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To investigate in vivo roles of a murine hypothalamic homeobox gene, Bsx, we generated and analyzed two
mutant alleles, Bsx�HD and BsxlacZ. Bsx�HD lacks the homeodomain, and BsxlacZ is an insertion of a lacZ
reporter gene. Bsx-lacZ expression was detected in the hypothalamus and pineal gland and reiterates Bsx
expression. Bsx homozygous mutant mice were born at the expected Mendelian ratio, but their growth was
impaired. Offspring from Bsx homozygous mutant females exhibited a low survival rate due to a nursing defect.
Mammary glands of the mutant females developed normally during pregnancy; however, they involuted quickly
after parturition. These results demonstrate that Bsx is required for postnatal growth and maintenance of
lactating mammary glands. Thus, mouse Bsx is likely involved in systemic control of suppression of apoptosis
of postpartum mammary epithelial cells.

Homeobox genes encode a specific class of helix-turn-helix
transcription factors characterized by a DNA-binding motif
called the homeodomain, which consists of approximately 60
amino acid residues (14). The expression of homeobox genes is
controlled in a temporally and spatially restricted manner, and
homeoproteins function as a crucial factor in specifying and
maintaining cell types. Numerous homeobox genes are ex-
pressed in developing and mature brains, including in the hy-
pothalamus and pituitary gland (38). Pituitary homeoproteins
have been intensively characterized in terms of pituitary de-
velopment; however, relatively little is known about the func-
tion of hypothalamic transcription factors (8, 22, 32, 37, 42, 45).

The hypothalamus organizes two major sets of neurons: the
magnocellular and the parvocellular neurons (34, 35, 37). The
cell bodies of magnocellular neurons are located in the para-
ventricular and supraoptic nuclei of the hypothalamus and
project axons to the posterior pituitary gland, where vasopres-
sin (AVP) and oxytocin (OT) are released. The parvocellular
neurosecretory system regulates the release of anterior pitu-
itary hormones, such as growth hormone (GH), thyrotropin,
adrenocorticotropin, gonadotropins, and prolactin (PRL),
through paracrine systems of releasing/inhibitory factors, in-
cluding GH-releasing hormone (GHRH), somatostatin (SS),
thyrotropin-releasing hormone (TRH), corticotropin-releasing
hormone (CRH), and gonadotropin-releasing hormone. While
it is known that dopamine inhibits PRL secretion from the
anterior pituitary gland, PRL-releasing factors are unclear.
Five transcription factors that are involved in the development
of the hypothalamus have been identified and have subse-
quently been mutated in mice. Brn-2 is essential for the pro-
duction of AVP, OT, and CRH (24, 30). Sim1, Arnt-2, and Otp
are required for the generation of AVP, OT, CRH, TRH, and
SS-producing neurons (2, 12, 15, 21, 41). Gsh-1 is necessary for

GHRH synthesis (18). The hypothalamus-pituitary gland axis
is a major component of the neuroendocrine system that con-
trols the homeostasis of energy balance and reproduction by
secreting hormones into the systemic circulation. Therefore,
dysfunction of these homeoproteins could affect not only the
hypothalamus but also distant target organs, including the
mammary glands. However, the postnatal lethality of mutant
mice obscures the roles of these hypothalamic transcription
factors in reproduction.

Lobuloalveolar development in the mammary gland during
pregnancy and its remodeling during involution are controlled
by extrinsic factors, PRL and leukemia inhibitory factor (LIF).
PRL and LIF signals are mediated by intrinsic factors, Stat5
and Stat3, respectively. PRL and PRL receptor-deficient mice
fail to develop normal mammary glands (4, 11), and inactiva-
tion of Stat5 results in the failure of mammary gland develop-
ment and function (20). Stat5 and Jak2 are also involved in the
maintenance of differentiated secretory mammary epithelium
(7, 33, 39). LIF induces Stat3-mediated apoptosis of mammary
epithelial cells (17, 29, 43). Stat3 conditional knockout mice
display suppression of mammary gland apoptosis and delayed
involution (5). It was recently reported that Stat3 induces
apoptosis by suppressing Akt-mediated cell survival signaling
(1). Transgenic mice overexpressing active Akt in the mam-
mary gland exhibit a delay in involution (31). Similarly, forced
activation of overexpressed Stat5 in the mammary gland delays
postlactational apoptosis (13). While PRL is released from the
pituitary gland, LIF is produced in the mammary gland and is
considered a local factor. Therefore, in contrast to lactational
control, it is not clear how involution is regulated by the neu-
roendocrine system.

Recently, a novel hypothalamic homeobox gene, Bsx (for
“brain-specific homeobox”), was identified from vertebrates
including humans, mice, chickens, zebrafish, and frogs (6). Bsx
is expressed in a broad region of the developing and postnatal
hypothalamus; however, its molecular functions are unknown.
In this study, we generated Bsx mutant mice to investigate in
vivo roles of Bsx. Differing from the previously reported mu-
tant mice of the hypothalamic homeobox genes, Bsx mutant
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mice are viable and fertile and Bsx homozygous mutant mice
exhibit a nursing defect. Examination of Bsx mutant mice may
shed new light on the interaction between the hypothalamus
and mammary glands.

MATERIALS AND METHODS

Generation of Bsx mutant mice. To isolate Bsx genomic DNA, a mouse
129/SvEv strain genomic library (Stratagene) was screened with a Bsx probe, as
described previously (25). The Bsx probe was obtained by PCR using primers
5�-AGC ATC AAC ACA GAG GCC-3� and 5�-CCT GAG GTG GTC AGG
AAA-3�. To generate the Bsx�HD and BsxlacZ alleles, we used �2.5-kb SacII-
SmaI and �4.3-kb SmaI-SacI genomic DNA fragments as 5� and 3� homologous
arms for a targeting vector, respectively. The targeting vector replaces a �1.7-kb
SmaI-SmaI genomic sequence encoding the entire homeodomain and adjacent
exon/intron sequences by a floxed Neo or internal ribosomal entry sequence
(IRES)-lacZ-floxed Neo cassette (Fig. 1). A herpes simplex virus thymidine
kinase expression cassette was inserted in the 3� arms of homology of both
targeting vectors for negative selection. Embryonic stem (ES) cell targeting and
generation of chimeric mice were performed as described previously (25). When
protamine-Cre (PC3) ES cells differentiate into spermatids in male chimeras,
Cre recombinase is expressed and catalyzes the removal of the floxed Neo
cassettes (Fig. 1). To obtain 129 inbred Bsx mutant mice, the chimeric mice were
crossed with 129 females. Phenotypic analyses were performed on B6,129 mixed,
and 129 inbred mice. We have not observed any effects of genetic background. A
�0.7-kb SacII fragment was used as a probe for Southern analysis. PCR primers
used for genotyping were as follows: a, 5�-CAT CCT CAT GTC TCA GCC-3�;
b, 5�-ATG GGC GCT GCC TGG ATC-3�; c, 5�-TGT TCC CGC ACC CGC
AGC-3�; d, 5�-AGT TGA GTG CGT TCG TCG-3�; e, 5�-GCA TCG AGC TGG
GTA ATA AGC G-3�; and f, 5�-GAC ACC AGA CCA ACT GGT AAT GG-3�.
PCR conditions were 94°C for 3 min, followed by 35 cycles of 94°C for 50 s, 55°C
for 50 s, and 72°C for 1 min, and a final extension of 72°C for 3 min.

�-Galactosidase staining and histological analysis. �-Galactosidase staining
and histological analyses were performed as described previously (26). Primary

antibodies used for immunohistochemical analysis were anti-�-smooth muscle
actin (1:400) (Dako) and anti-NeuN (1:1,000) (Chemicon). Immunological re-
actions were visualized with a Vector ABC kit or by peroxidase-DAB reaction.
For immunofluorescence, anti-Stat5 (1:100) (Santa Cruz Biotechnology) and
anti-E-cadherin (1:200) (BD Biosciences) were used as primary antibodies. After
1 h of incubation at room temperature with fluorescein isothiocyanate-conju-
gated anti-mouse immunoglobulin G (1:100) (Sigma) or Texas red-conjugated
anti-rabbit immunoglobulin G (1:200) (Jackson ImmunoResearch) secondary
antibodies in the dark, slides were mounted with DAPI (4�,6�-diamidino-2-
phenylindole)-containing Vectashield (Vector Laboratories).

Cell apoptosis and proliferation assays. To detect cell death, the terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL)
In Situ Cell Death kit (Roche) was used according to the manufacturer’s instruc-
tions. Active caspase 3 was detected by immunohistochemistry using anti-cleaved
caspase 3 antibody (1:200) (Cell Signaling). For 5-bromo-2�-deoxyuridine
(BrdU) labeling, mice were intraperitoneally injected with 50 mg/kg of BrdU 3 h
prior to sacrifice. Following rehydration through a graded ethanol series, the
samples were incubated first in 3% H2O2–10% methanol in phosphate-buffered
saline for 15 min at room temperature, second in 0.2 mg/ml pepsin in 0.1 N HCl
for 20 min at 37°C, third in 2 N HCl for 45 min at room temperature, and fourth
in Mouse to Mouse block (ScyTek) for 1 h at room temperature. The immuno-
histochemistry protocol was then followed.

RNA extraction, Northern analysis, and RT-PCR. Total RNA extraction was
performed with TRIzol reagent (Invitrogen). Northern analysis was performed
by a standard procedure. A C/EBP� probe for Northern analysis was obtained by
reverse transcription (RT)-PCR using primers 5�-ACC AGG AGA TGC AGC
AGA AGC-3� and 5�-GTA GAG GCA ACG AGG AAT CAA-3�. PCR condi-
tions were 95°C for 2 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s,
and 72°C for 30 s, and a final extension of 72°C for 2 min. RT-PCR analyses were
performed as described previously (25).

Western analysis. The fourth inguinal mammary gland was harvested and
homogenized in a lysis buffer containing proteinase inhibitors. After sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, proteins were transferred to
a Hybond-ECL membrane (Amersham). Membranes were blocked in 5% pow-

FIG. 1. Generation of Bsx mutant mice. (A) Strategies of generating Bsx�HD (�) and BsxlacZ (z) mice are shown. Bsx consists of three coding exons
(square boxes). To generate the Bsx�HD and BsxlacZ alleles, part of the second and the entire third exons were replaced by a floxed Neo cassette and an
IRES-lacZ-floxed Neo cassette, respectively. As a result, the entire homeodomain (black squares) was deleted in both Bsx�HD and BsxlacZ. The length
of the 5� and 3� homology arms are �2.5 and �4.3 kb, respectively. Essential diagnostic BamHI enzyme sites are indicated by vertical lines (B1 to B4).
Positions of a probe for Southern analysis and PCR primers are indicated by a horizontal line (5� probe) and arrowheads (a to f), respectively. HD,
homeodomain; Cre, Cre recombinase. (B) Genotyping of mice by Southern analysis. (C) Genotyping of mice by PCR analysis. (D) Confirmation of
removal of the floxed Neo cassettes by PCR. pc, positive control. (E) Bsx expression by RT-PCR. H, hypothalamus; MG, postpartum mammary glands.
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dered milk for 1 h at room temperature and incubated with 1:1,000 primary
antibodies (pStat3, Stat3, pAkt, Akt, and C/EBP� from Cell Signaling; �-actin
from Sigma) at 4°C overnight, and then the immunoreactive proteins were
visualized with the ECL Western Blotting System Analysis kit (Amersham) and
BioMax XAR film (Kodak).

RESULTS

Generation of Bsx mutant mice. Bsx is a newly identified
homeobox gene that has restricted expression in the central
nervous system. Mouse Bsx is encoded by three coding exons
on chromosome 9. To investigate in vivo functions of Bsx, we
generated two mutant alleles of Bsx by gene targeting in mouse
ES cells. In the Bsx�HD and BsxlacZ alleles, part of the second
and the entire third coding exons and their flanking intronic
sequences have been replaced by a loxP sequence and a lacZ
expression cassette, respectively, which removes the homeobox
and the C-terminal regions, including a transcriptional activa-
tion domain (Fig. 1). Thus, both alleles are expected to be
functionally deficient. Bsx expression was not detected by RT-
PCR (Fig. 1E). Removal of the floxed Neo cassettes was con-
firmed by Southern and PCR analyses (Fig. 1B and D). Mice
heterozygous for the Bsx�HD and BsxlacZ alleles appeared nor-
mal and were fertile. Bsx homozygous mutant mice were ob-
tained by intercrossing Bsx heterozygotes. No phenotypic dif-
ference was observed between the Bsx�HD and BsxlacZ

homozygous mutant mice except for the LacZ expression of
BsxlacZ.

Expression of Bsx-lacZ in Bsx mutant mice. We examined
Bsx-lacZ expression by using BsxlacZ heterozygous mutant mice.
At embryonic day 13.5 (E13.5), lacZ expression was detected as a
spot at the midline region of the developing brain that seems to
correspond to the pineal gland (Fig. 2). In the postnatal central
nervous system, lacZ expression was specifically detected in the
pineal gland and hypothalamus at postnatal day 2 (P2). At P21,
lacZ expression was detected in the caudal region of the hypo-
thalamus. Strong expression was observed in the area surrounding
the third ventricle, where hypothalamic hormone-producing neu-
rons are located. Histological examination revealed that Bsx-lacZ
was expressed in a broad region of the developing and postnatal
hypothalamus, including the arcuate nuclei (ARN), the dorsome-
dial nuclei (DMH), and the lateral hypothalamic area (LHA), as
well as the pineal gland (Fig. 3). The expression pattern of Bsx-

FIG. 2. Bsx-lacZ expression in the embryonic and postnatal brain. (A
to C) Bsx-lacZ expression was detected as a blue spot in the temporal
region of E13.5 mouse brains (black arrows). (D to G) Bsx-lacZ expres-
sion was detected in the pineal gland (black arrows) and the hypothala-
mus (ventral view) of P2 mouse brains. Ectopic Bsx-lacZ expression was
detected in the ventral preoptic region of Bsx homozygous mutant mice
(white arrow). (H to J) Bsx-lacZ expression was detected in the caudal
region of the hypothalamus at P21. The expression around the third
ventricle was extended caudally in homozygous mutants compared to
heterozygous mutants (black arrowheads). The expression in the lateral
region was reduced in homozygous mutants (white arrowheads). on, optic
nerve; h, hypothalamus; p, pons; �/�, wild-type; z/�, BsxlacZ heterozy-
gote; z/z, BsxlacZ homozygote; z/�, BsxlacZ/Bsx�HD.

FIG. 3. Histological analysis of Bsx-lacZ positive cells. X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside)-stained postnatal embryos
and brains were paraffin embedded, sectioned, and counterstained with eosin Y (A and D) or Nuclear Fast Red (B, C, E, and F). (A, B, D, and
E) Pineal gland. The pineal gland of BsxlacZ/�HD is hypoplastic compared to that of BsxlacZ/� (arrowheads). (C and F) Hypothalamus. Bsx-lacZ-
positive cells are detected in the ARN, the DMH, and the LHA. The number of Bsx-lacZ-positive cells in a region adjacent to the ARN is reduced
in BsxlacZ/�HD (arrows), which is consistent with Fig. 2. (A, B, and C) BsxlacZ/�. (D, E, and F) BsxlacZ/�HD. A� and D� are higher magnifications of
A and D, respectively. (G and H) X-Gal-stained postnatal brains were paraffin embedded, sectioned, and subjected to immunohistochemical
analysis using anti-NeuN antibody, which marks neuronal cells (brown). Sections were counterstained by Nuclear Fast Red (pink). Most
X-Gal-positive cells are also positive for NeuN (arrowheads), indicating that Bsx is expressed in neurons. More LacZ-positive cells were observed
to cluster around the third ventricle in homozygous mutants. (G) BsxlacZ heterozygote (LacZ/�). (H) BsxlacZ homozygote (LacZ/LacZ). G� and
H� are higher magnifications of G and H, respectively.
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lacZ is similar to the previously reported Bsx expression (6). Thus,
BsxlacZ appears to be a faithful reporter of Bsx expression. Bsx-
lacZ-expressing cells express a neuronal marker, NeuN, indicat-
ing that Bsx-expressing cells are neurons.

When Bsx-lacZ expression between BsxlacZ heterozygous
and homozygous mutant embryos was compared, the expres-
sion area in the pineal gland narrowed and only faint staining
was observed (Fig. 2C). This is likely due to the pineal gland
hypoplasticity in Bsx homozygous mutant mice (Fig. 2E; Fig.
3D and E). In the Bsx homozygous mutants, the hypothalamic
expression extended more caudally and less laterally, and more
Bsx-lacZ-positive cells were observed around the third ventri-
cle. (Fig. 2G and J). Ectopic Bsx-lacZ expression was detected
in the ventral preoptic region of the Bsx homozygous mutant
brain (Fig. 2G). Histological analysis confirmed this distinct
expression pattern of Bsx-lacZ in the homozygotes. These ex-
pression pattern changes were observed in both males and
females and are not due to a copy number effect of the lacZ
gene, because similar results were obtained with BsxlacZ/
Bsx�HD mice, which have a single copy of the lacZ gene. The
aberrant expression of Bsx-lacZ in the brain was detected in
neonates and maintained into adulthood regardless of preg-
nancy status. These observations suggest that Bsx regulates its
own expression and/or is involved in neuronal cell develop-
ment/migration. Consistently with RT-PCR results (Fig. 1E),
we did not detect Bsx-lacZ expression in the pregnant or post-
partum mammary epithelia of either BsxlacZ heterozygous or
homozygous mutant mice (our unpublished results).

Growth retardation of Bsx homozygous mutant mice. Al-
though Bsx homozygous mutant mice were obtained at nearly
the expected Mendelian ratios from intercrossings of Bsx het-
erozygous mutant mice, they demonstrated lower body weight
after 2 weeks of age in both males and females than did
wild-type and Bsx heterozygous mutant mice (Fig. 4). Bsx ho-
mozygous mutant mice were proportionally smaller than their
wild-type littermates. Heterozygotes were indistinguishable
from their wild-type littermates (not shown).

Nursing defect of Bsx mutant mice. Both male and female
Bsx homozygous mutant mice are fertile. However, while
breeding Bsx homozygous mutant mice, we noticed that none
of the offspring from Bsx homozygous mutant females survived
(Fig. 5). Both heterozygous and homozygous mutant offspring
from Bsx homozygous mutant females exhibited postnatal le-
thality and poor growth. However, Bsx homozygous mutant
pups from Bsx heterozygous mutant females or Bsx homozy-
gous mutant pups fostered onto wild-type females gained
weight and survived to adulthood, suggesting that the lethality
and growth defect was not related to the genotype of the pups
and that Bsx homozygous mutant females have a nursing de-
fect. Accordingly, when wild-type pups were fostered onto Bsx
homozygous mutant females, the pups did not gain weight and
died. Maternal behaviors, such as nest building and pup re-
trieval, seemed normal in Bsx mutant females, and they did not
abandon their pups. It appears that the lethality and poor
growth are caused by malnutrition, since the affected pups
often had little or no milk in their stomachs (Fig. 5C) and they
died without gaining weight. To test this hypothesis, we exam-
ined postpartum lactating day 1 mammary glands and noticed
less alveoli in Bsx homozygous mutant females (Fig. 5E). To
identify the onset of the abnormal lobuloalveolar structure, we

next examined the mammary glands of pregnant females. No-
tably, the mammary gland of Bsx homozygous mutant females
was similar to that of Bsx heterozygous mutant females up to
18.5 days postcoitum (Fig. 6A), suggesting that mammary
gland development occurs normally during pregnancy even in
the absence Bsx. Correspondingly, active nuclear Stat5 was
detected by immunohistochemistry through pregnancy and af-
ter birth, indicating that Bsx mutant females retain PRL-Stat5
signaling (Fig. 6B). Furthermore, E-cadherin and �-smooth
muscle actin expression was detected (Fig. 6B and C), support-
ing the hypothesis that the mutant mammary glands develop
normally. Collectively, Bsx homozygous mutant females man-
ifest an abnormality in their mammary gland epithelium soon
after parturition.

Next, we examined proliferation and cell death in the post-
partum mammary gland. More apoptotic mammary epithelial
cells were observed in Bsx homozygous mutant females than in
Bsx heterozygous mutant females, but cell proliferation ap-
peared similar (Fig. 7A and B). Active phosphorylated Stat3
(pStat3) and C/EBP�, which are markers for involution (28,
36), were up-regulated in the mutant mammary gland (Fig. 7C
and E). The increased amount of C/EBP� protein in the Bsx
homozygotes is regulated at least in part by transcriptional
control, as we detected a higher expression level of C/EBP�

FIG. 4. Growth defect of Bsx mutant mice. (A) Body weight of
wild-type (�/�), heterozygous (z/�), and homozygous (z/z) mutant
mice at P0, P7, P14, P21, and P28. The upper and lower panels show
body weights of male and female mice, respectively. Statistical analyses
were scored by t test. The pups were nursed by Bsx heterozygous
mutant dams. The penetrance of the growth defect is 100%, and Bsx
homozygous mutant mice can be distinguished from their wild-type or
heterozygous littermates by observation and/or weight.

VOL. 27, 2007 Bsx MUTANT MICE 5123

 on A
pril 11, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


mRNA (Fig. 7D). In contrast, phosphorylated Akt (pAkt), a
marker for lactating mammary gland, was down-regulated, in-
dicating the activation of a Stat3-induced cell apoptotic signal.
Taken together, these data demonstrate that the nursing defect

of Bsx mutant females is caused by precocious involution of the
lactating mammary gland and that Bsx is required for main-
taining lactation and preventing involution in the postpartum
period.

FIG. 5. Nursing defect of Bsx mutant mice. (A and B) All pups (heterozygotes and homozygotes) from Bsx homozygous mutant females died
in the neonatal period without gaining weight. The affected pups had no or little milk in their stomachs (white arrows in panel C) and were severely
growth retarded, with malnutrition (D). However, when Bsx homozygous mutant pups were cross-fostered on wild-type females, they survived and
gained weight. Note that the cross-fostered pups showed delayed weight gain due to a lack of milk supply from Bsx homozygous mutant dams on
the day of birth. (E) Hematoxylin-eosin Y staining of postpartum mammary glands. �/�, wild-type; �/�, Bsx heterozygote; �/�, Bsx homozygote.

FIG. 6. Normal pregnancy-induced mammary gland development. (A) Histological analysis of hematoxylin-eosin Y-stained mammary glands
at several time points: 14, 17, and 18 days postcoitum (dpc), lactating day 0 (L0), and L1. (B) Stat5 (red) and E-cadherin (green) immunostaining
of postpartum mammary glands. Stat5 and DAPI signals overlapped, indicating that Stat5 is located in the nucleus (not shown). (C) �-Smooth
muscle actin immunostaining. Bsx�/�, Bsx heterozygous mutant female; Bsx�/�, Bsx homozygous mutant female.
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DISCUSSION

In this study, we investigated the in vivo functions of a
recently identified homeoprotein, BSX, by generating and
analyzing two mutant alleles of mouse Bsx, Bsx�HD and BsxlacZ.
We have shown that mouse BSX is essential for normal post-
natal growth and nursing. This is the first report of in vivo roles
for BSX. Bsx is conserved among nonmammalian vertebrates,
suggesting that mammalian BSX acquired the novel capability
of regulating mammary gland function during evolution.

Transcriptional activity of BSX. �-Galactosidase analyses
demonstrated distinct expression patterns of Bsx-lacZ in Bsx
homozygous mutant mice, suggesting that Bsx regulates its
expression and/or is involved in neuron development/migra-
tion. Our unpublished results indicate that BSX functions as a
transcriptional activator in vitro and that candidate cis-regula-
tory elements of Bsx contain several potential BSX-binding
sequences. Therefore, it is likely that BSX autoactivates its
own expression, especially in the LHA. However, this does not
account for the extended or ectopic Bsx-lacZ expression ob-
served in Bsx homozygous mutant mice. Thus, more-compli-
cated mechanisms are probably employed to regulate BSX
expression and function in vivo. BSX may negatively control its
own expression directly or indirectly in the ARN. Alternatively,

BSX is involved in Bsx-expressing cell migration in the hypo-
thalamus. The fact that Bsx is expressed in developing and
mature brains suggests that BSX is involved in both brain
development and function. The pineal gland hypoplasia seen in
Bsx mutant mice demonstrates the requirement of BSX for
normal brain development. Bsx-lacZ expressing cells retain a
neuronal marker, NeuN, in the Bsx homozygous mutant hypo-
thalamus, indicating that BSX is dispensable for neuronal cell
fate determination of Bsx-expressing cells. Rather, BSX-de-
pendent transcriptional control may play important roles in
neuronal activity.

Growth retardation caused by Bsx deficiency. Bsx homozy-
gous mutant mice manifested growth retardation after 2 weeks
of age. The onset of growth retardation corresponds to that of
dwarfisms caused by pituitary deficiencies, in which growth
defects are usually observed within a couple of weeks after
birth (2, 16, 27, 44). Therefore, the growth defects of Bsx
mutant mice may be caused by dysfunction of the hypothala-
mus-pituitary gland axis. Accordingly, the serum GH level is
slightly reduced in Bsx homozygous mutant mice compared to
wild-type and Bsx heterozygous mutant mice at 3 to 5 weeks of
age (our unpublished results). Because Bsx is expressed in the
ARN, where GHRH is produced, and Bsx expression is not

FIG. 7. Premature involution of Bsx homozygous mutant mammary glands. (A) Cell apoptosis analyses of postpartum mammary glands of Bsx
heterozygous (Bsx�/�) and homozygous (Bsx�/�) mutant females. Sections were counterstained with methyl green. TUNEL-positive cells per visual
field at 40-fold magnification were counted in at least five visual fields per mouse. Four Bsx heterozygous and four homozygous mice were counted.
Statistical significance was examined by t test. Black arrowheads, TUNEL-positive cells; white arrowheads, cleaved caspase 3-positive cells. (B) Cell
proliferation analyses of postpartum mammary glands. BrdU-positive cells per visual field at 40-fold magnification were counted in at least five
visual fields per mouse. Two Bsx heterozygous and three homozygous mice were counted. No statistical significance was observed by t test (P 	
0.49). (C) Western blot analyses of lactating mammary glands. L0, lactating day 0; L1, lactating day 1; �/�, Bsx�HD heterozygote; �/�, Bsx�HD

homozygote. (D) Northern blot analyses. Total RNAs were isolated from postpartum mammary glands and hybridized with C/EBP�-radiolabeled
probes. The lower panel shows an ethidium bromide-stained gel to show the amount of loaded RNAs. 28S, 28S rRNA band; 18S, 18S rRNA band.
(E) PRL-Stat5 and LIF-Stat3 pathways regulate mammary gland development and involution, respectively. Mammary gland development during
pregnancy and lactation is controlled by reciprocal actions of the PRL-Stat5 and LIF-Stat3 pathways. The former regulates lactoalveolar structure
development and its function, whereas the latter induces involution by inhibiting a cell survival factor, Akt, and activating a cell apoptotic factor,
C/EBP�. In Bsx homozygous mutant mice, lactation and involution signals are down- and up-regulated, respectively (gray arrows).
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detected in the pituitary gland, Bsx mutants may have a defect
in GHRH production and/or secretion. Given that Bsx and
Gsh-1 share a DNA-binding sequence and that rat Gsh-1 reg-
ulates the GHRH promoter (23; also, our unpublished results),
Bsx may be involved in the regulation of GHRH expression.

Premature involution in Bsx mutant females. The lactation
and involution of mammary glands are regulated by reciprocal
activation of Stat5 and Stat3. It is believed that Stat5 is acti-
vated by systemic hormonal changes in PRL levels and that
local factors such as LIF control the phosphorylation state of
Stat3 (17, 20, 29). The mammary glands of Bsx mutant mice
involuted quickly after parturition, and mammary epithelial
cells underwent apoptosis, although they maintained nuclear
Stat5. These results show that Bsx is important for preventing
programmed cell death of epithelial cells after giving birth and
for maintaining lactating mammary glands. Our observations
suggest that the failure to inhibit apoptotic signals overrides
the PRL-Stat5 pathway. This is consistent with previous re-
ports that PRL replacement is ineffective to inhibit involution
(9) and that the mammary gland-derived involution signal is
dominant over the presence of systemic lactating signals (19).
Several studies concluded that local involution signals suffice to
induce apoptosis in lactating mammary epithelia (10, 19).
However, these studies do not exclude the possibility that sys-
temic hormonal regulation contributes to the inhibition of in-
volution in lactating mammary glands. Our results indicate that
Bsx is required for antiapoptotic signals in the postpartum
mammary gland. It should be noted that Bsx expression was
not detected by RT-PCR and Bsx-lacZ expression was not
detected in the pregnant or postpartum mammary epithelia.
Thus, our data suggest that there is a link between local invo-
lution factors in the mammary glands and systemic neuro-
endocrine regulation, although this hypothesis needs to be
verified in future studies.

OT is produced in magnocellular neurons in the hypothala-
mus and is required for milk removal. OT-deficient mice are
unable to eject milk, and the mammary glands undergo invo-
lution due to milk stasis. We investigated the possibility that
Bsx mutant mice are impaired in OT production/secretion. We
detected expression of OT in the paraventricular neurons of
Bsx mutant mice by in situ hybridization, and OT replacement
did not restore the nursing defect (our unpublished results).
Moreover, mammary epithelial cell proliferation was observed
in Bsx mutant females after parturition, while no proliferation
was detected in the mammary gland of OT-deficient dams (40).
Therefore, we conclude that the nursing defect of Bsx mutant
mice is not likely a result of OT deficiency. The mammary
gland of Bsx mutant females exhibited a dramatic change
shortly after parturition. The onset resembles that of E-cad-
herin mutant mice, whose mammary glands develop normally
during pregnancy but show dysfunction around parturition (3).
It was reported that E-cadherin is required for survival of the
lactating mammary gland and that E-cadherin mutant mice
cannot nurse their offspring. The phenotype is similar to that of
the Bsx mutant female; however, the Bsx mutant mammary
glands express E-cadherin. Moreover, Bsx mutant mice retain
nuclear Stat5, while E-cadherin mutant mammary glands show
weak or no nuclear Stat5, indicating that the premature invo-
lution is caused by distinct mechanisms in E-cadherin and Bsx
mutant mice. Further research on Bsx may help clarify the

currently unknown steps in the neuroendocrine regulation of
involution in mammals.
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