these hormonal pathways to be dissected by

hormone replacement and tissue recombination in intact animals (Hennighausen

and Robinson, 1998). These techniques have shown, for example, that a mam-

mary stromal estrogen receptor (ER) is essential for ductal development (Korach

et al., 1996; Cunha et al., 1997) and that a mammary epithelial progesterone

receptor is required for alveolar development (Lyndon et al., 1995; Humphreys

et al., 1997; Brisken et al., 1998). Genetic analysis of PRL action has been
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undertaken through creation of KO mice carrying null mutations of genes that act

at multiple points in the PRL pathway. For example, genes have been knocked

out that encode regulators of PRL secretion (Wynick et al., 1998), PRL (Horse-

man et al., 1997; Vomachka et al., 2000), PRLR (Ormandy et al., 1997b; Brisken

et al., 1999), and PRL signaling pathway members such as Stat5a (Liu et al.,

1997). These models have provided new insight into PRL’s action in the

mammary gland, which is the subject of this review.

II. Mammary Development in Utero: Formation of the Ductal Rudiment

At birth, PRLR�/� animals, both male and female, possessed a rudiment of

mammary ductal architecture identical to wild-type (WT) animals (Ormandy et

al., 1997a). In males, however, the nipples of PRLR�/� animals were destroyed

as normal following testosterone production by the fetal testis, leaving a rudi-

mentary ductal system embedded in the mammary fat pad in two thirds of both

PRLR�/� and WT males. Both male and female ductal systems underwent

normal allometric growth prior to puberty. These observations show that PRL

plays no essential role during mammary organogenesis.

III. Development During Puberty and with Each Estrous Cycle:

Ductal Branching and Alveolar Bud Formation

A. FAILURE OF DUCTAL SIDE BRANCHING

At the onset of puberty, terminal end buds (TEBs) formed in females of both

PRLR genotypes and ductal elongation and bifurcation commenced. Examina-

tion of the mammary gland at sexual maturity (Figure 1A and B) showed that the

major ducts appear at the same density in mammary glands of all genotypes but

that ductal side branching failed in the PRLR�/� animals (Figure 1B). Ductal

side-branch density increased with age in WT animals but the complexity

achieved by 14 weeks in PRLR�/� females remained virtually unchanged for the

life of the animal. A similar effect was seen in the PRLKO (PRL�/�) (Horseman

et al., 1997), Stat5a KO (Teglund et al., 1998), and the galanin KO (Wynick et

al., 1998). Thus, a distinction needs to be drawn between the processes that cause

bifurcation and those that cause side branching.

B. PERSISTENCE OF TEB-LIKE STRUCTURES IN PRLR�/� ANIMALS

By 14 weeks of age, the TEBs of the major ducts and side branches in

PRLR�/� animals had differentiated to alveolar buds (Figure 1A and C).

However, in PRLR�/� animals, a TEB-like structure persisted at the termini of

most ducts (Figure 1B and D). In 20-week-old animals, these TEB-like structures
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were present at most ductal termini, despite having ceased ductal elongation at

the edge of the mammary fat pad, and still could be seen at the ends of some

minor ducts at 32 weeks of age. With increasing age, most of the major ducts lost

the TEB-like structures and the ducts ended without an apparent terminal

FIG. 1. Prolactin (PRL) indirectly influences mammary development during and following

puberty. Development at age 14 weeks of the fourth inguinal gland from virgin animals (A–F). Whole

mounts at low magnification (A,B) show failed ductal side branching in PRL receptor (PRLR)

knockout (KO) animals (PRLR�/�), compared to wild type (WT) (PRLR�/�). Failure of alveolar bud

differentiation in PRLR�/� animals is revealed by examination of the terminal ductal structures,

visualized by high-power whole mounts (C,D) and hematoxylin/eosin (H&E) histology (E,F).

Recombination of stroma and epithelium of differing PRLR genotypes, combined with transplanta-

tion (Tx) to a PRLR�/� endocrine environment (G,H), reveals the side branching and alveolar bud

defects to be indirect effects of PRLR loss. Supplementation for 18 days with a 25-mg progesterone

pellet rescues the side-branching defect but not the failure of alveolar bud differentiation (I).
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structure. Microdissection of these structures allowed viewing of whole-mount

preparations at 200 � original magnification, in addition to hematoxylin/eosin

(H&E)-stained sections. The persistent TEB-like structures (Figure 1D and F)

showed no resemblance to the alveolar buds seen at the ductal termini of

PRLR�/� animals (Figure 1C and E). Comparison with PRLR�/� TEBs ob-

served at 8 weeks of age (which displayed normal histology, data not shown)

showed that although the typical direct contact between apical and fat cells was

maintained, the TEB-like structures were much smaller, with fewer apical cell

layers having no distinct cap cell layer (Figure 1F). These histological observa-

tions reflect their dormant behavior and indicate that the persistent TEB-like

structures were not typical TEBs. Alveolar buds were never seen in PRLR�/�

animals. An identical defect was seen in PRL�/� animals (Horseman et al.,

1997).

The persistence of TEB-like structures in PRLR�/� mammary glands is

intriguing. As the animals age, most of these structures become simple duct ends

lacking a distinctive morphology. These aberrant structures probably result from

the failure of TEBs to differentiate into alveolar buds and may represent an

intermediate structure in which mitogenesis and ductal elongation have been

suspended but differentiation to form an alveolar bud has not occurred.

C. OVARIAN PRLRs ARE REQUIRED FOR NORMAL PUBERTAL

DEVELOPMENT OF THE MAMMARY GLANDS

Patterning of the mammary epithelium is influenced by its stroma, which is

strongly inductive (Sakakura et al., 1976). This suggests that the failure of ductal

side branching may be exerted by the mammary stroma. Although initial

investigation failed to detect PRLR in the mammary stroma of the mouse or rat

(Meister et al., 1992; Ouhtit et al., 1993a,b; Shirota et al., 1995), immunohisto-

chemistry has found low levels in human breast cancer stroma using an antirat

PRLR monoclonal (Reynolds et al., 1997) and through in situ hybridization

(Mertani et al., 1998). Recently, the stroma of both rat (Camarillo et al., 2001)

and mouse (Hovey et al., 2001) mammary gland has been shown to express

PRLR. To determine whether PRL acts directly on the mammary epithelial or

stromal cells, or indirectly via PRLRs outside the mammary gland, to influence

ductal side branching and alveolar bud formation, we transplanted recombined

mammary glands formed from epithelium and stroma of both PRLR genotypes,

of 129SV background, into RAG1�/� recipients on the C57BL/6 genetic back-

ground. Mice homozygous for the inactivated RAG1 allele are immunocompro-

mised and therefore able to accept allografts (Mombaerts et al., 1992). Their

mammary glands show typical C57BL/6 morphology of low side branching and

little alveolar bud formation. Recombined glands consisted of a fourth mammary
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fat pad from a 4-week-old animal (that had been cleared of the undeveloped

epithelial rudiment) into which was placed a 1-mm3 portion of mammary gland

from a mature animal. The transplant was placed on the muscle wall, under the

skin between the fourth and second/third mammary fat pad, via a small, midline

incision. Ten weeks after surgery, the transplanted epithelium had filled the fat

pad. The transplanted mammary glands, as well as an endogenous gland, were

analyzed by whole-mount histology. Whole-mount analysis showed no differ-

ences in ductal side branching between any of the various combinations of

epithelium and stroma (Figure 1G and H). This indicates that a mammary PRLR,

whether in the epithelium or stroma, is not required for normal ductal side

branching to occur. Thus, the side-branching phenotype seen in PRL�/� and

PRLR�/� animals is due to PRL action outside the mammary gland.

All transplants reproduced the highly side-branched ductal pattern of the

129Sv mouse, in contrast to the endogenous glands that showed the typical

absence of side branching and alveolar bud formation seen in the C57BL/6 strain.

When C57BL/6 stroma is recombined with 129Sv epithelium, the C57Bl/6

pattern is reproduced. This indicates that factors within the stroma that are absent

from C57BL/6 but present in 129Sv are responsible for the strain-dependent

differences in ductal side branching between 129Sv and C57BL/6 (Naylor and

Ormandy, 2002). Like the C57BL/6 endogenous gland, none of the transplants

produced alveolar buds, suggesting that factors absent from virgin C57BL/6 but

present in virgin 129Sv are required for alveolar bud formation. Pregnancy

provides this factor in C57BL/6 animals (see below).

D. ROLE OF PROGESTERONE IN SIDE BRANCHING

Transplanted progesterone receptor KO mammary glands show an absence

of ductal side branching (Brisken et al., 1998). Progesterone levels are reduced

in PRLR�/� animals (Clement-Lacroix et al., 1999), suggesting that progester-

one is the mediator and that the ovary is the site of PRL action that controls ductal

side branching. Treating 6-week-old PRL�/� females with progesterone pellets

(25 mg/21-day release) for 19 days resulted in the formation of ductal side

branches but not alveolar buds (Vomachka et al., 2000). PRL supplementation by

pituitary implantation resulted in normal development, as both side branches and

alveolar buds formed (Vomachka et al., 2000). In PRLR�/� mice, progesterone

supplementation also rescued ductal side branching but not alveolar bud forma-

tion (Figure 1I). These experiments demonstrate that reduced progesterone levels

cause the side-branching deficit in PRL�/� and PRLR�/�mice but not the failed

formation of alveolar buds. Transplanted progesterone receptor KO mice glands

do not show extensive side branches during pregnancy (Brisken et al., 1998).
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IV. Development During Pregnancy

A. FAILED FIRST LACTATION IN PRLR�/� ANIMALS

Heterozygous animals on the 129 SvPas/Ola or 129Sv/C57BL/6 background

mated at 6 weeks of age are unable to lactate at their first pregnancy. Aging to

20 weeks prior to mating reduces the severity of the lactational deficit (Ormandy

et al., 1997b). The subsequent pregnancy results in lactational capacity sufficient

for pup survival and normal growth rate but with a developmental lag of

approximately 3 days due to slow onset of growth (Ormandy et al., 1997a). There

is some variation in this phenotype, however, as some PRLR�/� animals can

lactate at the first pregnancy, while others remain incapable of lactation following

the second. This heterogeneity was not seen in genetically identical F1 animals.

Back cross to the C57BL/6 background greatly increases the severity of the

lactational deficit, with some PRLR�/� animals incapable of lactation, despite

multiple pregnancies (Gallego et al., 2001). These observations suggest the

presence of a factor enhancing lactation that is absent from the C57BL/6

background.

Analysis of mammary development showed that, prior to day 15 of preg-

nancy, ductal elongation, branching, and the number of lobules formed were

similar between PRLR�/� and PRLR�/� in response to the hormonal environ-

ment of pregnancy (data not shown). From day 15, development of PRLR�/�

glands stalled and greater development of the lobuloalveoli became increasingly

apparent in WT animals. At 1 day postpartum, PRLR�/� animals that were

incapable of lactation showed lobules mainly at stages 2 and 3, with a few stage

4 lobules at the periphery of the fat pad (Figure 2B). In comparison, PRLR�/�

animals showed a fat pad densely packed with stage 4 lobules (Figure 2A).

Heterozygous animals exhibiting partial lactation showed many more stage 4

lobules than did animals unable to lactate but far fewer than seen in PRLR�/�

animals (data not shown).

To determine whether the lactogenic defect in PRLR�/� mice was epithelial

specific, we used epithelial explants from PRLR�/� or PRLR�/� mice trans-

planted into the cleared mammary fat pads of Rag1�/� recipients. Recombining

WT stroma with PRLR�/� epithelium failed to rescue lobuloalveolar develop-

ment during pregnancy, providing direct evidence that the defect lies in the

epithelium (Figure 2C and D).

Microdissection of lobules from animals 1 day postpartum demonstrated that

the lobules from PRLR�/� animals showed the formation of multiple alveoli that

had failed to engorge with milk postpartum (Figure 2E and F). H&E-stained

serial sections (Figure 2G and H) confirmed that the alveoli were not engorged

with milk and showed that although alveoli diameters in PRLR�/� animals were

smaller, they contained a similar number of epithelial cells as WT animals. Thus,
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these PRLR�/� lobules showed similar architecture to WT lobules but were not

expanded by milk secretion, suggesting a failure of the final stage of functional

differentiation as the cause of failed lactation. Interestingly, the alveoli at the

periphery of the fat pad were most developed (Figure 2B). This is a consistent

finding in both the fourth and second/third glands, suggesting that initiation of

FIG. 2. Mammary development during pregnancy in PRLR�/� animals. Development during

pregnancy in PRLR�/� animals (A–H). Low-power magnification of whole mounts reveals failed

lobuloalveolar development in PRLR�/� animals, which fail to lactate following their initial

pregnancy (A,B). Tx demonstrates that this effect is cell autonomous (C,D). High-power whole

mounts (E,F) and H&E histology (G,H) show that although the basic lobuloalveolar architecture has

formed, terminal differentiation has failed and lactogenesis has not occurred. Loss of suppressor of

cytokine signaling 1 (SOCS1) rescues the PRLR�/� defect (I–P). KO of SOCS1 results in precocious

lobuloalveolar development, seen by whole-mount (I,J) and H&E histology (K,L) late in pregnancy.

Haploinsufficiency of SOCS1 is without detectable effect on development (not shown) but fully

rescues the failure of lobuloalveolar development seen in PRLR�/� mammary glands, seen by

whole-mount (M,N) or H&E histology (O,P).
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lactation proceeds in a wave from the periphery towards the nipple in PRLR�/�

animals. No evidence for this was found in WT animals but it may occur too

quickly to be detected.

B. SOCS1 HAPLOINSUFFICIENCY RESCUES THE PRLR�/� DEFECT

Although the intracellular signaling pathways activated by PRL are rela-

tively well understood, the mechanisms by which signaling is attenuated are only

now being defined. Negative regulation is likely to involve protein tyrosine

phosphatases as well as specific inhibitory molecules such as the suppressor of

cytokine signaling (SOCS) proteins. The SOCS family of proteins acts in a

classical negative-feedback loop to regulate signal transduction by a variety of

cytokines (Yoshimura, 1998; Krebs and Hilton, 2000). The eight members

(SOCS1–7 and CIS) of this family are characterized structurally by a C-terminal

SOCS box, a central src homology 2 (SH2) domain, and an N-terminal region of

variable length and limited homology (Hilton et al., 1998). Functionally, SOCS

proteins interact with cytokine receptors and/or Jak kinases, thereby inhibiting

activation of kinases and signal transducer and activator of transcription (STAT)

proteins (Yoshimura, 1998; Krebs and Hilton, 2000).

SOCS1 (also termed JAB or SSI-1) (Endo et al., 1997; Naka et al., 1997;

Starr et al., 1997) is induced in response to a broad range of cytokines and

interacts with the kinase domain of Jak proteins. SOCS1-deficient mice die from

a complex neonatal disease prior to weaning, involving fatty degeneration of the

liver, macrophage infiltration of several organs, and multiple hematopoietic

defects (Naka et al., 1998; Starr et al., 1998). This multiorgan disease can be

prevented by neonatal treatment with neutralizing anti-interferon gamma (IFN)

antibodies. It is absent in mice lacking both SOCS1 and IFN genes, indicating

that SOCS1 is a key modulator of IFN effects (Alexander et al., 1999; Marine et

al., 1999). Thus, additional disruption of the IFN gene allows the effects of

SOCS1 gene deficiency to be studied in adult mice.

Since targeted deletion of the IFN gene rescues SOCS1�/� mice from death at

2 weeks of age (Alexander et al., 1999; Marine et al., 1999), these double KO mice

could be used to study the effect of SOCS1 deficiency on mammopoiesis by

comparing them with mice lacking IFN alone. SOCS1�/�/IFN�/� mice were

crossed to generate females for developmental analysis, while SOCS�/�/IFN�/�

mice were bred to generate control IFN�/� females. Loss of IFN had no discernible

effect on mammary development, as these mice appeared identical to WT mice at all

stages.

SOCS1 deficiency led to increased development of the lobuloalveoli during

pregnancy, revealed by whole-mount analysis and histological sectioning. A

markedly higher density of lobuloalveoli in mammary glands from SOCS1�/�/

IFN�/� mice was apparent from day 16 of pregnancy (Figure 2I and J). By day
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18 of pregnancy, the SOCS1�/�/IFN�/� lobulalveoli displayed dilated lumens,

suggesting precocious lactation (Figure 2K and L). Milk protein levels were

elevated from day 16 of pregnancy through to day 1 of lactation in SOCS1�/�/

IFN�/� mammary glands relative to those from control mice, with the maximal

difference occurring at day 18 of pregnancy, confirming precocious lactation

(Lindeman et al., 2001).

Stat5 was elevated in SOCS1�/�/IFN�/� mice and higher levels of phos-

phorylated Stat5 were found in mammary glands at day 1 of lactation relative to

controls. However, there was no apparent difference during pregnancy. Further-

more, there was no change in Stat5 DNA-binding activity during pregnancy.

Interestingly, substantially less MAP kinase activity (phospho-ERK1 and phos-

pho-ERK2) was found in SOCS1�/�/IFN�/� mammary glands at day 18 of

pregnancy and day 1 of lactation, relative to control mammary tissue. The level

of total ERK1/2 remained the same, indicating that MAP kinase activity was

reduced. It is not known whether SOCS1 directly influences MAP kinase activity

but the diminished levels most likely reflect the differentiated state of the

epithelium (Lindeman et al., 2001).

To examine whether a reduction in the level of SOCS1 might rescue signal

transduction along the PRL pathway, we generated females that were heterozy-

gous for both PRLR and SOCS1 and compared these to either SOCS1�/�,

PRLR�/�, or WT littermates. We found that six of six double-heterozygous

females were capable of lactation after their first pregnancy, whereas four of six

PRLR�/� females exhibited reduced lactation. Whole-mount and histological

analysis of glands from the rescued mice revealed normal morphology of the

lobuloalveolar structures in PRLR�/�/SOCS1�/� mice at day 2 postpartum but

dramatically reduced development in four PRLR�/� females (Figure 2M–P). The

rescue of lobuloalveolar development also was achieved in PRLR�/�/SOCS1�/�

mice on a different SOCS1 (129Sv) background. Expression of whey acidic

protein (WAP) and casein milk protein genes in PRLR�/�/SOCS1�/� mammary

glands was restored to the level seen in WT glands, in contrast to the lower levels

evident in PRLR�/� mice (Lindeman et al., 2001).

C. THE PRLR IS REQUIRED IN THE MAMMARY EPITHELIUM BUT

NOT THE MAMMARY STROMA FOR LOBULOALVEOLAR

DEVELOPMENT

PRLR�/� females are infertile, preventing an analysis of pregnancy on

mammary development in these animals. To circumvent this problem, we made

recombined mammary glands from epithelial and stromal elements of both

PRLR�/� and PRLR�/� genotypes (from 129Sv background) prior to transfer of

the recombined tissue to the abdominal wall of RAG1�/� recipients of the

C57Bl/6 background. The engrafted animals were mated 8 weeks after surgery
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and the transplanted and endogenous glands analyzed 1 day postpartum. Glands

formed from WT epithelium and stroma (Figure 3A) showed development

identical to endogenous glands. Glands formed from PRLR�/� epithelium and

FIG. 3. PRL acts exclusively via the epithelium to direct lobuloalveolar development during

pregnancy. Whole mounts of mammary glands formed by tissue recombination and Tx to Rag1�/�

hosts, analyzed 1 day postpartum (A–C). Loss of PRLR in the epithelium results in failed

lobuloalveolar development (B) but loss from the stroma is without effect (C), compared to WT

recombinations (A). Loss of PRL from the mammary epithelium, but not the endocrine system, was

produced by epithelial transplant from the PRL�/� mouse to the Rag1�/� host. This had no effect on

ductal or alveolar bud development during puberty (D,E) or on lobuloalveolar development during

pregnancy (F,G) but results in reduced cell proliferation 1 day postpartum (H,I). No increase in

apoptosis was seen in these glands (not shown), suggesting a role for mammary-produced PRL during

the onset of lactation. BrdU, bromodeoxyuridine.
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WT stroma (Figure 3B) showed no alveolar development but did form side

branches and alveolar buds. Identical results for PRLR�/� epithelium were

obtained using the cleared fat pad technique (Brisken et al., 1999), where no

beta-casein expression was seen in PRLR�/� glands. Glands formed from

PRLR�/� stroma and PRLR�/� epithelium developed normally (Figure 3C),

demonstrating that stromal PRLR is not required for normal development.

These results demonstrate that an epithelial PRLR is not required for

alveolar bud formation during pregnancy, in contrast to the virgin state, where

PRLR�/� epithelium cannot form alveolar buds. The formation of alveolar buds

in PRLR�/� epithelium at pregnancy, or in PRL�/� glands in response to a

pituitary transplant, where none form during the virgin estrous cycle, indicates

that PRL induces a systemic factor other than progesterone that is permissive for

this event. This represents a second indirect effect of PRL on mammary

development.

One of the most-striking features of these experiments is the close similarity

between the mammary glands of PRLRKO and progesterone receptor knockout

(PRKO) mice. Both models display failed ductal side branching, persistent

TEB-like structures, and alveolar bud dysgenesis in virgin glands. The similarity

diverges during pregnancy. Although both show lobuloalveolar development

stalled at the alveolar bud stage, PRKO glands do not side branch. Both

hormones are essential for development of the alveoli at pregnancy and, clearly,

PRL and progesterone cooperate to promote alveolar bud formation from the

ductal epithelium postpuberty. Previous investigation has shown that these

hormones interact. In mouse mammary cells (Edery et al., 1985) and human

breast cancer cells (Ormandy et al., 1997c), PRL and progesterone upregulate

each other’s receptors, providing a mechanism for their synergistic interaction

during alveolar formation. The nature of the interaction changes in late preg-

nancy, as progesterone holds PRLR levels in check (Djiane and Durand, 1977),

preventing lactation before parturition. This suggests a modulation of the inter-

action between these hormones with changing mammary epithelial cell pheno-

type (Vonderhaar, 1987; Vonderhaar and Biswas, 1987). PR and Stat5a also

interact, to redirect transcriptional activity (Richer et al., 1998).

Progesterone treatment of PRLR�/� females following mating fully restores

the deficits of preimplantation embryo development and implantation but cannot

fully sustain fetal growth past midterm. Thus, only 20% of implantations survive

long enough to be delivered by Caesarian section. These animals, when success-

fully fostered, are normal, indicating a maternal or placental defect (Binart et al.,

2000). In PRL�/� animals, progesterone supplementation can fully restore

fertility. The mammary glands from pregnancies maintained to term by proges-

terone show normal development in PRL�/� animals (Vomachka et al., 2000)

and failed lobuloalveolar development in PRLR�/� animals (Binart et al., 2000).

This indicates that the action of placental lactogen (PL), which can act in PRL�/�
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but not PRLR�/� animals, is able to fully compensate for PRL, for mammary

development and possibly for maintenance of the placenta. PL cannot act in the

absence of PRLR. The simplest explanation is that PRLR is the PL receptor or

is an essential component of the PL receptor (e.g., as a heterodimer with the

growth hormone (GH) receptor) (Herman et al., 2000). If PL acts via the GH

receptor homodimer, it must be conditional on PRLR activation.

D. MAMMARY PRL PRODUCTION IS NOT REQUIRED FOR NORMAL

DEVELOPMENT BUT INFLUENCES PROLIFERATION

PRL is synthesized primarily in the anterior pituitary. Studies utilizing

bromocriptine, which inhibits pituitary PRL synthesis, or pituitary isographs,

which secrete large amounts of PRL, have established that endocrine PRL is

largely responsible for PRL’s reported physiological functions (Freeman et al.,

2000). However, PRL is also synthesized in several extrapituitary sites, including

mammary epithelial cells (Lkhider et al., 1996; Escalada et al., 1997; Iwasaka et

al., 2000), raising the possibility that in addition to PRL’s demonstrated direct

and indirect endocrine roles, it may regulate mammopoiesis via an autocrine or

paracrine mechanism. We addressed this question by comparing the development

of transplanted mammary epithelium with and without a null mutation of the

PRL gene, using the endpoints of morphology/histology, cell proliferation, and

cell apoptosis.

Deletion of the PRL gene from the epithelium, stroma, or both did not alter

ductal side branching (Figure 3D and E) or histology (not shown) in virgin

mature animals. The amount of cell proliferation assessed by bromodeoxyuridine

(BrdU) staining in these glands did not differ significantly (percentage of

epithelial cells positive for BrdU, PRL�/� epithelium � 1.17 � 0.09, PRL�/�

epithelium � 1.47 � 0.47; P � 0.56). These data demonstrate that mammary

PRL does not regulate mammary gland development in virgin animals and plays

no detectable role in epithelial cell proliferation at this stage.

During pregnancy, normal lobuloalveolar development was observed in

whole mounts of mammary glands carrying a null mutation of the PRL gene

(Figure 3F and G). H&E-stained sections at day 1 postpartum showed the

presence of colostrum and oil droplets, indicating normal epithelial secretory

function (data not shown). Cell proliferation was assessed by measuring BrdU

incorporation in transplanted mammary glands on day 1 postpartum (Figure 3H

and I). Both epithelial and stromal cells were scored for BrdU staining; however,

the number of proliferating stromal cells was too few to analyze. In mammary

glands formed using PRL�/� epithelium, the percentage of proliferating epithe-

lial cells was 7.94 � 0.20, compared to 2.82 � 0.08 in PRL�/� epithelium-

derived glands. This represents a 2.8-fold (P � 0.0001) decrease in epithelial cell

proliferation in mammary glands unable to produce PRL, suggesting an autocrine
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or paracrine mechanism for PRL during mammopoiesis. Apoptosis also was

assessed in these transplants using the terminal-deoxy UTP nick end labeling

(TUNEL) assay. As expected for this stage of development, rates of apoptosis

were very low (i.e., three to five cells per section) in the epithelium of both

genotypes. This prevents accurate measurement of the frequency of apoptotic

cells but shows that no dramatic increase in apoptosis in PRL�/� glands has

occurred.

Perplexingly, no difference in morphology was seen, despite the large

difference in proliferation rates that apparently is not to be balanced by increased

apoptosis. It is possible that, at this late stage of development, the mammary

gland shifts from reliance on endocrine PRL to local PRL influence as part of the

changes in regulatory control accompanying the shift from proliferation to milk

production. Thus, the effect of an altered proliferation rate may not have had time

to exert an effect on morphological endpoints. This is consistent with the role of

pituitary PRL during lactation. Although hypophysectomy or treatment with a

dopamine agonist will stop lactation, the level of pituitary PRL secretion falls as

lactation proceeds, without diminution in milk supply (Tyson et al., 1972). Local

PRL may play a role in maintaining lactation during falling pituitary PRL

secretion.

Several studies to treat breast cancer using inhibitors of pituitary PRL

secretion have either been unsuccessful or have produced inconsistent findings

(Vonderhaar, 1999). It has been hypothesized that these studies failed because

these compounds do not inhibit extrapituitary synthesis or secretion (Vonderhaar,

1999). Our data provide evidence in support of a role for mammary-produced

PRL during late pregnancy but did not detect a difference in virgin glands. The

number of proliferating epithelial cells is low outside pregnancy, making any

effect of local PRL difficult to detect, so a subtle role for PRL outside pregnancy

cannot be excluded. If such a subtle effect occurs, it may be significant across a

life span.

V. Model of PRL Action in the Mammary Gland

Figure 4 summarizes PRL’s hormonal actions. PRL acts indirectly to control

ductal side branching via an action in the ovary to control progesterone secretion.

PRL also acts indirectly via an unknown factor (X) to regulate alveolar bud

formation in virgin animals. It acts directly on the mammary epithelium to drive

lobuloalveolar development during pregnancy. At this point, alveolar buds form

on PRLR�/� ducts. Mammary-produced PRL may influence mammary epithelial

proliferation from a stage in late pregnancy. During involution, PRL has a

cell-survival action that prevents the second stage of involution. In the transgenic

models of mammary cancer examined to date, the absence of PRL or Stat5a

reduces the rate of tumor formation.
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VI. Mammary Transcriptional Response to PRL

Having defined and described the morphological and functional defects

produced in the mammary gland by the loss of PRLR signaling, we turned our

attention to understanding the altered transcriptional events that underlie these

defects. To discover the genes that PRL regulates during lobuloalveolar devel-

opment, we utilized high-density oligonucleotide arrays (Affymetrix MGU74A

GeneChips) to profile the transcriptional differences between PRLR�/� and

PRLR�/� epithelial transplants during early pregnancy. Days 2, 4, and 6 of

pregnancy were chosen to minimize the effect of the difference in epithelial

content between PRLR�/� glands, which develop normally, and PRLR�/�

glands, in which epithelial development stalls following differentiation to alve-

olar buds. This approach also allows detection of the early transcriptional

response to PRL. We also profiled glands without epithelial transplants, to

determine which genes showed an epithelial-specific pattern of expression.

Glands from four to six animals were pooled to reduce nonspecific changes in

gene expression due to interanimal variation and thus amplify consistent changes

in gene expression due to PRLR loss. Data were analyzed using MicroArray

Suite 4.0 (MAS 4.0 Affymetrix) and sorted using Excel (Microsoft). Fold

FIG. 4. Model of PRL action on the mammary gland. The stages of mammary ductal and

lobuloalveolar development are shown schematically, with causative endocrine states displayed at the

top of the diagram. The mechanisms by which PRL influences these events are indicated below.

Hormone secretion is represented by solid arrows and regulatory influence by broken arrows. E,

estrogen; Pg, progesterone.
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changes calculated by MAS 4.0 for a number of genes were confirmed by

quantitative polymerase chain reaction (PCR) using the LightCycler (Roche).

Self-organizing maps were constructed using GeneCluster (Whitehead In-

stitute) to investigate genes that have similar patterns of transcript expression

across the experiments. Genes were filtered for those that changed the most and

were placed into 24 clusters representing similar patterns of change at each of the

3 days (Figure 5A). The most-interesting cluster generated from this analysis was

cluster 21, containing 39 transcripts that decrease in the PRLR�/� epithelial

transplants, compared to PRLR�/� transplants at each of the 3 days. Many of

these genes are known to be important for mammary gland development or are

expressed in the mammary gland during pregnancy, indicating that the self-

organizing maps were able to identify a functionally distinct set of genes.

Hierarchical clustering using Cluster and TreeView (Stanford) was em-

ployed to investigate the relationship between the types of mammary glands,

based on their transcript profiles (Figure 5B). It revealed that PRLR�/� epithelial

transplants are distinct from PRLR�/� epithelial transplants and fat pads cleared

of epithelium, the latter two groups being more similar and forming a separate

branch. In both the PRLR�/� and PRLR�/� epithelial transplants, day 6 of

pregnancy was more closely related to day 4 than day 2 of pregnancy. This may

represent the peak in cell proliferation in the mammary gland during early

pregnancy that occurs at day 4 (Traurig, 1967), in response to a rise in

progesterone and PRL levels (McCormack and Greenwald, 1974). This indicates

that PRLR�/� epithelium does respond, at least in part, to the hormonal changes

of early pregnancy, as also seen in the failure of development after formation of

alveolar buds in the transplanted PRLR�/� glands, which are not seen in virgin

animals.

The genes identified by MAS 4.0 and the GeneCluster program were sorted

into groups, depending on their Gene Ontology as annotated in NetAffx (Affy-

metrix) (Figure 5C). This abbreviated list (to be published in full elsewhere) does

not include cDNAs of unknown function or genes associated with expressed

sequence tags (ESTs) and, although not discussed here, they are the focus of

ongoing investigation. From extensive literature searching, we have found that

many of the genes we have identified as decreasing in PRLR�/� transplants by

GeneCluster and MAS 4.0 are upregulated during pregnancy, show predomi-

nantly epithelial expression, and some have been shown to be important for

mammary gland development.

Four milk protein genes (casein alpha, casein beta, casein kappa, and

WDNM1) were decreasing in the PRLR�/� epithelium at days 2, 4, and 6 of

pregnancy. WDNM1 and �-casein are expressed during early pregnancy and

increase during alveolar proliferation (Robinson et al., 1995). The decrease in

these markers of epithelial differentiation in the PRLR�/� transcript profiles

confirms that our model is able to detect epithelial transcripts important for
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FIG. 5. Transcript profiling of PRLR�/� and PRLR�/� epithelial transplants during early

pregnancy. Mammary epithelial transplants from PRLR�/� and PRLR�/� animals were made to

cleared Rag1�/� mammary fat pads and allowed to develop for 6 weeks prior to timed mating and

collection of the transplants at days 2, 4, and 6 of pregnancy. Fat pads without epithelial transplants

also were collected at these times, to allow epithelial-specific genes to be identified. RNA was

extracted, then pooled prior to analyses of gene expression using the Affymetrix mouse U74A chip

and MAS 4.0 software. Results are presented as a self-organizing map analysis performed using the

Gene Cluster program from the Whitehead Institute and hierarchical clustering using Cluster and Map

Viewer from Stanford University. Cluster 21 contained genes decreasing at all time points, some

members of which are shown below, including their functional annotation and fold change in

expression given by MAS 4.0.
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lobuloalveolar development. �-casein is recognized as a classical PRL-regulated

gene in both in vivo and in vitro models. Its appearance in our list of genes

confirms that our model can identify PRL-regulated genes involved in mammary

epithelial differentiation.

Keratins are traditional markers of the epithelium. However, their regulation

is specific to tissue type and state of differentiation of the epithelial cell. Their

major role is maintaining the structure of epithelial cells. Keratins have been

implicated in cell signaling, stress response, and regulation of other cellular

proteins (Coulombe and Omary, 2002). Our study implicates keratins 8, 17, 18,

and 19 as PRL-regulated genes required for lobuloalveolar development in the

mammary gland. Two pieces of data show that the decrease in keratin expression

between PRLR�/� and PRLR�/� epithelial transplants is not due to differences

in the epithelial content of the glands. First, keratins 5 and 14, markers of

myoepithelial cells, did not decrease (Neville and Daniel, 1987). Second, the

proportion of expressed genes designated as epithelial specific by the stroma-

only profiles remained unchanged between days 2 and 6 of pregnancy (i.e.,

at � 15% of all expressed genes at days 2, 4, and 6 in both KO and WT profiles).

Interestingly, keratin 18 protein levels are increased during lactation in the

human breast, during which keratin 18 and 8 appear as intracellular aggregates

rather than as components of the filamentous network seen in the nulliparous

state (Michalczyk et al., 2001). While keratins remain useful markers of epithe-

lial cells, their use to correct for variable epithelial content is called into question

by this result.

Mammary gland development is influenced not only by systemic hormones

such as PRL but also by cell microenvironment. One component of this

environment is the extracellular matrix (ECM), which harbors factors that are

known to regulate tissue-specific gene expression (Howlett and Bissell, 1993).

We have identified a number of ECM components involved in cell adhesion as

important for lobuloalveolar development, including two members of the colla-

gen family and laminin.

A number of transcription factors were discovered to be important for

PRL-stimulated development of lobuloalveolar cells. These are key molecules in

the transcription response to PRL, as they act as turning points in the transcrip-

tion cascade by activating the transcription of further genes.

GATA binding protein 3 (GATA3) belongs to a family of transcription

factors that bind to DNA through a highly conserved zinc finger domain. GATA3

KO mouse embryos show kidney development failure early in embryogenesis.

Their embryonic lethality is attributed to noradenaline deficiency and cardiac

failure (Lim et al., 2000). GATA-3, as well as keratin 19 transcript levels, were

elevated in ER-positive breast cancer cells lines, when compared to ER-negative

breast cancer cell lines. An association was found between ER and GATA-3

expression in hormone-responsive breast cancers. However, estradiol did not
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induce GATA-3 expression in MCF-7 cells, suggesting a role for GATA-3 in

establishing the hormone-responsive phenotype in breast cancer (Hoch et al.,

1999). The level of ER expression is closely correlated with the level of PRLR

expression (Ormandy et al., 1997c).

Similarly, the transcription factor activator protein-2 gamma (AP-2�) was

identified as ER factor 1 (ERF-1) in ER-positive breast cancer cell lines

(deConinck et al., 1995). Its expression is limited to ER-positive cancer cell lines

and is upregulated in breast cancers (Turner et al., 1998). Gel-shift assays suggest

that this molecule plays a critical role in regulating ER gene transcription

(McPherson et al., 1997). AP-2� KO mice are embryonic lethal due to failure of

trophectodermal cell proliferation (Werling and Schorle, 2002).

Claudins are recently discovered integral membrane proteins that are major

structural components of tight junction strands. Tight junctions form between

epithelial cells to block transport of solutes to neighboring cells and to minimize

diffusion of molecules to maintain cellular polarity. Claudin-3 is expressed

mainly in the lung and liver, while claudin-7 is primarily found in the lung and

kidney (Morita et al., 1999). In order to prevent diffusion of molecules across the

mammary epithelium during lactation, tight junction closure is increased. This is

mediated by progesterone withdrawal following parturition and requires PRLR

activation (Nguyen et al., 2001). Our experiments indicate that PRL not only

plays a role in the closure of tight junctions during pregnancy but also may

influence the formation of these junctions by regulating transcription of their

components.

Connexin-26 is a member of a large family of proteins that form similar

junctions between epithelial cells, gap junctions that allow exchange of small

ions and metabolites. Connexin-26 mRNA and protein expression are upregu-

lated significantly during pregnancy and remain elevated during lactation (Tu et

al., 1998). Furthermore, connexin-26 expression is confined to the alveolar

epithelium, specifically localized to where adjacent alveolar cells are in contact

(Locke et al., 2000). A functional binding site for the AP-2 transcription factors

has been identified in the connexin-26 promoter (Tu et al., 2001), indicating that

our transcript-profiling experiment may have found at least one transcription

factor cascade following PRL binding to its receptor on mammary epithelial

cells.

A number of extracellular ligands also were identified in our screen as

transcribed following PRL action on the mammary epithelium during pregnancy.

These ligands generally are important during the cell-cell communication nec-

essary for differentiation.

Wnt4 is a member of the Wnt family of secreted glycoproteins implicated in

cell-cell signaling. Wnt4 has been shown to act downstream of progesterone to

induce ductal side branching during pregnancy (Brisken et al., 2000). Overex-

pression of Wnt4 in the mammary gland by retroviral delivery resulted in

315MAMMARY GLAND DEFECTS IN PRL-RECEPTOR KO MICE



increased ductal side branching and alveolar-like structures in virgin animals,

similar to those seen at day 10 of pregnancy in normal animals (Bradbury et al.,

1995). This study and our transcript profiles suggest that Wnt4 may play an

additional role in the PRL-stimulated development of lobuloalveolar cells.

Amphiregulin is a member of the epidermal growth factor (EGF) family that

all bind to the EGF receptor. Amphiregulin can restore ductal proliferation in

mammary glands of ovariectomized mice; overexpression of this ligand induces

hyperplastic ducts and lobules (Kenney et al., 1996). KO studies have shown that

amphiregulin is essential for ductal morphogenesis, suggesting a role in epithelial

cell migration or adhesion. During pregnancy, alveoli appear small, dense, and

immature in amphiregulin-deficient mammary glands, a phenotype aggravated by

the loss of other EGFR ligands, EGF and transforming growth factor alpha

(TGF�) (Luetteke et al., 1999).

Calcitonin, a peptide hormone produced in the thyroid, is known to inhibit

osteoclast-mediated bone resorption. Expression of calcitonin mRNA and pep-

tide is induced during mid- to late pregnancy in the rat mammary gland,

decreasing at parturition. Calcitonin receptor mRNA is induced during preg-

nancy, suggesting a paracrine role for this ligand in the mammary gland

(Tverberg et al., 2000).

Tumor necrosis factor (TNF) (ligand) superfamily member 11 (Tnfsf11) —

also known as receptor activator of nuclear factor-kappa B (NF-�B) ligand

(RANKL) and osteoprotegrin ligand (OPGL) — was found to decrease in the

PRLR�/� epithelium at all three timepoints. The mammary glands of the

RANKL�/� mouse show a phenotype similar to PRLR�/� mammary glands —

the mice are unable to lactate because lobuloalveolar cells failed to form during

pregnancy. PRL was able to induce RANKL expression in the mammary gland,

independent of progesterone and estrogen (Fata et al., 2000). A recent discovery

has placed RANKL at the head of a signaling cascade resulting in lobuloalveolar

proliferation in the mammary gland. A mouse expressing an inactivated form of

the alpha subunit of IkB kinase (IKK�) had a mammary gland defect in

lobuloalveolar development (Cao et al., 2001). IkB kinase also is known to

activate the transcription factor NF-�B. Another KO mouse with a defect in

lobuloalveolar development is that of cyclin D1 (Fantl et al., 1999), a molecule

that requires activation of NF-�B for its induction. Overexpression of cyclin D1

in the IKK�-inactivated mouse restored lobuloalveolar development, confirming

that cyclin D1 is a molecule acting downstream of IKK�. As RANKL was able

to induce NF-�B activation in WT and not IKK�-inactivated mammary epithelial

cells, it would seem that RANKL initiates the signaling cascade that results in

cyclin D1-induced lobuloalveolar cell development during pregnancy (Cao et al.,

2001). Our study has shown that PRL modulates RANKL expression during

early pregnancy, suggesting that PRL is the master regulator of the signaling

events necessary for lobuloalveolar development.
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Thus, PRL acts to induce the transcription of a number of genes in the

mammary epithelium that are essential for the complex interactions necessary for

lobuloalveolar development and subsequent milk production and secretion.

These transcriptional actions are summarized in Figure 6. PRL acts to induce

transcription of genes that encode milk proteins at the final stage of differenti-

ation. It also induces transcription of genes important for intracellular structure

(keratins), extracellular structure (laminins, collagens), cell permeability (clau-

dins, connexins), cell-cell communication (Rankl, amphiregulin, Wnt4), and the

FIG. 6. The transcriptional response to PRL. PRL acts on the mammary epithelium by binding

to its receptor, activating a number of signaling cascades, including the Jak/Stat pathway and the

mitogen-activated protein (MAP) kinase pathway. This results in the transcription of genes necessary

for epithelial differentiation and formation of lobuloalveolar cells in the mammary gland. Transcript

profiles of mammary glands capable of producing lobuloalveolar cells (PRLR�/� epithelial trans-

plants), compared to profiles of mammary glands unable to produce lobuloalveolar cells (PRLR�/�

epithelial transplants), identified a number of genes within the mammary epithelium whose function

is known. These genes include those important for cell structure (keratins) and components of the

extracellular matrix (laminin and collagen) as well as components of junctions necessary for cell

permeability (connexin-26, claudin-3 and -7). A number of transcription factors were identified that

act to transcribe further genes necessary for differentiation (activator protein (AP)-2 gamma,

GATA-3). These genes may include extracellular ligands such as those identified by our screen

(Wnt4, amphiregulin, Rankl) that act on neighboring cells to stimulate their differentiation.
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continuation of differentiation (transcription factors). Thus, our transcript-profil-

ing experiments have confirmed the morphological phenotype of the PRLR�/�

mouse and have shown that PRL is necessary for lobuloalveolar development in

the mammary gland by allowing transcription of genes essential for a number of

structures, signals, and transcription factors necessary for cell differentiation.

VII. Conclusion

The combination of epithelial/stromal recombination with transcript profil-

ing has provided an opportunity to uncover the transcriptional program under-

lying the formation of lobuloalveoli in the mammary gland in response to

pregnancy. Some of these genes (Figure 6; to be published elsewhere in detail)

have well-established roles in mammary development, demonstrating the success

of this approach and the likely importance of the novel genes that we currently

are analyzing. Which of these effects are direct and which are mediated via the

modulation of transcription factor activity remain to be elucidated, as does the

exact temporal sequence of events. The growing understanding of the develop-

ment of various cell lineages within the mammary gland will be central to fully

understanding the global changes in gene expression that we now can observe.

We look forward to future advances that will allow the separation of these cell

types.

REFERENCES

Alexander WS, Starr R, Fenner JE, Scott CL, Handman E, Sprigg NS, Corbin JE, Cornish AL,

Darwiche R, Owczarek CM, Kay TW, Nicola NA, Hertzog PJ, Metcalf D, Hilton DJ

1999 SOCS1 is a critical inhibitor of interferon gamma signaling and prevents the potentially

fatal neonatal actions of this cytokine. Cell 98:597–608

Binart N, Helloco C, Ormandy CJ, Barra J, Clement-Lacroix P, Baran N, Kelly PA 2000 Rescue

of preimplantatory egg development and embryo implantation in prolactin receptor-deficient

mice after progesterone administration. Endocrinology 141:2691–2697

Bradbury JM, Edwards PA, Niemeyer CC, Dale TC 1995 Wnt-4 expression induces a pregnancy-

like growth pattern in reconstituted mammary glands in virgin mice. Dev Biol 170:553–563

Brisken C, Heineman A, Chavarria T, Elenbaas B, Tan J, Dey SK, McMahon JA, McMahon

AP, Weinberg RA 2000 Essential function of Wnt-4 in mammary gland development

downstream of progesterone signaling. Genes Dev 14:650–654

Brisken C, Kaur S, Chavarria TE, Binart N, Sutherland RL, Weinberg RA, Kelly PA,

Ormandy CJ 1999 Prolactin controls mammary gland development via direct and indirect

mechanisms. Dev Biol 210:96–106

Brisken C, Park S, Vass T, Lyndon JP, O’Malley B, Weinberg RA 1998 A paracrine role for the

epithelial progesterone receptor in mammary gland development. Proc Natl Acad Sci USA

95:5076–5081

Camarillo IG, Thordarson G, Moffat JG, Van Horn KM, Binart N, Kelly PA, Talamantes F

2001 Prolactin receptor expression in the epithelia and stroma of the rat mammary gland. J

Endocrinol 171:85–95

318 CHRISTOPHER J. ORMANDY ET AL.



Cao Y, Bonizzi G, Seagroves TN, Greten FR, Johnson R, Schmidt EV, Karin M 2001 IKKalpha

provides an essential link between rank signaling and cyclin D1 expression during mammary

gland development. Cell 107:763–775

Ceriani RL 1970 Fetal mammary gland differentiation in vitro in response to hormones II.

Biochemical findings. Dev Biol 21:530–546

Clement-Lacroix P, Ormandy C, Lepescheux L, Ammann P, Damotte D, Goffin V, Bouchard

B, Amling M, Gaillard-Kelly M, Binart N, Baron R, Kelly PA 1999 Osteoblasts are a new

target for prolactin: analysis of bone formation in prolactin receptor knockout mice. Endo-

crinology 140:96–105

Collip J, Selye H, Thomson D 1933 Further observations on the effect of hyphophysectomy on

lactation. Proc Soc Exp Biol Med 30:913.

Coulombe PA, Omary MB 2002 ‘Hard’ and ‘soft’ principles defining the structure, function and

regulation of keratin intermediate filaments. Curr Opin Cell Biol 14:110–122

Cunha G, Young P, Hom Y, Cooke P, Taylor J, Lubahn D 1997 Elucidation of a role for stromal

steroid hormone receptors in mammary gland growth and development using tissue recom-

binations. J Mammary Gland Biol Neoplasia 2:393–402

deConinck EC, McPherson LA, Weigel RJ 1995 Transcriptional regulation of estrogen receptor in

breast carcinomas. Mol Cell Biol 15:2191–2196

Djiane J, Durand P 1977 Prolactin-progesterone antagonism in self regulation of prolactin receptors

in the mammary gland. Nature 266:641–643

Edery M, Imagawa W, Larson L, Nandi S 1985 Regulation of estrogen and progesterone receptor

levels in mouse mammary epithelial cells grown in serum-free collagen gel culture. Endo-

crinology 116:105–112

Endo TA, Masuhara M, Yokouchi M, Suzuki R, Sakamoto H, Mitsui K, Matsumoto A,

Tanimura S, Ohtsubo M, Misawa H, Miyazaki T, Leonor N, Taniguchi T, Fujita T,

Kanakura Y, Komiya S, Yoshimura A 1997 A new protein containing an SH2 domain that

inhibits JAK kinases. Nature 387:921–924

Escalada J, Sanchez-Franco F, Velasco B, Cacicedo L 1997 Regulation of growth hormone (GH)

gene expression and secretion during pregnancy and lactation in the rat: role of insulin-like

growth factor-I, somatostatin, and GH-releasing hormone. Endocrinology 138:3435–3443

Fantl V, Edwards PA, Steel JH, Vonderhaar BK, Dickson C 1999 Impaired mammary gland

development in cyl-1(�/�) mice during pregnancy and lactation is epithelial cell autonomous.

Dev Biol 212:1–11

Fata JE, Kong YY, Li J, Sasaki T, Irie-Sasaki J, Moorehead RA, Elliott R, Scully S, Voura EB,

Lacey DL, Boyle WJ, Khokha R, Penninger JM 2000 The osteoclast differentiation factor

osteoprotegerin-ligand is essential for mammary gland development. Cell 103:41–50

Freeman ME, Kanyicska B, Lerant A, Nagy G 2000 Prolactin: structure, function, and regulation

of secretion. Physiol Rev 80:1523–1631

Galosy S, Talamantes F 1995 Luteotropic actions of placental lactogens at midpregnancy in the

mouse. Endocrinology 136:3993–4003

Hennighausen L, Robinson G 1998 Think globally, act locally: the making of a mouse mammary

gland. Genes Dev 12:449–455

Herman A, Bignon C, Daniel N, Grosclaude J, Gertler A, Djiane J 2000 Functional heterodimer-

ization of prolactin and growth hormone receptors by ovine placental lactogen. J Biol Chem

275:6295–6301

Hilton DJ, Richardson RT, Alexander WS, Viney EM, Willson TA, Sprigg NS, Starr R,

Nicholson SE, Metcalf D, Nicola NA 1998 Twenty proteins containing a c-terminal SOCS

box form five structural classes. Proc Natl Acad Sci USA 95:114–119

Hoch RV, Thompson DA, Baker RJ, Weigel RJ 1999 GATA-3 is expressed in association with

estrogen receptor in breast cancer. Int J Cancer 84:122–128

319MAMMARY GLAND DEFECTS IN PRL-RECEPTOR KO MICE



Horseman N, Zhao W, Montecino-Rodriquez E, Tanaka M, Nakashima K, Engle S, Smith F,

Markoff E, Dorshkind K 1997 Defective mammopoiesis, but normal hematopoiesis, in mice

with targeted disruption of the prolactin gene. EMBO J 16:101–110

Hovey RC, Trott JF, Ginsburg E, Goldhar A, Sasaki MM, Fountain SJ, Sundararajan K,

Vonderhaar BK 2001 Transcriptional and spatiotemporal regulation of prolactin receptor

mRNA and cooperativity with progesterone receptor function during ductal branch growth in

the mammary gland. Dev Dynam 222:192–205

Howlett AR, Bissell MJ 1993 The influence of tissue microenvironment (stroma and extracellular

matrix) on the development and function of mammary epithelium. Epithelial Cell Biol

2:79–89

Humphreys R, Lyndon J, O’Malley B, Rosen J 1997 Mammary gland development is mediated by

both stromal and epithelial progesterone receptors. Mol Endocrinol 11:801–811

Ichinose R, Nandi S 1964 Lobuloalveolar differentiation in mouse mammary tissue in vitro. Science

145:496–497

Iwasaka T, Umemura S, Kakimoto K, Koizumi H, Osamura YR 2000 Expression of prolactin

mRNA in rat mammary gland during pregnancy and lactation. J Histochem Cytochem

48:389–396

Jakubowski M, Terkel J 1986 Female reproductive function and sexually dimorphic prolactin

secretion in rats with lesions in the medial preoptic-anterior hypothalamic continuum.

Neuroendocrinology 43:696–705

Kenney NJ, Smith GH, Rosenberg K, Cutler ML, Dickson RB 1996 Induction of ductal

morphogenesis and lobular hyperplasia by amphiregulin in the mouse mammary gland. Cell

Growth Differ 7:1769–1781

Korach KS, Couse JF, Curtis SW, Washburn TF, Lindzey J, Kimbro KS, Eddy EM, Migliaccio

S, Snedeker SM, Lubahn DB, Schomberg DW, Smith EP 1996 Estrogen receptor gene

disruption: molecular characterization and experimental and clinical phenotypes. Rec Prog

Horm Res 51:159–186

Krebs DL, Hilton DJ 2000 SOCS: physiological suppressors of cytokine signaling. J Cell Sci

113:2813–2819

Lim KC, Lakshmanan G, Crawford SE, Gu Y, Grosveld F, Engel JD 2000 GATA3 loss leads to

embryonic lethality due to noradrenaline deficiency of the sympathetic nervous system. Nat

Genet 25:209–212

Lindeman GJ, Wittlin S, Lada H, Naylor MJ, Santamaria M, Zhang JG, Starr R, Hilton DJ,

Alexander WS, Ormandy CJ, Visvader J 2001 SOCS1 deficiency results in accelerated

mammary gland development and rescues lactation in prolactin receptor-deficient mice.

Genes Dev 15:1631–1636

Liu X, Robertson G, Wagner K-U, Garret L, Wynshaw-Boris A, Hennighausen L 1997 Stat5a

is mandatory for adult mammary gland development and lactogenesis. Genes Dev 11:179–

186

Lkhider M, Delpal S, Bousquet MO 1996 Rat prolactin in serum, milk, and mammary tissue:

characterization and intracellular localization. Endocrinology 137:4969–4979

Locke D, Perusinghe N, Newman T, Jayatilake H, Evans WH, Monaghan P 2000 Developmental

expression and assembly of connexins into homomeric and heteromeric gap junction

hemichannels in the mouse mammary gland. J Cell Physiol 183:228–237

Luetteke NC, Qiu TH, Fenton SE, Troyer KL, Riedel RF, Chang A, Lee DC 1999 Targeted

inactivation of the EGF and amphiregulin genes reveals distinct roles for EGF receptor

ligands in mouse mammary gland development. Development 126:2739–2750

Lyndon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, Montgomery CA, Shyamala G,

Conneely OM, O’Malley BW 1995 Mice lacking progesterone receptor exhibit pleiotropic

reproductive abnormalities. Genes Dev 9:2266–2278

320 CHRISTOPHER J. ORMANDY ET AL.



Marine JC, Topham DJ, McKay C, Wang D, Parganas E, Stravopodis D, Yoshimura A, Ihle JN

1999 SOCS1 deficiency causes a lymphocyte-dependent perinatal lethality. Cell 98:609–616

McCormack J, Greenwald G 1974 Progesterone and oestradiol-17� concentrations in the peripheral

plasma during pregnancy in the mouse. J Endocrinol 62:101–107

McPherson LA, Baichwal VR, Weigel RJ 1997 Identification of ERF-1 as a member of the AP2

transcription factor family. Proc Natl Acad Sci USA 94:4342–4347

Meister B, Jacobsson G, Elde R 1992 Observations on the localization of prolactin receptor mRNA

in rat tissues as revealed by in situ hybridization. Acta Physiol Scand 146:533–534

Mertani HC, Garcia-Caballero T, Lambert A, Gerard F, Palayer C, Boutin JM, Vonderhaar

BK, Waters MJ, Lobie PE, Morel G 1998 Cellular expression of growth hormone and

prolactin receptors in human breast disorders. Int J Cancer 79:202–211

Michalczyk A, Brown RW, Collins JP, Ackland ML 2001 Lactation affects expression of

intermediate filaments in human breast epithelium. Differentiation 67:41–49

Mombaerts P, Iacomini J, Johnson R, Herrup K, Tonegawa S, Papaioannou V 1992 Rag-1-

deficient mice have no mature B and T lymphocytes. Cell 68:869–877

Morita K, Furuse M, Fujimoto K, Tsukita S 1999 Claudin multigene family encoding four-

transmembrane domain protein components of tight junction strands. Proc Natl Acad Sci USA

96:511–516

Naka T, Matsumoto T, Narazaki M, Fujimoto M, Morita Y, Ohsawa Y, Saito H, Nagasawa T,

Uchiyama Y, Kishimoto T 1998 Accelerated apoptosis of lymphocytes by augmented

induction of Bax in SSI-1 (stat-induced stat inhibitor-1) deficient mice. Proc Natl Acad Sci

USA 95:15577–15582

Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto S, Aono A, Nishimoto N, Kajita T,

Taga T, Yoshizaki K, Akira S, Kishimoto T 1997 Structure and function of a new

STAT-induced STAT inhibitor. Nature 387:924–929

Nandi S 1958 Endocrine control of mammary gland development and function in the c3h/he crg1

mouse. J Natl Cancer Inst 21:1039–1063

Naylor M, Ormandy C 2002 Mouse strain specific patterns of ductal side-branching are elicited by

stromal factors. Dev Dynam 225:101–105

Neville MC, Daniel CW, eds 1987 The Mammary Gland: Development, Regulation, and Function.

New York: Plenum Press; xxi,625

Nguyen DA, Parlow AF, Neville MC 2001 Hormonal regulation of tight junction closure in the

mouse mammary epithelium during the transition from pregnancy to lactation. J Endocrinol

170:347–356

Ormandy C, Binart N, Kelly P 1997a Mammary gland development in prolactin receptor knockout

mice. J Mamm Gland Biol Neoplasia 2:355–364

Ormandy C, Camus A, Barra J, Damotte D, Lucas B, Buteau H, Edery M, Brousse N, Babinet

C, Binart N, Kelly PA 1997b Null mutation of the prolactin receptor gene produces multiple

reproductive defects in the mouse. Genes Dev 11:167–178

Ormandy CJ, Hall RE, Manning DL, Robertson JF, Blamey RW, Kelly PA, Nicholson RI,

Sutherland RL 1997c Coexpression and cross-regulation of the prolactin receptor and sex

steroid hormone receptors in breast cancer. J Clin Endocrinol Metab 82:3692–3699

Ouhtit A, Morel G, Kelly PA 1993a Visualization of gene expression of short and long forms of

prolactin receptor in rat reproductive tissues. Biol Reprod 49:528–536

Ouhtit A, Morel G, Kelly PA 1993b Visualization of gene expression of short and long forms of

prolactin receptor in the rat. Endocrinology 133:135–144

Reynolds C, Montone KT, Powell CM, Tomaszewski JE, Clevenger CV 1997 Expression of

prolactin and its receptor in human breast carcinoma. Endocrinology 138:5555–5560

Richer JK, Lange CA, Manning NG, Owen G, Powell R, Horwitz KB 1998 Convergence of

progesterone with growth factor and cytokine signaling in breast cancer. Progesterone

321MAMMARY GLAND DEFECTS IN PRL-RECEPTOR KO MICE



receptors regulate signal transducers and activators of transcription expression and activity.

J Biol Chem 273:31317–31326

Robinson GW, McKnight RA, Smith GH, Hennighausen L 1995 Mammary epithelial cells

undergo secretory differentiation in cycling virgins but require pregnancy for the establish-

ment of terminal differentiation. Development 121:2079–2090

Sakakura T, Nishizuka Y, Dawe CJ 1976 Mesenchyme-dependent morphogenesis and epithelium-

specific cytodifferentiation in mouse mammary gland. Science 194:1439–1441

Shirota M, Kurohmaru M, Hayashi Y, Shirota K, Kelly PA 1995 Detection of in situ localization

of long form prolactin receptor messenger RNA in lactating rats by biotin-labeled riboprobe.

Endocr J 42:69–76

Starr R, Metcalf D, Elefanty AG, Brysha M, Willson TA, Nicola NA, Hilton DJ, Alexander WS

1998 Liver degeneration and lymphoid deficiencies in mice lacking suppressor of cytokine

signaling-1. Proc Natl Acad Sci USA 95:14395–14399

Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ, Gonda TJ, Alexander

WS, Metcalf D, Nicola NA, Hilton DJ 1997 A family of cytokine-inducible inhibitors of

signalling. Nature 387:917–921

Teglund S, McKay C, Schuetz E, van Deursen J, Stravopodis D, Wang D, Brown M, Bodner S,

Grosveld G, Ihle J 1998 Stat5a and Stat5b proteins have essential and nonessential, or

redundant, roles in cytokine responses. Cell 93:841–850

Thordarson G, Talamantes F 1987 Role of the placenta in mammary gland development and

function. In: Neville MC, Daniel CW, eds. The Mammary Gland: Development, Regulation,

and Function. New York: Plenum Press; 459–498

Traurig H 1967 Cell proliferation in the mammary gland during late pregnancy and lactation. Anat

Rec 157:489–503

Tu ZJ, Kollander R, Kiang DT 1998 Differential up-regulation of gap junction connexin 26 gene

in mammary and uterine tissues: the role of SP transcription factors. Mol Endocrinol

12:1931–1938

Tu ZJ, Pan W, Gong Z, Kiang DT 2001 Involving AP-2 transcription factor in connexin 26

up-regulation during pregnancy and lactation. Mol Reprod Dev 59:17–24

Turner BC, Zhang J, Gumbs AA, Maher MG, Kaplan L, Carter D, Glazer PM, Hurst HC,

Haffty BG, Williams T 1998 Expression of AP-2 transcription factors in human breast cancer

correlates with the regulation of multiple growth factor signalling pathways. Cancer Res

58:5466–5472

Tverberg LA, Gustafson MF, Scott TL, Arzumanova IV, Provost ER, Yan AW, Rawie SA 2000

Induction of calcitonin and calcitonin receptor expression in rat mammary tissue during

pregnancy. Endocrinology 141:3696–3702

Tyson JE, Friesen HG, Anderson MS 1972 Human lactational and ovarian response to endogenous

prolactin release. Science 177:897–900

Vomachka A, Pratt S, Lockeffeer J, Horsemann N 2000 Prolactin gene-disruption arrests

mammary gland development and retards T-antigen-induced tumor growth. Oncogene 19:

1077–1084

Vonderhaar BK 1987 Prolactin. Transport, function, and receptors in mammary gland development

and differentiation. In: Neville MC, Daniel WC, eds. The Mammary Gland. Development,

Regulation, and Function. New York: Plenum Press; 383–438

Vonderhaar BK 1998 Prolactin: the forgotten hormone of human breast cancer. Pharmacol Ther

79:169–178

Vonderhaar BK 1999 Prolactin involvement in breast cancer. Endocr-relat Cancer 6:389–404

Vonderhaar BK, Biswas R 1987 Prolactin effects and regulation of its receptors in human mammary

tumour cells. In: Medina D, Heppner G, Anderson E, eds. Cellular and Molecular Biology of

Experimental Mammary Cancer. New York: Plenum Publishing Co; 205–219

322 CHRISTOPHER J. ORMANDY ET AL.



Wennbo H, Gebre-Medhin M, Gritli-Linde A, Ohlsson C, Isaksson OG, Tornell J 1997

Activation of the prolactin receptor but not the growth hormone receptor is important for

induction of mammary tumors in transgenic mice. J Clin Invest 100:2744–2751

Werling U, Schorle H 2002 Transcription factor gene AP-2 gamma essential for early murine

development. Mol Cell Biol 22:3149–3156

Wynick D, Small CJ, Bacon A, Holmes FE, Norman M, Ormandy CJ, Kilic E, Kerr NC, Ghatei

M, Talamantes F, Bloom SR, Pachnis V 1998 Galanin regulates prolactin release and

lactotroph proliferation. Proc Natl Acad Sci USA 95:12671–12676

Yoshimura A 1998 The cis/jab family: novel negative regulators of JAK signaling pathways.

Leukemia 12:1851–1857

323MAMMARY GLAND DEFECTS IN PRL-RECEPTOR KO MICE


