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Prolactin (PRL) is essential for a number of developmen-
tal events in the mammary gland. Work with PRL and
PRL receptor knockout mice has shown that PRL indi-
rectly regulates ductal side branching during puberty
and directly controls lobuloalveolar development and
lactogenesis during pregnancy. Anterior pituitary or pla-
cental PRL is thought to be responsible for these func-
tions via an endocrine mechanism; however, PRL is also
produced in a number of extrapituitary sites including
the mammary gland. The physiologic relevance of mam-
mary PRL remains unknown. In this study we utilized
mammary recombination in Rag1�����/����� hosts, to determine
whether mammary PRL plays a role in the regulation
of mammary gland development. Mammary glands
formed with the PRL gene deleted from either the
epithelium, stroma, or both displayed normal develop-
ment, on the basis of whole mount and hematoxylin
and eosin histology, during puberty and lactation. At
the end of pregnancy, a 2.8-fold decrease in bromode-
oxyuridine incorporation was observed in the epithe-
lial cells of mammary glands formed using PRL knock-
out epithelium compared with those formed using wild-
type epithelium. No balancing alteration in the rates of
apoptosis was detected. Thus, mammary-derived PRL
influences mammary epithelial cell proliferation via an
autocrine/paracrine mechanism, establishing a physio-
logic function for mammary PRL during mammopoiesis.
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Introduction

Prolactin (PRL) is a polypeptide hormone that has an

established role in the regulation of mammary gland devel-

opment (1). The generation of mice with null mutation of

genes involved in the PRL signaling pathway has established

the essential function of this pathway in indirect regulation

of ductal side branching, and direct regulation of lobulo-

alveolar development and lactogenesis in the mammary

gland (2–5). This pathway is subject to positive and nega-

tive regulation, and the correct balance of these signals is

essential for normal mammary gland development (6). PRL

is synthesized primarily in the anterior pituitary, and stud-

ies 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 physiologic functions (7).

However, PRL is also synthesized in several extrapituitary

sites including mammary epithelial cells (8–10), raising the

possibility that in addition to PRL’s demonstrated direct

and indirect endocrine roles, it may also regulate mammo-

poiesis via an autocrine/paracrine mechanism.

PRL’s mitogenic role during normal mammary develop-

ment parallels a role for it in mammary carcinogenesis. Trans-

genic mice overexpressing rat PRL develop mammary car-

cinomas (11). PRL and PRL receptor (PRLR) are expressed

in human breast carcinoma (12–14) and increased serum

PRL levels are associated with an increased risk of breast

cancer in postmenopausal woman (15). PRL influences the

proliferation of normal and malignant breast cells in vitro

(16,17). Several in vitro studies have demonstrated that in

breast cancer cell lines, PRL may act via an autocrine/para-

crine mechanism, since the use of antibodies against PRL

can inhibit breast cancer cell proliferation (18).

A physiologic function of mammary-produced PRL is

yet to be demonstrated in vivo. Using mammary gland

recombination and transplantation in Rag1�/� hosts with nor-

mal endocrinology, we demonstrate that at the end of preg-

nancy epithelial cell proliferation is reduced 2.8-fold in

epithelium carrying a null mutation of the PRL gene with

no detectable change in the rate of apoptosis. The present

study indicates that PRL acts via an autocrine/paracrine mech-

anism within the epithelium to regulate mammary epithe-

lial cell proliferation from the onset of lactation.

Results

Recombined mammary gland transplantation using mam-

mary glands from PRL knockout (PRL�/�) and PRL wild-

type (PRL+/+) mice enabled the investigation of the role of
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mammary PRL during mammopoiesis in a normal endo-

crine environment.

Deletion of the PRL gene from the epithelium did not

alter ductal architecture (Fig. 1A,B) or histology (Fig. 1C,D)

in mature virgin animals. The amount of cell proliferation,

as assessed by bromodeoxyuridine (BrdU) staining in these

glands, was not significantly different (percentage of epi-

thelial cells positive for BrdU: 1.17 ± 0.09 for PRL+/+ epi-

thelium and 1.47 ± 0.47 for PRL�/� epithelium; p = 0.56).

Deletion of the PRL gene from the stroma or from both the

stroma and epithelium did not result in any differences in

ductal architecture or histology (data not shown). These

data demonstrate that in mice, mammary PRL does not have

an essential role in regulation of mammary gland develop-

ment in virgin animals and plays no detectable role in epi-

thelial cell proliferation at this stage.

At the onset of lactation, normal lobuloalveolar devel-

opment was observed in whole mounts of mammary glands

carrying a null mutation of the PRL gene in the mammary

epithelium (Fig. 2A,B). Hematoxylin and eosin (H&E)–

stained sections of mammary glands formed from PRL�/�

and PRL+/+ epithelium at d 1 postpartum showed the pres-

ence of colostrum and oil droplets, indicating normal epithe-

lial secretory function at this time (Fig. 2C,D). Cell prolifera-

tion was assessed by measuring BrdU incorporation in a

subset of transplanted mammary glands on d 1 postpartum

(Fig. 2E,F). 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 prolifer-

ating epithelial cells was 7.94 ± 0.20 compared with 2.82

± 0.08 in PRL�/� epithelium–derived glands (Fig. 2F). This

represents a 2.8-fold (p < 0.0001) decrease in epithelial cell

proliferation in mammary glands unable to produce PRL,

identifying an autocrine/paracrine mechanism for PRL

during mammopoiesis.

The levels of apoptosis were also assessed using TUNEL

assay in the mammary glands formed with PRL�/� and PRL+/+

epithelium at d 1 postpartum, to determine whether the de-

creased rate of BrdU incorporation was also associated with

a decreased rate of apoptosis. As expected for this stage of

development, rates of apoptosis were very low (<1%) in the

epithelium of both genotypes. No alteration in apoptosis rate

was detected in the transplants of PRL�/� epithelium that

showed reduced rates of proliferation.

Discussion

Previous work with PRL and PRLR�/� mice has demon-

strated that the PRLR indirectly regulates ductal side branch-

ing during puberty (5). This indirect effect is probably via

Fig. 1. Mammary PRL is not required for development in virgin
animals. Analysis of the development of PRL�/� or PRL+/+ mam-
mary epithelium following puberty: (A) PRL+/+ epithelium whole
mount; (B) PRL�/� epithelium whole mount; (C) PRL+/+ epithe-
lium H&E histology; (D) PRL�/� epithelium H&E histology.

Fig. 2. Mammary PRL regulates epithelial cell proliferation at
lactation. Analysis of PRL�/� or PRL+/+ mammary epithelial trans-
plants d 1 postpartum: (A) PRL+/+ epithelium whole mount; (B)
PRL�/� epithelium whole mount; (C) PRL+/+ epithelium H&E
histology; (D) PRL�/� epithelium H&E histology; (E) BrdU incor-
poration in epithelial cells of mammary transplants, same color,
with dashed lines denoting transplants in the same Rag1�/� host;
(F) BrdU incorporation, collective data, ***p < 0.0001. Absence
of error bars indicates that the standard error was less than the
symbol size.
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regulation of progesterone levels since progesterone treat-

ment rescues ductal side branching in PRL�/� mice (19) and

PRLR�/� mice (unpublished data). During pregnancy direct

activation of epithelial PRLR is essential for lobuloalveo-

lar development and lactogenesis (5). In our study, we have

shown that mammary gland–produced PRL is not essential

for ductal side branching, alveolar bud formation, and lobu-

loalveolar development on the basis of morphologic and

histologic examination. These data demonstrate that these

developmental events are the result of a direct endocrine

action of PRL on the mammary gland.

Mammary epithelial cell–produced PRL was shown to be

essential for normal proliferation rates of the cells within the

lobuloalveoli, identifying an autocrine/paracrine role for PRL

during mammary development. This autocrine/paracrine

effect of PRL is seen despite a normal endocrine environ-

ment during pregnancy, demonstrating the importance of

this aspect of PRL-regulated mammopoiesis. Perplexingly,

however, no difference in morphology was seen despite

the large difference in proliferation rate. TUNEL assays

detected no change in apoptosis rates in these glands, indi-

cating that the decrease in cell proliferation rate was not

balanced by decreased rates of cell death. Although this may

simply reflect the difficulty of detecting a decrease in apop-

tosis from a low baseline, another explanation is possible.

At this late stage of development, the mammary gland may

undergo a shift from reliance on endocrine PRL to local PRL

influence as part of the changes in regulatory control accom-

panying the shift from proliferation to milk production.

Thus, the effect of an altered proliferation rate may not yet

have had time to exert an effect on morphologic end points.

This is consistent with the expression pattern of PRL in the

mouse mammary gland during development, where mam-

mary PRL is only detected at late pregnancy and lactation

(8–10). This is also consistent with our knowledge of the

role of pituitary PRL during lactation. Although hypophys-

ectomy or treatment with a dopamine agonist will stop lac-

tation, the level of PRL secretion by the pituitary falls as

lactation proceeds, without diminution in milk supply (20).

Synthesis of local PRL may play a role in the maintenance

of lactation during falling pituitary PRL secretion.

Several studies for the treatment of breast cancer using

inhibitors of pituitary PRL secretion either have been unsuc-

cessful or have produced inconsistent findings (21). It has

been hypothesized that the reason these studies have failed

is that these compounds do not inhibit extrapituitary syn-

thesis or secretion (21). Our data provide evidence in sup-

port of a role for mammary-produced PRL during the onset

of lactation. Unlike rodents, human mammary epithelial cells

secrete PRL outside of pregnancy (22,23), so it is possible

that PRL may also act in an autocrine or paracrine manner

throughout the lifetime of women.

In conclusion, we have demonstrated a physiologic func-

tion for mammary PRL, regulating epithelial cell prolifera-

tion via an autocrine/paracrine mechanism.

Materials and Methods

Mice

The generation of PRL�/� mice has been previously de-

scribed (4). Rag1�/� mice (24) of the 129/C57BL/6J strain

were purchased from Jackson. All animals were housed with

food and water ad libitumin with a 12-h day/night cycle at

22ºC and 80% relative humidity.

Recombined Mammary Gland Transplantation

Recombined mammary gland transplantation is a varia-

tion of the mammary epithelium transplant technique (25).

Briefly, an approx 1-mm3 section of mammary gland excised

from 12-wk-old PRL�/� or PRL+/+ donors from between the

nipple and lymph node of the fourth mammary gland was

inserted into the excised cleared fat pad from 3-wk old

PRL�/� or PRL+/+ mice. The recombined mammary epithe-

lium–stroma complex was then grafted between the abdom-

inal cavity and skin, placing the transplant between the third

and fourth mammary glands of 3-wk-old Rag1�/� mice (26).

The following recombinations of mammary epithelium (Ep)

and stroma (St) were performed: PRL�/� Ep and PRL+/+ St;

PRL�/� Ep and PRL�/� St; PRL+/+ Ep and PRL�/� St; and

PRL+/+ Ep and PRL+/+ St.

Transplants were examined by whole-mount histology

at 6 wk postsurgery or mated and examined on d 1 postpar-

tum. Examination showed that in all cases the new glands

arose from the transplanted epithelium (27). Mammary

development during puberty was assessed in all of the pos-

sible epithelial-stromal combinations (n = 3–9 per combi-

nation), and development of PRL�/� Ep and PRL+/+ St vs

PRL+/+ Ep and PRL+/+ St was also assessed at d 1 postpartum

(n = 6 for each combination).

Histology

Mammary whole mounts were made by spreading the gland

on a glass slide and fixing in 10% formalin solution. Glands

were defatted in acetone before carmine alum (0.2% carmine,

0.5% aluminum sulfate) staining overnight. The whole mount

was dehydrated using a graded ethanol series followed by

xylene treatment for 60 min and storage in methylsalicylate.

Cell Proliferation Analysis

Two hours before the harvesting of mammary glands,

mice were injected with BrdU (30 mg/kg of body wt). BrdU

staining was performed using BrdU antibody (Neomarkers)

and Dako Animal Research Kit peroxidase. Approximately

2000 epithelial cells per transplanted gland (n = 3) were

scored for the presence of BrdU staining. Each gland was

counted blind, and in triplicate, by at least two researchers.

Statistical significance between groups was determined using

student’s unpaired t-tests.

Cell Apoptosis Analysis

Cell apoptosis was measured by assessing nuclear DNA

fragmentation using the DeadEnd Fluorometric TUNEL
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System (Promega, Madison, WI) according to the manu-

facturer’s instructions. Propidium iodide was used to stain

all cells. Apoptotic cells were scored and counted using the

same method as for assessing BrdU incorporation.

Acknowledgments

We thank Dr. Elizabeth Davidson, Christine Lee, and

Samantha Hird for their help with the BrdU immunohisto-

chemistry and TUNEL assay. M.J.N. was the recipient of a

University of New South Wales, Faculty of Medicine Dean’s

Research Scholarship. The Development Group, Cancer

Research Program is supported by grants from DODBRCP

(DAMD 99-1-9115), Kathleen Cuningham Foundation of

Australia, NSW Cancer Council, Australian National Health

& Medical Research Council, the National Institutes of Health

(USA), and the Charlotte Geyer Foundation.

References

1. Hennighausen, L., Robinson, G. W., Wagner, K. U., and Liu,
W. (1997). J. Biol. Chem. 272, 7567–7569.

2. Ormandy, C. J., Camus, A., Barra, J., et al. (1997). Genes Dev.
11, 167–178.

3. Liu, X., Robinson, G. W., Wagner, K. U., Garrett, L., Wynshaw-
Boris, A., and Hennighausen, L. (1997). Genes Dev. 11, 179–186.

4. Horseman, N. D., Zhao, W., Montecino-Rodriguez, E., et al.
(1997). EMBO J. 16, 6926–6935.

5. Brisken, C., Kaur, S., Chavarria, T. E., et al. (1999). Dev. Biol.
210, 96–106.

6. Lindeman, G. J., Wittlin, S., Lada, H., et al. (2001). Genes Dev.
15, 1631–1636.

7. Freeman, M. E., Kanyicska, B., Lerant, A., and Nagy, G. (2000).
Physiol. Rev. 80, 1523–1631.

8. Lkhider, M., Delpal, S., and Bousquet, M. O. (1996). Endocri-
nology 137, 4969–4979.

9. Iwasaka, T., Umemura, S., Kakimoto, K., Koizumi, H., and
Osamura, Y. R. (2000). J. Histochem. Cytochem. 48, 389–395.

10. Escalada, J., Cacicedo, L., Ortego, J., Melian, E., and Franco,
F. S. (1997). Endocrinology 137, 631–637.

11. Wennbo, H., Gebre-Medhin, M., Gritli-Linde, A., Ohlsson,
C., Isaksson, O. G., and Tornell, J. (1997). J. Clin. Invest. 100,
2744–2751.

12. Clevenger, C. V., Chang, W.-P., Ngo, W., Pasha, T. L. M.,
Montone, K. T., and Tomaszewski, J. E. (1995). Am. J. Pathol.
146, 695–705.

13. Reynolds, C., Montone, K. T., Powell, C. M., Tomaszewski, J. E.,
and Clevenger, C. V. (1997). Endocrinology 138, 5555–5560.

14. Ormandy, C. J., Hall, R. E., Manning, D. L., et al. (1997).
J. Clin. Endocrinol. Metab. 82, 3692–3699.

15. Hankinson, S. E., Willett, W. C., Michaud, D. S., et al. (1999).
J. Natl. Cancer Inst. 91, 629–634.

16. Malarkey, W. B., Kennedy, M., Allred, L. E., and Milo, G.
(1983). J. Clin. Endocrinol. Metab. 56, 673–677.

17. Simon, W. E., Albrecht, M., Trams, G., Dietel, M., and Holzel,
F. (1984). J. Natl. Cancer Inst. 73, 313–321.

18. Ginsburg, E. and Vonderhaar, B. K. (1995). Cancer Res. 55,
2591–2595.

19. Vomachka, A. J., Pratt, S. L., Lockefeer, J. A., and Horseman,
N. D. (2000). Oncogene 19, 1077–1084.

20. Tyson, J. E., Friesen, H. G., and Anderson, M. S. (1972). Science
177, 897.

21. Vonderhaar, B. K. (1999). Endocr.-Relat. Cancer 6, 389–404.
22. Fields, K., Kulig, E., and Lloyd, R. V. (1993). Lab. Invest. 68,

354–360.
23. Shaw-Bruha, C. M., Pirrucello, S. J., and Shull, J. D. (1997).

Breast Cancer Res. Treat. 44, 243–253.
24. Mombaerts, P., Iacomini, J., Johnson, R., Herrup, K., Tonegawa,

S., and Papaioannou, V. Cell 68, 869–877.
25. Deome, K., Faulkin, L., Bera, H., and Blair, P. (1959). Cancer

Res. 19, 515–520.
26. Brisken, C., Park, S., Vass, T., Lydon, J. P., O’Malley, B. W.,

and Weinberg, R. A. (1998). Proc. Natl. Acad. Sci. USA 95,
5076–5081.

27. Lewis, M. T., Ross, S., Strickland, P. A., et al. (1999). Devel-
opment 126, 5181–5193.

Naylor (2674).p65 3/24/2003, 3:50 PM114


