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Bone morphogenetic protein 8B (BMP8B) is a member of the TGFp superfamily of growth factors. In the 
mouse, Bmp8b is expressed in male germ cells of the testis and trophoblast cells of the placenta, suggesting 
that it has a role in spermatogenesis and reproduction. To investigate these possibilities, we have generated 
mice with a targeted mutation in Bmp8b. Here, we show that homozygous BmpSb^^^"' mutant males exhibit 
variable degrees of germ-cell deficiency and infertility. Detailed analysis reveals two separable defects in the 
homozygous mutant testes. First, during early puberty (2 weeks old or younger) the germ cells of all 
homozygous mutants either fail to proliferate or show a marked reduction in proliferation and a delayed 
differentiation. Second, in adults, there is a significant increase in programmed cell death (apoptosis) of 
spermatocytes, leading to germ-cell depletion and sterility. Sertoli cells and Leydig cells appear relatively 
unaffected in mutants. This study therefore provides the first genetic evidence that a murine germ 
cell-produced factor, BMP8B, is required for the resumption of male germ-cell proliferation in early puberty, 
and for germ-cell survival and fertility in the adult. 
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Bone morphogenetic proteins (BMPs) constitute a large 
group of secreted signaling molecules of the transform­
ing growth factor-3 (TGFp) superfamily (for review, see 
Hogan et al. 1994a; Kingsley 1994; McPherron and Lee 
1996). Evidence from a number of different organisms 
shows that BMPs are multifunctional regulators of em­
bryonic development, controlling processes as diverse as 
cell proliferation, apoptosis, specification of cell fate, and 
differentiation. For example, in Drosophila, decapenta-
plegic [dpp] has an essential role in dorsal-ventral pat­
terning of the blastoderm embryo, cardiac morphogene­
sis, midgut development, and imaginal disc patterning 
(for review, see Gelbart 1989; Wall and Hogan 1994). 
BMP2 and BMP4, the vertebrate homologs of DPP, have 
also been shown to exert important patterning functions 
during vertebrate embryogenesis. Targeted inactivation 
of the murine genes encoding BMP4 and a type IBMP2/4 
receptor [Bmpi] results in defects in mesoderm forma­
tion and patterning during gastrulation (Mishina et al. 
1995; Wirmier et al. 1995). Later in embryogenesis, the 
temporal and spatial expression of BMPs coincides with 

^Corresponding author. 

sites of inductive epithelial-mesenchymal interactions 
during organogenesis (Lyons et al. 1989, 1990; Jones et al. 
1991; Bitgood and McMahon 1995; Roberts et al. 1995). 
This has been particularly well investigated in tooth de­
velopment, where exogenous BMP2 or BMP4 protein 
mimics the signal from the epithelial dental placode that 
induces expression of the Msxl and Msx2 homeo box 
genes, as well as Bmp4, in the underlying mesenchyme 
(Vainio et al. 1993). Moreover, Bmp2, Bmp4, and Bmp7 
are expressed in localized, nested domains in the enamel 
knot, a region that has a key role in regulating prolifer­
ation and spatial patterning of the tooth (Vaahtokari et 
al. 1996). Targeted inactivation of Bmp7 results in ab­
normal kidney development in homozygous mutant 
mice. In this case, it appears that the primary defect is 
not in the early inductive interactions between the ure­
teric bud and nephrogenic mesenchyme, but rther in 
subsequent cellular interactions required for continued 
proliferation, survival, and/or differentiation of the 
nephrogenic mesenchymal cells (Dudley et al. 1995; Luo 
et al. 1995). 

Normal spermatogenesis requires numerous recipro­
cal interactions between somatic and germ cells medi­
ated by growth factors and their receptors (Yoshinaga et 
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al. 1991; Han et al. 1993; Boujrad et al. 1995b; Tsuruta 
and O'Brien 1995; Bitgood et al. 1996). Up to now, sev­
eral members of the TGF(3 superfamily of growth factors 
and their receptors have been shown to be expressed in 
the mammalian testis. However, inactivation of the in-
hibina, activin^B, MIS, and TGF^l genes does not lead 
to primary defects in spermatogenesis, indicating that 
they do not have essential roles in this process (Matzuk 
et al. 1992; Behringer et al. 1994; Vassalh et al. 1994; T. 
Doetschman, pers. comm.). The absence of activinpA 
subunit leads to perinatal lethality; therefore, its role in 
spermatogenesis cannot be evaluated (Matzuk et al. 
1995). The expression of several serine/threonine kinase 
receptors, such as ActRlIA and ActRIlB in meiotic and 
postmeiotic germ cells (Kaipia et al. 1992, 1993; Manova 
et al. 1995), suggests that members of the TGFp super-
family of growth factors bind directly to germ cells and 
regulate spermatogenesis. Because the above-mentioned 
members of the TGFp superfamily do not appear to be 
directly required for spermatogenesis, it is possible that 
other TGFp-related members bind to these receptors in 
vivo. As we reported recently (Zhao and Hogan 1996), 
the murine Bmp8a {Op2] and Bmp8b (Op3] genes are 
closely related in their protein-coding exons and geno­
mic organization, and are expressed in the placenta dur­
ing embryogenesis and in male germ cells during post­
natal development in a tightly regulated temporal and 
spatial manner. Before 3.5 weeks of age, both genes are 
ubiquitously expressed at low levels in spermatogonia 
and primary spermatocytes. After 3.5 weeks of age and 
during adult life, high levels of expression of the Bmp8 
genes are observed, specifically in stage 6-8 round sper­
matids. To investigate the role of BmpSb during sper­
matogenesis, we have inactivated the gene by homolo­

gous recombinaion in embryonic stem (ES) cells. Here, 
we report the phenotype of mice homozygous for the 
mutant allele, BrnpSb^""^^^^. From this study we con­
clude that in the mouse a functional BmpSb gene is re­
quired for the initiation and maintenance of spermato­
genesis. First, it is needed for the full resumption of 
germ-cell proliferation during early postnatal develop­
ment. Second, in the adult, BmpSb is required for the 
survival of male germ cells and hence for the mainte­
nance of spermatogenesis. 

Results 

Targeted mutagenesis of the mouse BmpSb gene 

The mouse BmpSb gene has a genomic organization sim­
ilar to that of the human Bmp8/op2 gene, which con­
tains seven coding exons (Ozkaynak et al. 1992; Zhao 
and Hogan 1996). In the BmpSb""^^'^ allele, a 7-kb ge­
nomic fragment including exon 4, which encodes amino 
acids 221-287 encompassing the conserved dibasic pro­
teolytic cleavage site between the pro- and mature re­
gions, is deleted and replaced by the MClneo"" cassette 
(Fig. 1) (Rudnicki et al. 1992). Therefore, it is predicted 
that no functional BMPSB protein will be expressed from 
the BmpSb'""^^'^ allele. Moreover, in situ hybridization 
studies using an antisense RNA probe against the 
BmpSb 3 ' untranslated region (UTR), which is specific to 
BmpSb (Zhao and Hogan 1996), detected no signals 
above background in sections of homozygous mutant 
testis, whereas BmpSa expression appears unchanged 
(data not shown). Five different targeted ES cell lines 
were obtained (5B11, A5, D l , F4, and F7). Three of these 
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Figure 1. Targeted mutagenesis of the mouse BmpSb locus. [A] Schematic representation of the BmpSb wild-type allele on the top, 
targeting vector in the middle, and targeted BmpSb^'""''^ allele at the bottom. Genomic DNA fragments used as the long arm and short 
arm of homology in the targeting vector are indicated by thick lines. Coding exons are shown as solid boxes. Expression cassettes PGK 
TK, MClneo"', and MClDT-A are indicated as boxes. 5' and 3' probes used for Southem blots are shown underneath the genomic loci. 
Exons 2-6 are indicated as E2-E6. Restriction enzyme abbreviations: (E) EcoRh, (Xhj Xhoh, (B) BamUh, (S) Sail; and (X) Xbal. [B] 
Southern blot of the BmpSb""^^^^ mice. Genomic DNA isolated from tail tips was digested with £coRI, size-fractionated on a 1% 
agarose gel, and blotted onto a positively charged nylon membrane. Hybridization was performed with a 1.4-kb 3' probe. The wild-type 
allele generated a fragment of 4.5 kb, whereas the targeted allele generated a fragment of 5 kb. 
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(5B11, A5, and Dl) were injected into C57BL/6 blasto­
cysts and the BmpSb'"'^^'^ allele was transmitted 
through the germ line of resulting chimeras. Homozy­
gous mutant animals of all three lines show the same 
phenotype. 5B11 was used for the studies on adult repro­
duction and testis histology reported here, whereas all 
three lines were used for the remainder of the studies. 
Mutant mice were maintained on a mixed genetic back­
ground of (129x Black Swiss) for this study. 

Reproduction phenotype o/BmpSb''"^''^^ mutant mice 

We have shown previously that Bmp8b is expressed in 
trophoblast cells of the placenta and in stage 6-8 round 
spermatids of the adult testis (Zhao and Hogan 1996). 
Therefore, abnormal reproduction phenotypes is ex­
pected. Interbreeding male and female heterozygous mu­
tants yielded the predicted ratio of wild-type {n = 72), 
heterozygous {n = 165), and homozygous [n = 69) mu­
tant offspring, indicating that in the absence of fetal 
BMP8B protein, the placenta still functions normally. 
Homozygous mutant males and females appear normal 
and healthy. However, in two of three initial mating 
pairs of homozygous BmpSb^""^^'^ mutants, females 
never became pregnant or had offspring after 3.5 months. 
The third pair eventually showed a relatively normal re­
production performance after a 30-day delay. To further 
pinpoint the reproductive defect in Bmp8b""'^'^ mice, 
mating pairs were set up with different combinations of 
male and female mice. As shown in Table 1, 10 of 18 
homozygous BrnpSb^""^^^^ male mice were sterile when 
mated with females of different genotypes. Another two 
males were initially fertile, with a litter of two to three 
pups, but then became sterile. Heterozygous animals and 
homozygous BmpSb^"'^^^^ females did not show obvious 
reproduction defects. 

Table 1. Reproduction phenotype of Bmp8b mutant mice 

Male (n) 

- / - (12) 

- / - (6) 

+ / - (5) 
+ / + (6) 

Female (nj 

+ / - ( 3 ) 
+ / + ( 5 ) 
- / - ( 1 2 ) 
+ / - ( 2 ) 
+ /+{?] 
- / - ( 5 ) 
- / - ( 8 ) 

Fertile? 

no" 

yes 

yes 
yes 

Testis 

weight jmg) 

17 ± 4 . 9 

80 ± 17 

100 ± 15 
117 ± 15 

degeneration 

complete 

partial 

none 
none 

Males and females of different genotypes (7-10 weeks of age) 
were mated for a period of 45 days or longer. Females that be­
came pregnant or gave birth were scored as fertile. After mating, 
animals aged 17-25 weeks were sacrificed and their reproduc­
tive organs were examined. 
''Two of the males in this group had litters of two to three pups 
in the beginning, and no more pregnancies were scored thereaf­
ter. 

Progressive germ-cell apoptosis leads to sterility 
in homozygous BmpSb*'"^''^^ males 

As shown in Table 1, sterile BmpSb^'"^'^'^ males had tes­
tes - 1 5 % the size of wild-type or heterozygous testes. 
Fertile homozygous mutant males also had smaller tes­
tes than wild-type and heterozygous males. Histological 
examination revealed almost complete testis degenera­
tion or germ-cell depletion in all sterile mutants , 
whereas partial germ-cell depletion or degeneration was 
observed in all fertile homozygous mutants (Table 1; Fig. 
2). None of the heterozygous or wild-type males showed 
obvious testis degeneration. The remaining reproductive 
organs and accessory glands appeared normal in all mu­
tant animals. 

In completely degenerated testes, most of the seminif­
erous tubules were occupied mainly by Sertoli cells wi th 
only very few germ cells (Fig. 2C,F; data not shown). In 
partially degenerated testes, seminiferous tubules in the 
process of degeneration were found. They lacked primary 
spermatocytes and had irregular elongated spermatids in 
the center and some spermatogonia and Sertoli cells at 
the periphery (Fig. 2B,E). Local accumulation of intersti­
tial Leydig cells was present in the completely degener­
ated areas of the testis (Fig. 2B,C,F). Terminal deoxynu-
cleotide transferase-mediated dUTP nick end labeling 
(TUNEL) (Gavrieli et al. 1992) of the testis sections re­
vealed increased apoptosis of germ cells in the degener­
ating seminiferous tubules (Fig. 21) compared with nor­
mal tubules (Fig. 2G). In addition, as shown in Fig. 2H, 
some morphologically normal homozygous mutant tu­
bules contained numerous labeled primary spermato­
cytes, indicating that these cells are the first germ-cell 
population to be affected in the absence of a functional 
Bmp8b gene. 

Bimodal expression of BmpS genes in male germ cells 
during testicular development 

As shown previously (Zhao and Hogan 1996), BmpSa and 
Bmp8b genes are expressed at high levels in stage 6-8 
round spermatids and at lower levels in 20%-30% of 
pachytene spermatocytes in stage VI-VIII seminiferous 
tubules. The expression of BmpS genes therefore appears 
to be tightly controlled in a stage-specific manner after 
mid-puberty (3.5 weeks old) and during adult life. How­
ever, careful examination of Bmp8 expression in male 
germ cells during the early postnatal period revealed low 
levels of expression of both BmpS genes in almost all 
spermatogonia and early meiotic germ cells (Fig. 3C,D, 2 
weeks). This early expression of BmpS in male germ cells 
was not observed in newborn animals (Fig. 3A,B) but was 
obvious I week after birth (data not shown). The expres­
sion of BmpS genes in spermatogonia is shut off once the 
stage-specific expression is established after mid-puberty 
(Zhao and Hogan 1996). Such a bimodal expression pat­
tern of BmpS genes during testis development suggests 
that different mechanisms are used to regulate BmpS 
expression in the early and late stage testis and that the 
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Figure 2. Histology and TUNEL labeling of 
adult wild-type and homozygous BmpSb^"''^'^ 
testes. [A-F] Testis sections stained with peri­
odic acid-Schiff s (PAS) reagent and hematoxy­
lin. [A] Section through a wild-type testis (105 
mg); [B] section of a partially degenerated ho­
mozygous BmpSb^"'^'^'^ testis (42 mg) (note the 
morphologically normal tubules (asterisks) and 
tubules in the process of degeneration (arrow­
heads) as well as the completely degenerated 
tubules above the boxed region]; (C) section 
of a completely degenerated homozygous 
BmpSb'"''^^^ testis (15 mg); (D) high power 
magnification of a wild-type stage XII seminif­
erous tubule; (£) high power magnification 
of the area boxed in B showing a degenerating 
seminiferous tubule (arrowhead), which con­
tains numerous irregular elongated spermatids 
in the center and spermatogonia and Sertoli 
cells at the periphery; [F] high power magnifi­
cation of completely degenerated seminiferous 
tubules that contain numerous Sertoli cells jSC). Accumulation oi intertubular Leydig cells (LC) is noted between the degenerated 
tubules; (G) TUNEL labeling of a wild-type seminiferous tubule showing absence of cells undergoing apoptosis; [H] TUNEL labeling 
of a section through a morphologically normal seminiferous tubule of a homozygous Bmp8b'""^'^ testis showing numerous apoptotic 
primary spermatocytes (arrow); (/) TUNEL labeling of an adjacent section to £ showing numerous germ cells undergoing apoptosis. G-I 
were counterstained with eosin. Bar, 320 iJim in A-C and 80 x̂m in D-I. 

genes have two distinct functions during spermatogene­
sis. 

The onset of germ-cell deficiency in homozygous 
BmpSb''"^''^'' males coincides with early Bmp8b 
expression and initiation of spermatogenesis 

The expression of Bmp8 genes in male germ cells during 
early puberty led us to investigate the roles of Bmp8b 

Bmp8a Bmp8b 

^ D % %^..r;. _ ' 

1^ ^m%'w% ifc»l*:^*y 

■r^^^VF^^jflnp^^HuJp ^^^tm-'^m iP^^^afjM^W^^ 

1 ̂ Fj^l!M>' ^HI^MIIIJIMB 
^^^^^^^^^^^m^^EtMB^^F^ . ■H^L^^WL^^ a V ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H 

NB 

1 

2 WK 

Figure 3. Bmp8a and Bmp8b expression in newborn and 
2-week-old testes. Antisense RNA probes corresponding to the 
3' UTRs of each gene were used for in situ hybridization. All 
sections were counterstained with hematoxylin. Only bright-
field photomicrographs are shown. No obvious hybridization 
signals were detected in the gonocytes of newborn testes ((NB) 
arrows i n ^ and B]. Low levels of hybridization were detected in 
most germ cells of 2-week-old testes ((2 WK) arrows in C and D[. 
Bar, 25 |xm. 

during early spermatogenesis. As shown in Figure 4, 
from 1 to 7 weeks after birth, there was a continuous 
increase in testis weight in animals of all genotypes. 
However, at each age, the average weight of homozygous 
mutant testes was significantly lower than that of wild-
type and heterozygous testes, and the difference was 
most pronounced at 2-3 weeks. From 4 to 7 weeks, 
- 5 0 % of the homozygous mutant testes reached a size 
comparable with that of some heterozygous testes, but 
—20-30% of the homozygous mutant testes never grew 
>20 mg in weight. The remaining testes were of inter­
mediate size. During adult life (17 to 25 weeks old) many 
of the homozygous mutant testes degenerated and 
weighed <20 mg. 

The histology of testes at different ages is shown in 
Figure 5. Even 1 week after birth, heterozygous and ho­
mozygous mutant testes showed a reduction in the di­
ameter of the seminiferous tubules and a decrease in the 
number of cells within them (Fig. 5B,C). At this time, 
early meiotic germ cells were found in many wild-type 
seminiferous tubules (Fig. 5A) but not in heterozygous 
and homozygous mutant animals. At 2 weeks, the his­
tology of most heterozygous testes was similar to that of 
wild type, with a slight decrease in the diameter of the 
seminiferous tubules (Fig. 5D,E). In contrast, most ho­
mozygous mutant testes continued to show reduced 
seminiferous tubule diameter and cell number, and con­
tained only a single cell layer in the seminiferous epi­
thelium (Fig. 5F). At 3 weeks of age, many seminiferous 
tubules still contained a single-layered epithelium (as­
terisk in Fig. 51), but a number of mutant tubules now 
contained a stratified seminiferous epithelium (arrow­
head in Fig. 51). By 5 weeks, 50% of the homozygous 
mutant testes exhibited a relatively normal histology 
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Figure 4. Comparison of the weight of wild-
type and BmpSb'^'"'^'^ testes at different ages 
during postnatal development. For each age 
several litters of animals were used and the 
mean ±s.E. is indicated for each group of an­
imals. [N] The number of animals in each 
group. Because of big litter sizes, the 2-week-
old animals and their testes were slightly 
smaller than average. However, animals of 
all three genotypes had comparable body 
weights. Testis weight differences among 
wild-type ( + / + ), heterozygous ( + / - ) , and 
homozygous ( - / - ) mutants are statistically 
significant at different ages (using Student's 
t-test) except between wild-type and hetero­
zygous animals at 2 weeks. Note the rela­
tively large standard error in the weight of 
homozygous mutant testes at 3 weeks and 
later, which reflects the wide variation of 
testis weight in these groups. At 2 weeks, all 
homozygous testes were significantly 
smaller than wild-type and heterozygous 
mutant testes. Between 3 and 7 weeks, 50% 
of the homozygous mutant testes gradually 
recovered to sizes comparable with some 
heterozygous testes after a lag of 1-2 weeks. 
About 20%-30% of the homozygous mutant 
testes never grew beyond 20 mg. When ho­
mozygous animals reached 4-6 months old, 
two-thirds of the testes were 20 mg or less. 

(Fig. 5L) but with delayed germ-cell differentiation in 
comparison with wild-type and heterozygous animals. 
For example, in 5-week-old wild-type or heterozygous 
testes, stage 16 elongated spermatids (Russell et al. 1990) 
or mature sperm were found in many seminiferous tu­
bules or even in the epididymis. However, at this age the 
most differentiated germ cells in the homozygous mu­
tant testes were stage 12-13 elongated spermatids that 
could be found at 4 weeks of age in the normal testis. A 
slight delay in meiosis and a decrease m the size of the 
heterozygous testes (Fig. 4) may reflect some degree of 
haploinsufficiency in these mice. 

Defects in germ-cell proliferation rather than increased 
apoptosis cause germ-cell deficiency in homozygous 
BmpSb'"'^^^'^ testes during early puberty 

To investigate the cause of the germ-cell deficiency in 
BmpSh^""^^^^ mutant animals during early puberty, bro-
modeoxyuridine (BrdU) labeling (Sakai et al. 1994) was 
performed to examine cell proliferation, and TUNEL la­
beling was used to detect programmed cell death. As 
shown in Figure 6, at 2 weeks of age, homozygous mu­
tant testes showed a marked decrease in the number of 
BrdU-labeled cells in the seminiferous epithelium, 
which were mainly spermatogonia and early primary 
spermatocytes (Fig. 6H,K) compared with wild-type and 
heterozygous animals (Fig. 6B,E). However, BrdU incor­

poration in the interstitial cells seemed to be unaffected 
in the homozygous mutants (Fig. 6H,K) compared with 
control. Germ cells labeled by TUNEL were detected in 
wild-type and heterozygous mutant testes (Fig. 6C,F), 
but there appeared to be fewer labeled cells in the ho­
mozygous mutant testes (Fig. 6I,L). Analysis of testes 
from 1- to 4-week-old animals revealed similar defects in 
germ-cell proliferation in homozygous mutants (Fig. 7). 
Therefore, based on these data, we conclude that abnor­
mal germ-cell proliferation and a subsequent delay in 
differentiation, rather than increased apoptosis, are re­
sponsible for the paucity of mitotic and meiotic germ 
cells in mutant testes during the early postnatal period . 

Local accumulation of interstitial cells in the homozy­
gous BmpSb'"'' ' ' '^ testes is not caused by increased 
cell proliferation 

As shown in Figures 6 and 7, there was no obvious dif­
ference in BrdU incorporation in the interstitial cells of 
mutant (Figs. 6H,K and 7B,D,F,H) and wild-type testes 
(Figs. 6B and 7A,C,E,G) during early and mid-puberty. To 
investigate the cause of the accumulation of interstitial 
cells in the degenerating testis of the adult, we per­
formed BrdU labeling of 8-week-old young adult testes. 
As shown in Figure 8, although partially degenerated tes­
tis contained abnormal tubules surrounded by intersti­
tial cells (asterisk in Fig. 8A), there was no increase in 
the number of labeled cells in the degenerating area 8 hr 
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Figure 5. Histology of wild-type ( + / + ), 
heterozygous ( + / - ) , and homozygous 
( - / - ) BrnpSb'""'^^^ testes. All sections 
were stained with PAS. Note the different 
magnification of A-F, G-I, and f~L. [A-C] 
Sections through testes of 1-week-old an­
imals. A multilayered seminiferous epi­
thelium containing meiotic germ cells is 
present in the wild-type seminiferous tu­
bules (A). In heterozygous and homozy­
gous BmpSb'' testes most tubules 

1 week 
40 X 

2 weeks 
40 X have only a single basal layer of cells {B,C); 

{D-F) sections through testes of two-week-
old animals. Note the reduction in the di­
ameter and number of cells in most sem­
iniferous tubules of the homozygous 
BmpSb""'^'^ testis (asterisk). However, 
some tubules do contain multilayered 
seminiferous epithelium (arrowhead); (G-
/) sections through testes of 3-week-old 
mice. Similar histology is noted in the ho­
mozygous BmpSb''"^'^"' testis as in F, but 
more seminiferous tubules contain multi­
ple layers of germ cells (arrowhead); (/-L) 
sections through testes of 5-week-old ani­
mals. About 50% of the homozygous 
BrnpSb^""^^^^ testes now contain seminif­
erous tubules with relatively normal his­
tology, but a delayed differentiation (stage 12-13 elongated spermatids are the most differentiated germ cells) is noted in comparison 
with wild-type or heterozygous testes (stage 16 elongated spermatids or mature sperm are present in seminiferous tubules or epidid­
ymis). Bar, 80 |xm in A-F; 160 ixm in G-L, and 320 \i.va in /-L. 

3 weeks 
20 X 

5 weeks 
10 X 

after BrdU injection. Therefore, we conclude that the 
local accumulation of interstitial cells is a secondary ef­
fect caused by the decreased volume of the seminiferous 
tubules. 

Effect on Sertoli cell gene expression in the absence 
of a functional Bmp8b gene 

To investigate the possible effect of BMP8B protein on 
Sertoli cell function, in situ hybridization was performed 
with antisense RNA probes derived from two Sertoli 
cell-specific markers, desert hedgehog [Dhh] (Bitgood 
and McMahon 1995; Bitgood et al. 1996) and cyclic pro­
tein 2 [Cp2] (Wright and Luzarranga 1986; Joseph et al. 
1988). As shown in Figure 9, low levels of expression of 
both Dhh and Cp2 were observed in the morphologically 
normal seminiferous tubules of the homozygous mutant 
testes (Fig. 9, lower parts of A and B), comparable with 
levels in the wild type (data not shown). However, much 
higher levels of expression of both genes were observed 
in the degenerated seminiferous tubules (Fig. 9, upper 
parts of A and B). Higher magnification of the degener­
ated seminiferous tubules revealed that the Sertoli cells 
attached to the basement membrane expressed high lev­
els of both genes. However, clusters of cells in the center 
of the tubules did not express either gene (arrows in Fig. 
9E,F). These were most likely early spermatogonia that 
had detached from the basal lamina. From these data, we 
conclude that in the absence of a functional Bmp8b gene, 

before seminiferous tubule degeneration occurs, the lev­
els of Dhh and Cp2 expression are not altered, but after 
germ-cell degeneration, expression of both genes is dra­
matically up-regulated. This may either be a result of 
removal of a specific inhibitory effect of BMP8B on Dhh 
and Cp2 gene expression, or, more likely, be a conse­
quence of removal of a general inhibition of germ cells 
on Sertoli cell gene expression. 

Discussion 

Numerous studies have indicated that cell—cell interac­
tions are critical for initiating and maintaining sper­
matogenesis in the mammalian testis (for review, see 
Orth 1993; Wright 1993). For example, SertoH cell-de­
rived Steel factor acts on spermatogonia through c-kit 
receptor to maintain spermatogenesis (Yoshinaga et al. 
1991). Inactivation of the mouse Dhh gene, which is also 
expressed in Sertoli cells, leads to germ-cell degeneration 
(Bitgood et al. 1996). Conversely, a deficiency of germ 
cells can cause changes in Sertoli cell gene expression, 
such as the up-regulation of Dhh, Cp2 (Fig. 9), and 
GATAl (Yomogida et al. 1994; Bitgood et al. 1996) in 
degenerated seminiferous tubules. Leydig cells are re­
sponsible for the production of testosterone, which sup­
ports spermatogenesis through effects on the Sertoli 
cells. In tum, Sertoli cell-derived proteins, such as the 
complex of TIMPl-procathepsin L, regulate testosterone 
production by Leydig cells (Boujrad et al. 1995a). 

Although germ cells and somatic cells are physically 
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PAS staining BrdU labelling TUNEL labelling Figure 6. Comparison of histology, BrdU la­
beling, and TUNEL labeling of testes of 
2-week-old animals. [A-C] Sections of a wild-
type testis; [D-F] sections of a heterozygous 
BrnpSb""'^"' testis; [G-I] sections of a ho­
mozygous BmpSb^"'"^"^ testis with moderate 
germ cell deficiency; (}-L] sections of a ho­
mozygous BmpSb'^"'''^"^ testis with severe 
seminiferous tubule defects. In wild-type and 
heterozygous BmpSb^'"^^'^ testes, heavy BrdU 
labeling is noted in many seminiferous tubules 
(arrowheads in B and E). However, in homozy­
gous BmpSb'^'"'^"^ testes there is a significant 
reduction (arrowhead in H) or absence [K] of 
BrdU labeling in the seminiferous epithelia. In 
K only the interstitial cells are labeled by BrdU 
(arrowhead) at a comparable frequency to wild-
type and heterozygous testes. In wild-type and 
heterozygous Bmp8b^"^'^'^ testes, germ cells 
of some tubules are labeled by TUNEL (arrows 
in C and F). In homozygous Bmp8b"^^^'^ tes­
tes, a reduction (/) or absence (L) of TUNEL-
labeled cells is noted. (#) Normal or relatively 
normal seminiferous tubules. (Asterisk) Semi­
niferous tubules with severely reduced num­
bers of germ cells. Bar, 160 îm. 

and functionally associated in the testis, their prolifera­
tion and differentiation are thought to be controlled by 
different mechanisms (for review, see McCarrey 1993; 
Orth 1993). For example, in the mouse, Sertoli cell pro­
liferation initiates during late fetal development, peaks 
perinatally, and decreases gradually, so that it has ceased 
completely by 2 weeks after birth. In contrast, male 
gonocytes cease proliferation around 14.5 days post-coi-
tum (p.c.) and do not resume cell division until several 
days after birth. By late puberty (5 weeks of age), a steady 
state of spermatogenesis is reached, and the proliferation 
and differentiation of the self-renewable spermatogonia! 
stem cell population is tightly controlled and main­
tained. All of the progeny of a stem cell are connected 
through intercellular bridges, presumably to promote 
synchronous development and differentiation. At 
present, rather little is known about the mechanisms 
controlling the initiation and maintenance of spermato­
genesis and whether these are interdependent or separa­
ble processes. A mouse mutation, juvenile spermatogo­
nia depletion [isd], throws some light on these questions. 
In the homozygous jsd mutants, the first wave of sper­
matogenesis takes place, but spermatogenesis fails to be 
maintained, leading to germ-cell degeneration after mid-
puberty and sterility (Beamer et al. 1988; Barton et al. 
1989; Mizunuma et al. 1992). This seems to indicate that 
the initiation and maintenance of spermatogenesis are 
controlled by different mechanisms. 

Growth and differentiation factors identified 
previously in the testis 

Up to now, a number of growth and differentiation fac­
tors have been shown to be expressed in the testis where 

they could mediate interactions among different cell 
populations. Most of these factors, including IGF-I, 
TGFa, epidermal growth factor (EGF), basic fibroblast 
growth factor (bFGF), TGF^l , INHIBINa, ACTIVTNpA, 
INHIBINpB, Miillerian inhibiting substance (MIS) (for 
review, see Bardin et al. 1993; Robertson et al. 1993), and 
DHH (Bitgood and McMahon 1995) are produced by Ser­
toli cells, whereas germ cells express WNTl , bFGF, 
nerve growth factor (NGF), BMP8A, and BMP8B (Shack-
leford and Varmus 1987; Parvinen et al. 1992; Han et al. 
1993; Zhao and Hogan 1996). Cross-regulation among 
some of these factors has been shown in the testis; for 
example, the production of IGF-I by Sertoli cells is stim­
ulated by FGF and EGF (Chatelain et al. 1987; Hansson 
et al. 1989). Previous studies have suggested that some of 
these growth factors have either direct or indirect roles 
in spermatogenesis, as their putative receptors are ex­
pressed in either somatic cells or germ cells or both (for 
review, see Bardin et al. 1993; Orth 1993; Robertson et 
al. 1993). However, in only a few cases have their precise 
in vivo roles been established with molecular genetic 
approaches, using targeted gene inactivation and/or mis-
expression in testicular cells in transgenic mice. Inacti­
vation of inhibina and activin/3B genes does not lead to 
primary defects in spermatogenesis, supporting the idea 
that these proteins function primarily through regulat­
ing follicle-stimulating factor (FSH) and luteinizing hor­
mone (LH) production in the pituitary gland. Inactiva­
tion of MIS causes the incomplete suppression of female 
reproductive organ differentiation during development 
and some degrees of Leydig cell over proliferation in a 
small number of male animals, confirming that the ma­
jor function of MIS is to suppress the development of the 
female reproductive system. Homozygous-nuU TGFa 
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Figure 7. Comparison of BrdU labeling of wild-type and 
BmpSb^"'^^^^ testes at different ages. Note the different magni­
fication of testis sections of different ages. {A,B] Sections 
through 1-week-old testes; |C,D) sections through 2-week-old 
testes; [E,F] sections through 3-week-old testes. Note the differ­
ence in the diameter of seminiferous tubule and the number of 
labeled cells in them between wild-type and homozygous mu­
tant (arrows indicate the labeled cells). Many of the seminifer­
ous tubules with single-layered seminiferous epithelium in the 
mutant testes are not labeled by BrdU (asterisk). [G,H] sections 
through 4-week-old testes. Note the smaller diameter of the 
seminiferous tubules in the mutant testis. However, in most 
tubules of most mutant testes the number of BrdU-labeled cells 
is comparable between wild-type and mutant animals. Bar, 80 
ixm in A-D; 160 .̂m in E-H. 

mutants show normal reproductive performance and 
presumably have normal spermatogenesis (Luetteke et 
al. 1993). The surviving homozygous TGFfi mutant male 
mice also have apparently normal spermatogenesis (T. 
Doetschman, pers. comm.). IGF-I homozygous mutant 
mice die perinatally; therefore, it is not possible to de­
termine the in vivo role of IGF-I during spermatogenesis 
(Powell-Braxton et al. 1993). The observation that inac-
tivation of the Dhh gene results in germ-cell degenera­
tion and the putative hedgehog signaling component 
patched [ptc] is expressed predominantly in Ley dig cells 
(Bitgood et al. 1996) suggests that DHH and PTC pro­
teins mediate interactions between somatic Sertoli cells 
and Leydig cells. Most homozygous null Wntl mutants 
die perinatally because of defects in the cerebellum and 
midbrain, but the few males surviving to adulthood are 
fertile, showing that Wntl is not essential for spermato­

genesis (for review, see Nusse and Varmus 1992). The in 
vivo functions of other factors still need further investi­
gation. 

Bmp8b is expressed in male germ cells and is required 
for the initiation and maintenance of spermatogenesis 

As reported recently (Zhao and Hogan 1996) and in this 
study, we have shown that Bmp8a and Bmp8h, encoding 
two closely related BMPs, are expressed in male germ 
cells in a tightly controlled, bimodal manner. The initi­
ation of their expression in early germ cells coincides 
with the initiation of spermatogenesis in early puberty. 
After mid-puberty, their expression shifts specifically to 
the stage 6-8 round spermatids where transcripts are 
found at high levels. Such a bimodal expression pattern 
suggests that the transcriptional regulation of Bmp8 
genes is controlled by two distinct mechanisms during 
spermatogenesis. In this study we have shown that the 
targeted inactivation of the mouse Bmp8b gene results 
in two separable phenotypes during spermatogenesis. 
During early puberty, the absence of a functional Bmp8b 
gene blocks germ-cell proliferation in 20%-30% of the 
homozygous mutant testes and results in delayed and 
reduced germ-cell proliferation and differentiation in the 

Figure 8. BrdU labeling of an 8-week-old homozygous mutant 
testis with partial degeneration. Eight hours after BrdU injec­
tion, the testis was dissected out and processed. [A] Low power 
magnification of a section through a partially degenerated tes­
tis. The upper portion contains seminiferous tubules with rel­
atively normal morphology; the lower portion contains degen­
erated tubules surrounded by locally accumulated interstitial 
cells. There is no obvious increase in the number of BrdU-la­
beled cells in the degenerated area (asterisk) in comparison with 
an area containing normal seminiferous tubules. [B] A higher 
magnification of the boxed area in A. (Arrow) Degenerating tu­
bule containing numerous BrdU-labeled germ cells. Bar, 320 ̂ -m 
in A; 80 |xm in B. 

1664 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Presson October 18, 2024 - Published by Downloaded from 

http://www.cshlpress.com


Bmp8b in spermatogenesis and feitility 

Dhh Cp-2 

Figure 9. Expression of Sertoli cell-specific genes in a partially 
degenerated homozygous BrnpSb^"^^^'^ testis. In situ hybridiza­
tion was carried out with antisense probes to Dhh and Cp-2 on 
sections of a homozygous BrnpSb""^^"" testis of 2.5-month-old 
(60 mg). {A,B] Dark-field photomicrographs showing that both 
Dhh and Cp-2 are expressed at much higher levels in the de­
generated seminiferous tubules [top] than in the tubules with 
normal morphology [hottom]. [C,D] Dark-field and [E,F] bright-
field photomicrographs of the degenerated tubules at higher 
magnification. Arrows in £ and F show clusters of darkly 
stained cells in the center of the seminiferous tubules do not 
express Sertoli cell-specific markers, suggesting that they are 
probably early spermatogonia that have detached from the basal 
lamina. Bar, 320 [xm in A and B; 80 |xm in C-F. 

remainder of the testes. This suggests that the BMP8B 
protein has a major role in the initiation of spermatogen­
esis. During mid- and late puberty, 50% of the homozy­
gous mutant testes gradually reach a size comparable 
with that of some heterozygous mutants but with an 
apparently delayed first wave of spermatogenesis (Figs. 
5L and 7H). Such a recovery is presumably caused by the 
presence of BMP8A, which compensates for the absence 
of BMP8B. This hypothesis will be tested by generating 
mice homozygous for mutations in both genes. 

According to our model, during early adulthood, in­
creased apoptosis of pachytene spermatocytes in ho­
mozygous mutant testes leads to a decreased number of 
round spermatids in the next round of meiosis and con­
sequently to reduced levels of BMP8A protein and an 
acceleration of degeneration of other germ-cell popula­
tions. This adult phenotype of Bmp8b homozygous mu­
tants suggests that the BMP8B protein is also required for 
the maintenance of spermatogenesis and that BMP8A is 
insufficient to compensate for the absence of BMP8B. 
Therefore, it is reasonable to conclude that the BMP8B 
protein is required for both the initiation and mainte­
nance of spermatogenesis. The presence of BrdU-labeled 
spermatogonia in the degenerating tubules (Fig. 8A,B) 

suggests that lower levels of BMP8 proteins are sufficient 
for germ-cell proliferation in the adult, whereas higher 
levels of BMP8 are required for the survival of pachytene 
spermatocytes. 

Potential elements of a BMP8 signal transduction 
pathway are expressed in the testis 

Two models can be proposed for the mechanism by 
which BMP8 proteins exert their regulatory roles dur­
ing spermatogenesis. First, they may work primarily 
through an endocrine pathway, as in the case of activins 
and inhibins, by influencing gonadotropin production in 
the pituitary gland. The fact that the phenotype of the 
homozygous Bmp8b mutant does not show any signifi­
cant changes in morphology, proliferation, or apoptosis 
in the somatic Leydig and Sertoli cells (Figs. 2, 4, 5, 6, 
and 8), which are the primary target cells for gonadotro­
pins, does not support a long-range paracrine model for 
BMP8 function. The up-regulation of Sertoli cell gene 
expression in the degenerated tubules of homozygous 
mutants is probably caused by the absence of differenti­
ating germ cells rather than a systemic effect, because 
some tubules with normal germ associations in the same 
testis do not show such up-regulation. The male Wolf­
fian duct-derived tissues, including vas deferens, epidid­
ymis, and accessory glands, appear normal morphologi­
cally in all homozygous mutant males, indicating that 
androgen production by Leydig cells is sufficient. Ac­
cording to the second model (schematized in Fig. 10) the 
BMP8 proteins function locally within the seminiferous 
tubule, either through an autocrine effect on germ cells 
and/or through a short-range paracrine effect on Sertoli 
cells. This model seems more feasible for the following 
reasons. (1) At least two receptors that bind BMPs, 
namely ActRIIA and ActRIIB, are expressed in the sem­
iniferous epithelium; ActRIIA mainly in pachytene sper­
matocytes and round spermatids, and ActRIIB mainly in 
spermatogonia, early meiotic germ cells, and Sertoli cells 
(Kaipia et al. 1992, 1993; Manova et al. 1995). BMP2 and 
BMP7 have been shown to bind ActRIIA and ActRIIB and 
to signal biological responses (Yamashita et al. 1995; J. 
Wrana, pers. comm.). It is reasonable to speculate that 
BMP8 proteins will bind to the same receptors and exert 
their biological functions through them because BMP8A 
and BMP8B (0P2 and OP3) are in the same subfamily as 
BMP7 (Griffith et al. 1996). (2) We have found that two 
mouse homologs of the Drosophila mothers against dpp 
[mad] gene (Raftery et al. 1995; Sekelsky et al. 1995) are 
expressed in the seminiferous epithelium of the testis. 
One gene, which we have called Madrl, is identical to 
human MadR-I (J. Wrana, pers. comm.) and is expressed 
mainly in the pachytene spermatocytes and early round 
spermatids, whereas the other, which we have named 
Madr2, is mainly expressed in spermatogonia, early mei­
otic germ cells, and Sertoli cells (data not shown). Recent 
studies have shown that human MADR-1 and Droso­
phila MAD serve as downstream signaling targets for 
BMP2 and ActRIIs in a cell culture system (J. Wrana, 
pers. comm.). Therefore, MADRl and MADR2 may 
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Figure 10, Schematic representation of an 
autocrine and/or short range paracrine 
model of BMP8B function. Diagrams repre­
sent a cross section through the seminifer­
ous tubule of an early pubertal [left] or adult 
[Tight] testis, with the lumen of the tubule 
at the top. At the periphery of the tubules 
are myoid cells that share a basement mem­
brane (thick black line) with Sertoli cells 
(blue), spermatogonia, and preleptotene 
spermatocytes (PL). Germ cells remain em­
bedded between Sertoli cells as they differ­
entiate into primary spermatocytes (Sp) in 
early puberty or pachytene spermatocytes 
(PS), round spermatids (RS), and elongated 
spermatids (ES) in the adult. During early 
puberty, BMP8B (red squares) is produced by 
all germ cells at low levels. In the adult, 
stages 6-8 round spermatids express high 
levels of BMP8B, and low levels of BMP8B 
are also produced by a small number of 
pachytene spermatocytes in stage VI-VII 
seminiferous tubules. Red arrows indicate 
action of BMP8B action on target cells. In 
this model, BMP8B acts on germ cells 
through autocrine and/or short-range para­
crine effects and on Sertoli cells through a 
short-range paracrine effect. 

Model of BMP8B Functions 
During Spermatogenesis 

BMP8B production by 
round spermatids is 
necessary for germ 
cell differentiation 

and survival. 

Early Puberty 

spermatogonia 

Adult 

serve as downstream targets for BMP8 signaling in the 
testis. It is important to note that in adult homozygous 
Bmp8b mutants, the pachytene spermatocytes that ex­
press Madrl at very high levels are the first cell popula­
tion showing increased apoptosis and depletion (Fig. 
2H,I), indicating they are most sensitive to BMP8 avail­
ability. 

In conclusion, the initiation of Bmp8 gene expression 
during testis development coincides with the onset of 
the first wave of spermatogenesis, and the absence of a 
functional Bmp8b gene results in either a block or a de­
lay in germ-cell proliferation and differentiation during 
early puberty. During adulthood, increased apoptosis of 
pachytene spermatocytes in homozygous mutants leads 
to testis degeneration and sterility. Therefore, BMP8B 
appears to be required both for the initiation and main­
tenance of spermatogenesis. The early low levels of 
BmpS expression and the high levels of stage-specific 
BmpS expression established after mid-puberty are prob­
ably regulated by different mechanisms, in agreement 
with the idea that the initiation and maintenance of 
spermatogenesis are controlled by different mechanisms. 
At present we cannot rule out the possibility that BMP8 
proteins influence spermatogenesis through long-range 
endocrine effects, rather than through local effects 
within the seminiferous tubule (see Fig. 10). However, 
the fact that putative receptors of BMPS proteins, Ac-
tRIIA and ActRIIB, and downstream signaling mole­
cules, MADRl and MADR2, are expressed in seminifer­
ous epithelium supports an autocrine model or short-
range paracrine model for BMPS function during 
spermatogenesis. 

Materials and methods 

Construction of targeting vector 

Bmp8b genomic DNA clones were isolated from a 129/SvJ 
mouse X FixII genomic library (Stratagene) using a BmpSa 
cDNA probe spanning exons 2-7. Nine phage clones were ob­
tained. Two overlapping clones correspond to the BmpSa geno­
mic locus as revealed by restriction mapping and sequencing. 
The remaining clones belong to the Bmp8b locus, and a partial 
restriction map is shown in Figure 1. A replacement targeting 
vector was constructed using a 7-kb 5' homology region (BamHl 
fragment! and a 1-kb 3' homology region {BamHl and Xbal frag­
ment). A 7-kb segment containing exon 4 was replaced by a 
MClneo cassette (Rudnicki et al. 1992) resulting in the deletion 
of the predicted cleavage site and part of the pro-region as well 
as part of the mature region. A phosphoglycerokinase thymi­
dine kinase |PGK TK) cassette (Rudnicki et al. 1992) and a 
MCIDT-A cassette (Yagi et al. 1990) were attached to the 5' and 
3' ends, respectively, for negative selection. This Bmp8b mu­
tant allele is designated as Bmp8b""^^'^ based on standard no­
menclature (Davisson 1995). 

Generation of recombinant ES cell clones and 
mouse chimeras 
Rl (passage 15, kindly provided by Drs. Janet Rossant and An-
dras Nagy, Mt. Sinai Hospital, Toronto, Canada) and TLI (pas­
sage 11, derived from 129/SvEv strain by P.A. Labosky) ES cell 
lines were electroporated with 20-50 \ig of Nofl-digested re­
placement vector DNA. A single pulse was delivered to the ES 
cells in a volume of 0.8 ml of phosphate-buffered saline with a 
Bio-Rad gene pulser at 800 V, 3 jiF. After electroporation, the ES 
cells were plated onto irradiated neo"̂  mouse primary embryonic 
fibroblasts. ES cell culture and drug selection were performed 
essentially as described (Winnier et al. 1995). One targeted ES 
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line (5B11) from Rl cells and four targeted cell lines (A5, Dl , F4, 
and F7) from TLl cells were obtained with a frequency of 3% of 
the double-resistant clones. 5B11, A5, and Dl were used for host 
blastocyst (C57BL/6) injection essentially as described (Hogan 
et al. 1994b), and all three clones gave germ-line transmission of 
the mutant allele. Chimeras were crossed with Black Swiss fe­
males (Taconic), and agouti offspring were analyzed by South­
ern blotting for the presence of the BmpSb^'"^^"' allele. Ho­
mozygous mutant animals were obtained by crossing heterozy-
gotes, and all analyses were carried out with the mixed genetic 
background of 129 and Black Swiss. All three lines show the 
same phenotype. 

Southern blotting 

Genomic DNA isolated from double-resistant ES clones and 
mouse tail tips was digested with £coRI. Hybridization was 
performed with a 1.4-kb 3 ' probe (Fig. lA). A 4.5-kb fragment 
corresponding to the wild-type allele and a 5-kb fragment cor­
responding to the BmpSW"^'^^^ allele were detected on Southern 
blots (Fig. IB). 

Histology, cell proliferation, and apoptosis analyses 

Male mice were injected intraperitoneally with a cocktail of 
BrdU and 5-fluoro 2'-deoxyuridine (FrdU) (Sigma) at a concen­
tration of 50 and 10 mg/kg, respectively, in PBS. After 2 or 8 hr, 
testes were dissected out, weighed, and immersed either in 4% 
paraformaldehyde-PBS or in Bouin's fixative at 4°C for 2-24 hr 
(the t ime depending on the size of the testis). Dehydration was 
done in series of ascending concentrations of ethanol for a pe­
riod of 2-5 hr. After the testes were embedded in paraplast, 
7-|i,m sections were cut and mounted onto Superfrost Plus slides 
(Fisher Scientific). Sections were stained with periodic acid-
Schiff's (PAS) reagent-hematoxylin for routine histology. Stain­
ing for BrdU incorporation was carried out essentially as de­
scribed (Sakai et al. 1994). 

Programmed cell death was analyzed by TUNEL labeling us­
ing the ApopTag detection kit (Oncor) essentially following 
manufacturer's instruction with some modifications. In brief, 
sections were dewaxed and rehydrated with a series of decreas­
ing concentrations of ethanol and rinsed in PBS. Proteinase K 
digestion was empirically optimized at 7 min. Sections were 
incubated with terminal deoxynucleotide transferase (TdT) and 
digoxygenin-dUTP at 37°C for 90 min. Sections were then 
quenched in 2% hydrogen peroxide for 10 min. The incorpo­
rated digoxygenin-dUTP was detected using an anti-digoxyge-
nin-peroxidase coupled antibody with Sigma Fast DAB tablets 
(Sigma). Sections were counterstained with either eosin or he­
matoxylin. 

In situ hybridization 

In situ hybridization with a-'^^S-labeled UTP RNA probes was 
performed essentially as described (Zhao and Hogan 1996) with 
slight modifications. In brief, the sections from testes fixed in 
Bouin's fixative were dewaxed and soaked in 70% ethanol for at 
least 12 hr to remove picric acid. Bmp8a 3 ' UTR and Bmp8b 3 ' 
UTR probes (Zhao and Hogan 1996) were used to detect Bmp8a 
and Bmp8b transcripts in male germ cells. A 900-bp mouse 
cyclic protein 2 (Cp-2) cDNA fragment corresponding to the 
coding region was obtained by RT-PCR, cloned into PCRscript 
(Stratagene), and used for synthesis of antisense RNA probes. 
Mouse Dhh plasmid pSP73.Dhhex3 (Bitgood et al. 1996) was 
used to synthesize antisense probes to mouse Dhh. 
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