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Background: The epidermal growth factor receptor (EGFR) regulates mammary gland development and function.
Results:Overexpression of betacellulin in transgenicmice induces a lactation-like phenotype due to increased circulating levels
of prolactin.
Conclusion: The EGFR system also regulates mammary gland activity by modulating prolactin release.
Significance:We provide the first in vivo evidence that the EGFR system regulates prolactin release from the pituitary gland.

Members of the epidermal growth factor receptor (EGFR/
ERBB) system are essential local regulators of mammary gland
development and function. Emerging evidence suggests that
EGFR signaling may also influence mammary gland activity
indirectly by promoting the release of prolactin from the pitui-
tary gland in a MAPK and estrogen receptor-� (ER�)-depen-
dent manner. Here, we report that overexpression of the EGFR
ligand betacellulin (BTC) causes a lactating-like phenotype in
the mammary gland of virgin female mice including the major
hallmarks of lactogenesis. BTC transgenic (BTC-tg) females
showed reduced levels of prolactin in the pituitary gland and
increased levels of the hormone in the circulation. Furthermore,
treatment of BTC-tg females with bromocriptine, an inhibitor
of prolactin secretion, blocked thedevelopment of the lactation-
like phenotype, suggesting that it is caused by central release of
prolactin rather than by local actions of BTC in the mammary
gland. Introduction of the antimorphic Egfr allele Wa5 also
blocked the appearance of the mammary gland alterations,
revealing that the phenotype is EGFR-dependent. We detected
an increase in MAPK activity, but unchanged phosphorylation
of ER� in the pituitary gland of BTC-tg females as compared
with control mice. These results provide the first functional evi-
dence in vivo for a role of the EGFR system in regulating mam-
mary gland activity by modulating prolactin release from the
pituitary gland.

Mammary gland development takes place essentially in the
postnatal period under the influence of systemic hormones and
locally synthesized growth factors. Prolactin, a polypeptide hor-
mone synthesized in the anterior pituitary gland, is a major
systemic regulator of mammary gland function, orchestrating
lobualveolar differentiation at puberty (mammogenesis), milk

production at the end of pregnancy (lactogenesis), and mainte-
nance of milk secretion (galactopoiesis) (1–3). Upon binding to
its cognate receptor in mammary gland cells, prolactin pro-
motes the phosphorylation of the nonreceptor tyrosine kinase
Janus kinase 2 (JAK2) (4). JAK2 initiates multiple downstream
signaling pathways, including the signal transducer and activa-
tor of transcription (STAT)2 pathway. Activation (phosphoryl-
ation), dimerization, andnuclear translocation of STAT5medi-
ate the majority of prolactin-induced differentiation of
mammary epithelial cells during pregnancy and lactation (5, 6).
There is ample evidence that the epidermal growth factor

receptor (EGFR/ERBB1) system, including the four tyrosine
kinase receptors ERBB1 to ERBB4 (7) and seven ligands (8), is a
major local regulator of mammary gland activity. First, the four
receptors and most ligands were shown to have a distinct, spe-
cific expression pattern in the virgin, pregnant, lactating, and
involutingmammary gland (9). Second, introduction of recom-
binant protein or retroviral expression of the EGFR ligands
EGF, transforming growth factor-� (TGFA), and amphiregulin
(AREG) induced ductalmorphogenesis and lobular hyperplasia
in the mouse mammary gland (10, 11). Third, the phenotype of
mice lacking individual receptors strongly suggest that each
ERBB family member regulates different aspects of mammary
gland development (reviewed in Refs. 12, 13). For example,
ERBB4 is required for STAT5 phosphorylation, and loss of
ERBB4 activity results in impaired mammary gland differenti-
ation (14–16). Among the EGFR ligands, AREG appears to be
the most important one because its loss impairs mammary
gland development (17). Mechanistically, AREG is an essential
mediator of estrogen receptor � (ER�) actions during puberty-
induced ductal elongation, but dispensable for any earlier or
later developmental stages of the mammary gland (18).
In addition to this extensive, well documented local role of

the EGFR system in the mammary gland, emerging evidence
suggests that its members may influence mammary gland
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development indirectly by altering the expression and/or
release of prolactin from the pituitary gland. It has been long
known that lactotrophs express the EGFR and several of its
ligands (19, 20) and that EGF can stimulate transcription of the
prolactin gene (21). In this regard, the EGFR behaves similarly
to recognized stimulators of prolactin release such as the thy-
rotropin-releasing hormone (22) and estrogen (23). Recently,
Kansra and co-workers (24) showed that, at least in cultured
GH3 lactotrophs, EGF-induced prolactin expression and
release aremediated by the ER�. However, the in vivo relevance
of these findings remains to be demonstrated. In this report, we
present data supporting the ability of the EGFR system to
induce prolactin release from the pituitary gland in vivo.

EXPERIMENTAL PROCEDURES

Animals and in Vivo Experiments—Animals were main-
tained under specific pathogen-free conditions at 23 °C, 65%
humidity andwith 12-h light/dark cycle and had free access to a
standard rodent diet (V1534, Ssniff, Soest,Germany) andwater.
All animal experiments were carried out in accordancewith the
GermanAnimalWelfare Act with permission from the respon-
sible veterinary authority. Two different transgenicmouse lines
overexpressing betacellulin were generated via pronuclear
DNAmicroinjection into zygotes from the inbred strain FVB/N
and were previously described in detail (25). Wa5 mice on the
C57BL/6N background carrying an antimorphic Egfr allele
were donated by the Medical Research Council (Oxford, UK)
via Dr. David Threadgill. Bromocriptine (10 mg/kg) (Sigma-
Aldrich) was diluted in saline/water/ethanol (60/20/20) and
bromocriptine or vehicle was administered daily by intraperi-
toneal injection over 11 weeks.
Quantitative RT-PCR—Mammary gland and pituitary gland

tissue was homogenized in TRIZOL� (Invitrogen, Karlsruhe,
Germany) for RNA isolation. 5 �g of RNA samples were
reverse-transcribed in a final volume of 35 �l using Super-
scriptTM II Reverse Transcriptase (Invitrogen, Karlsruhe, Ger-
many) according to the manufacturer’s instructions. Quantita-
tive mRNA expression analysis was performed by real-time
quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) using the LightCycler� 480 System (Roche, Mann-
heim, Germany). Final primer concentration was 0.5 �M and
probe concentrationwas 0.2�M. LightCycler� 480 ProbesMas-
ter were used, the final reaction volume was 20 �l, and cycle
conditions were 95 °C for 5 min for the first cycle, followed by
45 cycles of 95 °C for 10 s, 60 °C for 15 s, and 72 °C for 1 s.
Quantitative values are obtained from the Ct number at which
the increase in the signal associated with the exponential
growth of PCR products begins to be detected. Transcript copy
numbers were normalized to Actb mRNA copies. Results are
expressed as fold differences in Prl gene expression relative to
Actb transcripts. The �Ct value of the sample was determined
by subtracting the average Ct value of the target gene from the
average Ct value of theActb gene. TaqMan primers and probes
for Prl cDNA (Thermo Fisher Scientific, Ulm, Germany) were
designed to span exon junctions or to lie in different exons to
prevent amplification of genomic DNA. Their sequences were
as follows: forward primer 5�-GGGTCAGCCCAGAAAG-
CAG-3�; reverse primer 5�-CAGTCACCAGCGGAACAG-

ATT-3�; fluorogenic probe 5�-CTGCTGTTCTGCCAAAAT-
GTTCAGCCTCT-3�. Probes were labeled with the reporter
dye FAM at the 5� and the quencher dye TAMRA at the 3�-end.
Actb primer and probe sequences were: forward primer 5�-
CGTGAAAAGATGACCCAGATCA-3�; reverse primer 5�-
CACAGCCTGGATGGCTACGT-3�; fluorogenic probe
5�-TTTGAGACCTTCAACACCCCAGCCA-3�. For each
primer pair we performed no-template control and no-RT con-
trol assays, which produced negligible signals that were usually
greater than 40 in Ct value. Experiments were performed in
duplicates for each sample.
Western Blot Analysis—Western blot experiments have been

described in detail before (26). Briefly, samples were homoge-
nized in extraction buffer and equal amounts of protein were
electrophoresed on 12% polyacrylamide-sodium dodecyl sul-
fate gels and then blotted to PVDF-membranes (GE Health-
care, Munich, Germany). Incubation with primary antibodies
was carried out overnight at 4 °C. Following antibodies (diluted
in 5% dry milk) were used: goat anti-prolactin (1:500; #sc-7807;
Santa Cruz Biotechnology), goat anti-betacellulin (1:500;
#AF1025; R&D Systems), rabbit anti-phospho-p44/42 MAPK
(Thr 202/Tyr 204; 1:2000; #9101; Cell Signaling), rabbit anti-
p44/42MAPK (1:2000; #9102; Cell Signaling), rabbit anti-phos-
pho-STAT5 (1:2000; #9359; Cell Signaling), rabbit anti-STAT5
(1:2000; #9358; Cell Signaling), mouse anti-estrogen receptor �
(1:1000; #2512; Cell Signaling), mouse anti-phospho-estrogen
receptor� (Ser-118) (1:1000; #2511; Cell Signaling), rabbit anti-
phospho-estrogen receptor � (Ser-104/106) (1:1000; #2517;
Cell Signaling), rabbit anti-phospho-estrogen receptor �
(Ser167) (1:1000; #5587; Cell Signaling), rabbit anti-GAPDH
(1:5000; #2118; Cell Signaling), rabbit anti-�-tubulin (1:5000;
#2125; Cell Signaling). Appropriate horseradish peroxidase-
conjugated secondary antibodies were used. Immunoreactive
bands were visualized by chemiluminescence with ECL kit (GE
Healthcare). Band intensities were quantified using the
ImageQuant software package (GE Healthcare). For measure-
ment of kinases and transcription factor activities bands were
analyzed densitometrically followed by normalization to the
corresponding total �-tubulin or GAPDH signals.
Whole Mount Preparation, Histology, Morphometric, and

Quantitative Stereological Analyses of the Mammary Gland—
Mammary gland development andmorphology were studied in
histological sections, and in whole mount preparations of the
fourth abdominal mammary gland. For whole mount prepara-
tions, mammary gland complexes were mounted on slides,
fixed overnight, stained with carmine alum (Sigma), defatted,
clarified, and mounted with Eukitt� (Sigma), as described ear-
lier (18). Histological analyses were performed on hematoxylin
and eosin (H&E)-stained paraffin sections of paraformalde-
hyde-fixed (4%) mammary glands. Mammary gland morphol-
ogy of control mice and of heterozygous BTC-tg animals was
analyzed in histological sections (n � 3 for each group per
investigated age), and in whole mount mammary gland prepa-
rations from mice at four (2/2), six (3/4) and eight (3/4) weeks
and five months (4/2) of age. Images of whole mount prepara-
tions were acquired using a digital camera (Olympus DP72)
attached to a microscope (Olympus BX41). Morphometric
analyses of duct length, ductal branching, and numbers and
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sizes of buds were performed on whole mountmammary gland
preparations from three control and three BTC-tgmice at 6 and
at 8 weeks of age, and from three Wa5 mice at 8 weeks of age,
using a Videoplan image analysis system (Zeiss-Kontron,
Munich, Germany). The lengths of ducts in the mammary fat
pad were measured along their longitudinal axis, using a 25�
magnification. In addition to the total duct length (including
primary, secondary, and tertiary ducts, terminal end buds, side
buds, alveolar buds, and alveoli), the lengths of primary ducts
were measured separately. The numbers of buds and alveoli
(subdivided into terminal end buds (TEBs), side buds and alve-
olar buds and alveoli), and the numbers of branch points along
the ductal network, subdivided into primary branches, second-
ary branches and total number of branches (including primary,
secondary and tertiary branches, and diverging side buds and
alveolar buds) were counted (magnification 25�). For estima-
tion of ductal branch density, the numbers of the respective
branch points per 1 mm of duct length were calculated. In dig-
ital images of wholemount preparations, the total area of ducts,
buds and alveoli, and the total area of the mammary gland fat
pad were determined by point counting (863 � 322 points per
case). The relative outgrowth area of ducts, buds and alveoli in
the mammary gland was calculated as the quotient of these
areas. To characterize the size of single alveoli, the mean areas
of single alveoli or alveolar buds were determined. For this, the
areas of 84 � 14 single alveoli per case were measured plani-
metrically inside each of ten systematically randomly sampled
test fields (magnification 100�) in whole mount mammary
gland preparations. Mammary gland morphology of Wa5,
BTC-tg/Wa5 double transgenic mice, BTC-tg mice, and con-
trol mice was studied in whole mount preparations at 8 weeks
(n � 3/2/3/3), and in whole mount preparations and histologi-
cal sections at 12 months of age (3/4/2/3). For quantitative
stereological investigations of the mammary gland of 14
weeks old bromocriptine-treated BTC-tg mice (BTC-tg �B,
n � 5), bromocriptine-treated controls (Control �B, n � 4),
BTC-tg mice (n � 3), and untreated control mice (n � 3), the
mammary gland complexes were fixed in 4% paraformalde-
hyde routinely embedded in paraffin and completely cut into
consecutive sections of �3 �m thickness. Per case, every
90th-240th section (13 � 3 equidistant sections per case)
was selected and stained with HE. The fractional volumes
(volume densities, VV) of the mammary epithelial parenchyma
(lactiferous ducts, alveolar buds, lobules, and acini) in themam-
mary gland (VV(mammary epithelial parenchyma/mammary gland)) were
determined by point counting (10264� 2020points per case) in
systematically randomly selected areas (116 � 22 per case),
using an automated stereology system (VIS-Visiopharm Inte-
grator System� Version 3.4.1.0 with newCAST� software,
Visiopharm A/S, Hørsholm, Denmark) (27).
Immunohistochemistry—For immunohistochemistry, tis-

sues were fixed, deparaffinized, rehydrated, and boiled for anti-
gen retrieval for 20 min in 10 mM citrate buffer pH 6.0. After
blocking, the sections were incubated with prolactin-, betacel-
lulin-, phospho-STAT5 or STAT5-antibody (see “Western
blot” section) and Ki67 (Dako, Hamburg, Germany) overnight
at 4 °C. After incubation with a secondary biotin-conjugated
antibody and a tertiary complex of streptavidin-biotin the sec-

tions were stained with 3,3�-diaminobenzidine (KEN-EN-TEC,
Taastrup, Denmark) and counterstained with Mayer’s
hematoxylin.
Quantitative Analysis of Cell Proliferation—To determine

the percentage of Ki67 positive nuclei, the number of Ki67-
positive nuclei and the total nuclei number in ducts, buds and
alveoli present in a section of the fourth abdominal mammary
gland were counted (n� 3mice/group). For the 6 weeks group,
the mean total number of cells counted was 836 � 9 (control)
and 1426� 160 (BTC-tg); for the 5months group, the numbers
were 465 � 33 (control) and 405 � 36 (BTC-tg).
Determination of Circulating Prolactin Levels—Serum pro-

lactin levels shown in Fig. 4Dwere determinedwith an enzyme-
linked immunosorbent assay (ELISA) from USCN Life Science
Inc. (China). A second ELISA kit was employed to determine
the serum prolactin levels shown in Fig. 5C (Cusabio Biotech
CO., LTD, Japan).
Statistical Analysis—Data of quantitative stereological inves-

tigations were analyzed by analysis of variance, taking the
effects of genetic group and bromocriptine treatment into
account. Means were compared by using Bonferroni post hoc
tests (SPSS program package; SPSS, Chicago, USA). p � 0.05
was considered significant. Two tailed Student’s t-tests were
used for analysis of the other data sets. Data are presented as
means � S.D. Group difference were considered to be statisti-
cally significant if p � 0.05.

RESULTS

Virgin BTC-tg Females Show a Lactation-like Phenotype—A
morphological alteration of the mammary gland consisting of
brownish color and an apparent increase in tissue hardness was
observed during routine necropsy of adult, virgin BTC-tg
females (Fig. 1A). This alteration was observed in two inde-
pendent transgenic lines, but all further experiments were per-
formed with virgin females from line 2. Both the absolute and
the relative weight of the organ were significantly reduced in
BTC-tg females as compared with control littermates (Fig. 1B).
To gain more insight into the alteration, analysis of whole
mount preparations and histological analysis were carried out.
Mammary glands of control and BTC-tg mice at 4 weeks of age
were characterized by the formation of few branched lactifer-
ous ducts with terminal end buds invading the mammary fat
pad (Fig. 1C and Fig. 2, first row) (28). However, BTC-overex-
pressing females exhibited a strong hyperplastic growth effect
on the epithelial mammary parenchyma in the mammary
gland, starting at 6 weeks of age. The total duct lengths in the
mammary glands of BTC-tg mice were significantly increased,
and their lactiferous duct system showed a more complex
branching pattern with significantly increased numbers of
branches, as compared with controls (Fig. 1C and Fig. 2, second
row; Table 1), indicating an accelerated mammary gland devel-
opment of BTC-tg mice at this time point.
From 6 weeks of age onwards, the mammary gland pheno-

type of BTC-tg mice was primarily characterized by signifi-
cantly augmented and progressively increasing relative out-
growth areas of ducts, buds and alveoli in the mammary gland,
along with significantly elevated numbers and sizes of alveoli
and alveolar buds (Table 1), as compared with age matched
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controls. At 8 weeks of age, several large alveolar lobules, flank-
ing the lactiferous ducts in the mammary glands of BTC-tg
mice had developed (Fig. 1C and Fig. 2, third row), and the
significantly augmented relative outgrowth areas of ducts,
buds, and alveoli in themammary gland, as well as the numbers
and sizes of alveoli and alveolar buds in BTC-tg mice had fur-
ther increased. However, the differences in duct lengths and
ductal branching patterns between BTC-tg and control mice
were almost equalized at 8 weeks of age (Table 1). At five
months of age, the alveolar acini had filled the majority of the
mammary gland fat pad in BTC-tg mice (Fig. 1C and Fig. 2,

fourth row). The alveolar epithelial cells displayed a vacuolated
cytoplasm, and a milk-like secretion with protein and lipid
droplets was present in the luminar spaces of the acini and
lactiferous ducts of BTC-tg mice (Fig. 2, fourth row).

Immunohistochemistry against Ki67 showed that the mor-
phological alterations of themammary gland inBTC-tg females
were accompanied by increased cell proliferation at the age of 6
weeks, whichwas also present at 5months of age (supplemental
Fig. 1A). Quantitative analysis confirmed a significant increase
in cell proliferation at these ages (supplemental Fig. 1B). Phos-
phorylation of STAT5, a key event for the mammary epithelial

FIGURE 1. Macroscopical aspect (A) and absolute and relative weights (B) of the mammary gland of BTC-tg females and control littermates at the age of 5
months. Whole mount preparations (C) of 4th abdominal mammary gland complexes of control mice (left columns) and BTC-tg females (right columns) at 4, 6,
and 8 weeks, and at 5 months of age. Per genotype and age, a survey view (left, bar � 1 mm) and a higher magnification (right, bar � 100 �m) are shown. Lymph
nodes (white asterisks), lactiferous ducts (arrowheads), end/side buds (#), alveolar buds, lobules and acini (arrows) are indicated. Note the increased formation
of alveolar buds, lobules, and acini in BTC-tg mice from 6 weeks of age onwards. Means � S.D., ***: p � 0.001.
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differentiation program, was absent in the mammary gland of
young (4weeks old) BTC-tg females and control littermates but
clearly present in adult (5 months) BTC-tg glands as shown by
Western blot (supplemental Fig. 1C) and immunohistochemi-
cal analysis (supplemental Fig. 1D).

Next, we evaluated whether increased levels of BTC could be
detected in the mammary gland and in the pituitary gland, the
source of prolactin, the main hormonal regulator of lactation.
The presence of BTC was readily detected by Western blot
analysis in themammary gland of BTC-tg females in contrast to
control females (Fig. 3A), and immunohistochemistry showed
that the glandular epithelium of BTC-tg mice was rich in BTC
(Fig. 3B). Interestingly, while BTC was present in only a few
pituitary cells in controlmice (Fig. 3D, arrows) large amounts of
BTCwere evident in the pituitary gland of BTC-tg females (Fig.
3, C and D), raising the question of whether the lactation-like
phenotype is a local effect of increased BTC levels in the mam-
mary gland or a consequence of increased prolactin synthesis or
release from the pituitary gland.
BTC Increases the Release of Prolactin from the Pituitary

Gland without Altering Its Expression—To evaluate if BTC
altered the expression of prolactin in the pituitary gland, we
evaluated the Prl mRNA levels by quantitative RT-PCR. As
shown in Fig. 4A, there were no differences in Prl expression
between BTC-tg and control mice. In contrast, protein levels of
prolactin were significantly reduced in the pituitary glands of
BTC-tg females compared with control females as shown by
Western blot (Fig. 4B) and immunohistochemistry (Fig. 4C).
The reduction in pituitary prolactin levels was accompanied by
an increase in circulating prolactin levels (Fig. 4D). Western
blot analysis also showed presence of prolactin in themammary
tissue of BTC-tg females at the age of 5 and 9 months (Fig. 4E).
However, prolactin mRNA levels were not altered (Fig. 4F),
indicating that the detected prolactin protein is derived from
the circulation. Collectively, these data suggest that BTC, while
not influencing the expression of prolactin in the pituitary of
mammary glands, promotes its release from the pituitary gland
resulting in increased circulating and local (mammary gland)
levels of the hormone.

FIGURE 2. Histology of mammary gland development in non-transgenic
control mice (left column) and BTC-tg mice (right column) at 4, 6, and 8
weeks, and at 5 months of age. Per genotype and age, a survey view (left,
bar � 200 �m) and a higher magnification (right, bar � 100 �m) are shown.
The histology of alveolar epithelial cells of BTC-tg mice is shown in inset pic-
tures for BTC-tg mice at 8 weeks and 5 months of age (bar � 50 �m). Lymph
nodes (white asterisks), lactiferous ducts (arrowheads), end/side buds (#), alve-
olar lobules and acini (arrows), and milk-like secretion (black asterisks) are
indicated. Paraffin sections of the fourth abdominal mammary gland com-
plexes, H&E staining.

TABLE 1
Morphometric analysis of mammary gland development in whole mount preparations of BTC- tg and control mice
The mammary gland phenotype of BTC-tg mice was characterized by significantly augmented relative outgrowth areas of ducts, buds, and alveoli in the mammary gland,
due to increased numbers and sizes of alveoli and alveolar buds at 6 and at 8 weeks of age. Compared to controls, mammary gland development of BTC-tg mice was
accelerated, with significantly increased duct lengths and numbers of branches at 6 weeks of age, whereas at 8 weeks of age, duct length, and branching patterns were almost
equalized between BTC-tg mice and controls.

Morphometric parameter

Investigated ages and genotypes

6 weeks 8 weeks

Control BTC-tg Control BTC-tg

Relative outgrowth area of ducts, buds and alveoli in the mammary gland 0.05 � 0.01 0.17 � 0.04a 0.05 � 0.02 0.20 � 0.02a

Duct length
Total duct length (mm) 218 � 20.9 329 � 29.3a 427 � 119.7 367 � 47.8b
Length of primary ducts (mm) 113 � 46.2 199 � 41.5b 253 � 45.2 208 � 21.1b

Branches
Total number of branches 209 � 37.2 431 � 81.8a 587 � 184 675 � 171b
Primary branches 53.3 � 24.8 97.7 � 13.0b 100 � 19.1 101 � 96.1b
Secondary branches 106 � 41.2 279 � 27.3a 421 � 145 489 � 96.1b
Total number of branches per mm total duct length 0.95 � 0.10 1.31 � 0.18c 1.38 � 0.32 1.85 � 0.53b
Primary branches per mm length of primary ducts 0.47 � 0.09 0.50 � 0.08b 0.40 � 0.09 0.48 � 0.06b
Secondary branches per mm length of primary ducts 0.95 � 0.10 1.42 � 0.16a 1.63 � 0.30 2.36 � 0.55b

Alveoli and buds
Number of terminal end buds 17.7 � 2.5 15.3 � 9.1b 10.7 � 10.8 11.0 � 9.5b
Number of alveolar buds and side buds 146 � 29.9 479 � 65.3d 787 � 278 1430 � 483c

Mean area of single alveoli in whole mounts (�m2) 723 � 83 2196 � 228d 1084 � 318 2469 � 426c
a Significance of differences within a parameter between age-matched BTC-tg and control mice: p � 0.01.
b ns, not significant.
c p � 0.05.
d p � 0.001.
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Inhibition of Prolactin Release Completely Reverts the
Mammary Gland Phenotype of BTC-tg Mice—To evaluate to
which extent the increased circulating levels of prolactin are
responsible for the lactation-like phenotype in themammary
glands of BTC-tg females, we treated 3 weeks old transgenic
and control females with bromocriptine, an inhibitor of pro-
lactin secretion, for 11 weeks. At the end of the experiment,
the fourth abdominal mammary gland complexes were col-
lected and the volume density of the mammary epithelial
parenchyma (lactiferous ducts, alveolar buds, lobules, and
acini) (VV(mammary epithelial parenchyma/mammary gland)) was deter-

mined by stereological techniques. Bromocriptine treatment did
not cause a noticeable effect on the morphology of the mammary
gland of control mice. In BTC-tg mice, however, bromocriptine
treatment nearly completely abolished the BTC-induced hyper-
plastic growtheffectsof alveolar lobulesobserved in themammary
gland (Fig. 5A). These findings were confirmed by quantitative
stereological analyses of the tissue composition of the mam-
mary gland of control mice, BTC-tg mice, bromocriptine-
treated controls, and bromocriptine-treated BTC-tg mice. The
VV(mammary epithelial parenchyma/mammary gland) of BTC-tgmicewas
significantly increased as compared with control mice. Bro-

FIGURE 3. Increased levels of BTC were detected in the mammary gland (A and B) and in the pituitary gland (C and D) by Western blot analysis (A and
C) and immunohistochemistry (B and D). Arrows indicate BTC-positive cells in the pituitary of control females. Bars correspond to 50 �m.

FIGURE 4. Prolactin mRNA levels are unchanged in the pituitary gland of BTC-tg mice as compared with control females (A). In contrast, less prolactin protein
is detectable in the pituitary of BTC-tg females by Western blot analysis (B) and immunohistochemistry (C). Serum prolactin levels are significantly increased in
BTC-tg females as compared with control mice (D). Prolactin protein is detectable in mammary gland tissue extracts of BTC-tg females at 5 and 9 months of age
but not in control females (E). Prolactin mRNA levels are not increased in the mammary gland of BTC-tg females (F). If not otherwise indicated, mice were at 5
months of age. Bars correspond to 50 �m. Means � S.D., *: p � 0.05; **: p � 0.01.
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mocriptine treatment of BTC-tg mice significantly reduced the
volume density of the mammary epithelial parenchyma in the
mammary gland to the level of control mice or bromocriptine
treated control mice (Fig. 5B). While bromocriptine treatment
did not alter serum prolactin levels in control mice, it signifi-
cantly reduced the serum levels of the hormone in BTC-tgmice
(Fig. 5C). Finally, Western blot analysis showed that bro-
mocriptine treatment abolished the occurrence of prolactin
(PRL) in the mammary glands of BTC-tg females (Fig. 5D).
Thus, treatment of BTC-tg mice with bromocriptine com-
pletely prevented the formation of the lactation-like phenotype,
indicating that the phenotype is a consequence of increased
prolactin release from the pituitary gland.

The Lactation-like Phenotype Is Mediated by the EGFR—
Wa5 mice carry an antimorphic Egfr allele resulting in signifi-
cantly blunted EGFR activity (29). Analysis of whole mount
preparations and histological evaluation of mammary glands of
Wa5mice and controlmice at 8weeks (Fig. 6, upper panel), and
at one year (Fig. 6, lower panel) of age did not reveal conspicu-
ous morphological differences. Morphometric analysis of
mammary glands of 8weeks oldWa5mice and controlmice did
not reveal significant differences in the relative outgrowth area
of mammary gland epithelial parenchyma in the mammary
gland, total duct length, total number of branches, the mean
area of single alveoli, number of TEBs, or number of alveolar
buds and side buds (data not shown), although a strong tend-

FIGURE 5. A, histology of the fourth abdominal mammary gland complex of control females and BTC-tg females treated with vehicle (upper panels) or
bromocriptine (lower panels) for 11 weeks. Per genotype, a survey view (left, bar � 200 �m) and a higher magnification (right, bar � 100 �m) are shown. Lymph
nodes (white asterisks), lactiferous ducts (arrowheads), alveolar lobules (arrows). Paraffin sections, H&E staining. B, volume densities of mammary epithelial
parenchyma (lactiferous ducts, alveolar buds, lobules, and acini) in the mammary gland (VV(mammary epithelial parenchyma/mammary gland)) of the same animals (n �
3–5/group). C, while bromocriptine treatment did not alter serum prolactin levels in control mice, it significantly reduced the serum levels of the hormone in
BTC-tg mice (same animals as above). D, Western blot analysis showing that bromocriptine treatment abolished the occurrence of prolactin (PRL) in the
mammary glands of BTC-tg females. TUB: tubulin. Data in B and C are means � S.D. Significant differences (B: p � 0.001, C: p � 0.01) between the respective
groups are indicated by different superscripts (a, b).

Betacellulin Enhances Prolactin Secretion

NOVEMBER 11, 2011 • VOLUME 286 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 39303



ency to reduced numbers of alveolar buds and side buds inWa5
mice was detected (Wa5: 388 � 150 versus control: 787 � 278).
Importantly, in the mammary glands of BTC/Wa5-double
transgenic mice, the hyperplastic growth of alveolar acini pres-
ent in BTC-tg mice was almost entirely absent, and only few
numbers of small clusters of alveolar buds with flattened epi-
thelial cells were present (Fig. 6A). Furthermore, both the pro-
lactin and the phosphorylated STAT5 present in themammary
gland of BTC-tg females as detected by Western blot analysis
disappeared in BTC/Wa5 double transgenic mice (Fig. 6, B and
C), supporting the concept that BTC causes the described
changes by activating the EGFR instead of other ERBBs in pitu-
itary lactotrophs.
Activation of the MAPK Pathway but Not of the ER� in the

Pituitary Gland of BTC-tg Females—Because it has been
recently shown that EGF induces prolactin expression and
release by a MAPK-mediated phosphorylation of Ser-118 on
the ER� of cultured lactotrophs (24), we evaluated a possible
activation of these molecules in the pituitary gland of BTC-tg
mice. As shown in Fig. 7A, the MAPK pathway was strongly
activated in the pituitary samples fromBTC-tg females as com-
pared with control littermates. However,Western blot analysis

(Fig. 7B) and its densitometric evaluation (Fig. 7C) did not
reveal a difference in the phosphorylation of Ser-104/106, Ser-
118, or Ser-167 on the ER� between groups.

DISCUSSION

Members of the EGFR/ERBB family are recognized local reg-
ulators of mammary gland development and function (see
Introduction). In addition to this established local role of the
EGFR system, it has been suggested that its members may also
influence mammary gland activity indirectly by altering the
expression and/or release of prolactin from the pituitary gland.
However, so far available evidence is restricted to the expres-
sion of the EGFR and several of its ligands in lactotrophs (19,
20), and to in vitro data showing that EGF can induce prolactin
expression and release from the pituitary gland (21, 24).
In this study, we provide for the first time in vivo evidence

that activation of the EGFR in lactotrophs can induce release of
prolactin from the pituitary gland into the circulation, resulting
in a lactation-like phenotype in the mammary gland. This phe-
notype integrated the major hallmarks of lactogenesis, includ-
ing growth of the mammary epithelial parenchyma (increased
numbers of alveolar and side buds and increased alveoli area),

FIGURE 6. A, mammary gland morphology (4th abdominal mammary gland complexes) of control, BTC-tg, Wa5 and BTC/Wa5 double-transgenic mice. Top
panel, mammary gland whole mount preparations of 8 weeks old mice. Per genotype, a survey view (left, bar � 1 cm) and a higher magnification (right, bar �
1 mm) are shown. Bottom panel: whole mount preparations and histology (paraffin sections, H&E staining) of mammary glands of 1-year-old mice. Per
genotype, a higher magnification of a whole mount preparation (right, bar � 1 mm), a survey view of a histological section (middle, bar � 1 mm) and a higher
magnification of a histological section (right, bar � 100 �m) are shown. Lymph nodes (white asterisks), lactiferous ducts (arrowheads), side buds (#), alveolar
buds, lobules, and acini (arrows), and milk-like secretion (black asterisks) are indicated. Note the reduction of hyperplastic growth of alveolar acini in BTC/Wa5-tg
mice as compared with BTC-tg mice. B, Western blot showing that the presence of prolactin in the mammary gland, visible in BTC-tg females, disappears after
crossing into the EGFR dominant-negative background Wa5 (DT, double transgenic mice). C, Western blot showing the disappearance of phosphorylated
STAT5 in the mammary gland of BTC-tg females after crossing into the EGFR dominant-negative background Wa5 (DT, double transgenic mice).
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phosphorylation of STAT5, and the presence of a milk-like
secretion with proteins and lipid droplets in the luminar spaces
of the acini and lactiferous ducts. Our studies initiated with the
fortuitous observation of macroscopically visible changes in
the mammary gland of transgenic females overexpressing the
EGFR ligand betacellulin (25). The increased solidness and the
reduced weight of the mammary glands from BTC-tg females
can be attributed to the replacement of fat bymammary epithe-
lial parenchyma. After characterizing the changes in whole
mount preparations and histologically, we demonstrated that
they were associated with reduced amounts of prolactin in the
pituitary gland and concomitantly increased levels of the hor-
mone in the circulation. To establish whether the lactation-like
phenotype was a consequence of increased circulating prolac-
tin, we treated BTC-tg females and control littermates with
bromocriptine, a potent dopamine agonist. The disappearance
of the mammary gland phenotype after treatment of BTC-tg
mice with bromocriptine revealed that the lactation-like
changes are attributable exclusively to increased prolactin
release due to a central action of BTC in the pituitary gland,
instead of a local action of the growth factor in the mammary

gland. Finally, by crossing BTC-tg mice to Wa5 mice carrying
an antimorphic Egfr allele (29), we show that the changes
observed in themammary gland of BTC-tg are mediated by the
EGFR instead of other ERBBs.
In a recent publication, Kansra and co-workers (24) showed

in cultured GH3 lactotrophs that EGF can induce prolactin
expression and release by increasing the phosphorylation of
Ser-118 on the ER� in a MAPK-dependent manner. To assess
whether the same pathways are responsible for the changes
observed in the mammary gland of BTC-tg females, we evalu-
ated the expression level and phosphorylation status of these
molecules in their pituitary glands. While increased activation
of the MAPK pathway was readily visible in the pituitary sam-
ples from BTC-tg females as compared with control litter-
mates, no differences in the phosphorylation of Ser-104/106,
Ser-118, or Ser-167 on the ER� were detectable between
groups. The latter finding supports a general model in which
the quite specific biological effects of the seven EGFR ligands
are explained by the assembly and engagement of overlapping
but distinct signaling pathways (8). In fact, it has been shown
previously that EGF and BTC induce the phosphorylation of
specific EGFR sites and further downstream pathways with dif-
ferent intensities (30). Also, overexpression of the EGFR ligand
TGF-� in themouse pituitary lactotrophs results in local hyper-
plasia by 6 months and adenomas that were immunopositive
for prolactin at 12 months (31), while tumors have never been
seen in the pituitary glands of BTC-tg mice.
At the moment, it can only be speculated about possible

mechanisms involved in the BTC-induced release of prolactin.
Pituitary lactotrophs are unique in having an inherent capacity
for high constitutive production and release of prolactin, these
processes being regulated in the form of tonic inhibition by
dopamine via D2-type receptor, the predominant dopamine
receptor in the pituitary lactotrophs (2, 32). Although dop-
amine has been recognized as the physiological inhibitor of lac-
totrophs for decades, its exact mechanism of action is poorly
understood. Further studies will be necessary to clarify whether
BTC-stimulated release of prolactin occurs by overcoming the
inhibitory action of dopamine or by acting in a dopamine-inde-
pendent manner.
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