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The c-ros gene was originally identified in mutant form as an oncogene. The proto-oncogene encodes a 
tyrosine kinase receptor that is expressed in a small number of epithelial cell types, including those of the 
epididymis. Targeted mutations of c-ros in the mouse reveal an essential role of the gene in male fertility. 
Male c-ros -1- animals do not reproduce, whereas the fertility of female animals is not affected. We 
demonstrate that c-ros is not required in a cell autonomous manner for male germ cell development or 
function. The gene, therefore, does not affect sperm generation or function in a direct manner. The primary 
defect in the mutant animals was located in the epididymis, showing that c-ros controls appropriate 
development of the epithelia, particularly regionalization and terminal differentiation. The epididymal defect 
does not interfere with production or storage of sperm but, rather, with sperm maturation and the ability of 
sperm to fertilize in vivo. Interestingly, sperm isolated from c-ros - / - animals can fertilize in vitro. Our 
results highlight the essential role of the epididymis in male fertility and demonstrate a highly specific 
function of the c-ros receptor tyrosine kinase during development of distinct epithelial cells. 
[Key Words: c-ros tyrosine kinase receptor; epithelial cells; epididymis; regionalization; terminal 
differentiation] 
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Tyrosine kinase receptors and their specific ligands can 
have essential roles during embryonic development and 
adult physiology. Receptors and ligands often form para- 
crine signaling systems, therefore providing a molecular 
basis for the interaction between different cell types. 
Such interactions are essential for ordered growth, dif- 
ferentiation, and morphogenesis in development and can 
critically influence homeostasis (Geissler et al. 1988; 
Dumont et al. 1994; Wang et al. 1994; Bladt et al. 1995; 
Meyer and Birchmeier 1995; Miettinen et al. 1995; Sato 
et al. 1995; Schmidt et al. 1995; Sibilia and Wagner 1995; 
Threadgill et al. 1995). The importance of these mole- 
cules is also emphasized by the fact that many genes 
encoding receptor tyrosine kinases were originally iden- 
tified as oncogenes (Yamamoto et al. 1983; Hampe et al. 
1984; Bargmann et al. 1986; Besmer et al. 1986; Martin 
et al. 1986; Takahashi and Cooper 1987), among them 
ros. Two independent isolates of transforming ros genes 
were characterized, the oncogene in the chick retrovirus 
UR2 and a human isolate identified in a transfection 
tumorigenicity assay (Neckameyer and Wang 1985 ; 

'Corresponding author. 

Birchmeier et al. 1986). Both oncogenes encode trun- 
cated proteins that lack a c-Ros-specific extracellular 
domain. The proto-oncogene encodes an "orphan" re- 
ceptor-type tyrosine kinase (Birchmeier et al. 1990; Mat- 
sushime and Shibuya 1990; Chen et al. 1991; Rieth- 
macher et al. 1994); the c-ros-specific ligand is as yet 
unknown. The receptor is expressed in few epithelia, 
among them the Wolffian duct and some of its deriva- 
tives (Sonnenberg et al. 1991; Tessarollo et al. 1992; 
Chen et al. 1994). 

The epididymis develops from the Wolffian duct in the 
male and functions in sperm maturation and storage. It 
consists basically of a convoluted tubular epithelium 
that connects the testis to the vas deferens. During pas- 
sage through the epididymis, the spermatozoa undergo 
various morphological and functional changes that re- 
sult in their competence for fertilization (Bedford 1975; 
Cooper 1995). These include the ability to move, to un- 
dergo the acrosome reaction, and to penetrate the zona 
pellucida. A high percentage of male infertility in hu- 
mans was suggested to originate in the malfunction of 
the epididymis (Lunde et al. 1990). 

Anatomically, the epididymis can be subdivided into 
the proximal caput, the middle corpus, and the distal 
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cauda. Epithelia of different parts are characterized by 
distinct morphologies and have different functions (Sun 
and Flickinger 1979; Dacheux and Paquignon 1980; 
Robaire and Viger 1995). Initially, the entire epididymal 
epithelium has a homogeneous appearance. During pu- 
berty it undergoes terminal differentiation, forming co- 
lumnar epithelia that display region-specific features, for 
instance, gradients in height (Sun and Flickinger 1979). 
Region-specific differentiation of the epididymis is also 
reflected in differential expression of various genes or 
enzyme activities, for example, proenkephalin, c-raf 
(Douglass et al. 1991; Winer et al. 1993) or P-galactosi- 
dase. Regionalization of initially uniform structures is 
an inherent theme of development and occurs during 
differentiation of the endoderm, brain, or heart. In 
Drosophila, a signal that determines regionalization of 
the egg is given by torso, a tyrosine kinase receptor (Lu et 
al. 1993; Savant and Monte11 1993). 

We have generated targeted mutations of the c-ros 
gene by homologous recombination in embryonic stem 
(ES) cells that were used to generate mice carrying the 
mutation. Animals with homozygous mutation in c-ros 
are viable and healthy. However, ros - / - males are 
infertile, the consequence of a primary defect in epidid- 
ymal regionalization and differentiation. Our results 
highlight the role of the epididymis in male fertility and 
provide evidence for the essential function of c-ros in the 
control of epithelial differentiation. 

Results 
Generation of ES cells and mice carrying a mutant 
c-ros gene 

Two different targeting vectors were constructed (Fig. 1)) 
which allowed the introduction of the mutation into 
c-ros sequences that encode the extracellular domain 
(rose" allele) or the protein kinase domain (roskl" allele). 
In addition to genomic c-ros DNA, both targeting vectors 
carried neo-resistance (neo) and herpes simplex virus 

thymidine kinase ( t k )  genes as positive and negative se- 
lection markers, respectively (Mansour et al. 1988). The 
vectors were introduced by electroporation into E14-1 ES 
cells (Kiihn et al. 1991); selection with G418 and Gan- 
cyclovir was used to enrich for homologous recombina- 
tion events, which were identified by PCR. PCR-positive 
clones were analyzed by Southern blot hybridization to 
verify that a single integration event had taken place by 
homologous recombination (Fig. 2a,bj data not shown). 
A neo cassette was inserted in an extracellular exon to 
generate the rose" allele; the neo cassette also introduces 
termination codons in all three reading frames. Two ex- 
ons that encode sequences of the tyrosine kinase domain 
are deleted in the rosk'" allele and replaced by the neo 
cassette. Six independent ES-cell clones, three for each 
mutant allele, were injected into blastocysts. Four ES- 
cell clones, two containing the rose" and two the roskin 
allele, produced germ-line chimeras that were used to 
establish strains that carry the mutation. Matings of het- 
erozygous mice gave rise to 25% of homozygous mutant 
animals. Similar numbers were observed for animals 
that carried rose" or rosk'" (Table 1A). 

Western analysis of c-ros was performed using anti- 
bodies against a carboxy-terminal peptide (Riethmacher 
et al. 1994). The c-Ros protein was found to be expressed 
in adult epididymides (Fig. 2d; see also below). No c-Ros 
protein was detected in epididymal extracts of homozy- 
gous mutant animals, regardless of whether they carried 
rose" or rosk'" alleles (Fig. 2c). In addition, ros-specific 
transcripts were analyzed by Northern analysis in ani- 
mals that carried the rose" allele. The c-ros transcript 
from wild-type ( +  1 + )  animals was 8.0 kb in size. In 
homozygous mutant animals, two mRNA species were 
detected with a cDNA probe that encodes extracellular 
c-ros sequences: (1) A 4.4-kb mRNA corresponding to a 
fusion transcript containing extracellular coding se- 
quences of c-ros and the neo cassette; this transcript 
ends at a poly(A) site present in the neo cassette; (2) a 
9.2-kb mRNA corresponding to a fusion transcript con- 
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Figure 1. Strategy applied to mutate the murine c-ros locus in the extracellular (left) or the kinase domain (right). The schematic 
structure of the c-ros receptor is shown at the very top, and extracellular, transmembrane (TM), and cytoplasmically located tyrosine- 
specific protein kinase domains are indicated. (Below) A schematic representation of the genomic DNA from the wild-type allele (top), 
the targeting vectors (middle) and the mutated alleles (bottom]. Exon sequences are indicated by solid boxes; restriction enzyme sites 
[PvuII (P); EcoRI (RI)], the neo cassette, and the HSV-tk gene are indicated. Specific fragments detected by Southern hybridization on 
wild-type and mutated DNA (shown in Fig. 2a,b) are indicated by broken lines, and the probes used are represented by boxes. 
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Figure 2. (a)  Southern blot analysis of DNA from wild-type ( + / + 1, heterozygous rose" ( + / - ) and homozygous roseX ( - I - ) mice 
digested by PvuII. Wild-type (10.3 kb) and mutant fragments (8.7 kb) are indicated. (b )  Southern blot analysis of DNA from wild-type 
( + / + ), heterozygous roskn ( + / - ), and homozygous rosk'" ( - / - ) mice. Wild-type (4.2 kb) and mutant fragments (2.5 kb) are indicated. 
(c] Western blot analysis on protein extracts from epididymides of homozygous rosex (ex - / - 1, heterozygous roseX (ex + / - 1, wild-type 
( +  /+ 1, heterozygous roski" (kin + I - ) ,  and homozygous roskm (kin - / - 1  animals. (dl Western blot analysis on protein extracts of 
caput and cauda epididymidis of wild-type animals. The band corresponding to the c-Ros protein is indicated; (below) the heavy chain 
of the IgG used for precipitation is visible. 

taining the entire c-ros coding sequences and the neo 
cassette; this transcript ends at the poly(A) site of c-ros. 
When cDNA probes encoding kinase sequences were 
used, only the 9.2-kb mutant transcript was observed 
(Fig. 3A). 

The 8-kb transcript of the wild-type mouse c-ros gene 
encodes a receptor-like protein described previously by 
us and others (Birchmeier et al. 1990; Sharma et al. 1989; 
Matsushime and Shibuya 1990; Chen et al. 1991; Zong 
et al. 1993; Riethmacher et al. 1994). In addition, a 
smaller sized transcript is produced during spermatogen- 
esis (Matsushime and Shibuya 1990; Sonnenberg et al. 

Table 1. Fertility of ros mice 

1991; Tessarollo et al. 1992). The testis-specific tran- 
script of the mouse contains coding sequences for trans- 
membrane and cytoplasmic domains; it lacks 3 kb that 
encodes the amino terminus of the extracellular domain 
(Sonnenberg et al. 1991; S. Godecke and C. Birchmeier, 
unpubl.). This 5.2-kb transcript is not affected by the 
mutation present in the DNA of rose" mice (Fig 3b). 
However, the short transcript is nonfunctional, because 
the c-Ros protein cannot be detected in testis extracts. 
Nontranslated transcripts of other genes that are ex- 
pressed during spermatogenesis have been described pre- 
viously (Delaney et al. 1993; Ivell 1994). 

a. Matings of ros heterozygous and ros hornozygous mutant mice 
Genotypea Genotype of offspring 

Matings Number of 
males females (no. of males] offspring + / +  + / -  -1- 

+ /roseX roseX/rosex 50 (25) 355 
+ /rosk'" roskin/roslun 70 (26) 50 1 

b. Matings of chimeric mice 

Genotypeb 
matings Number of 

chimera female (no. of males) offspring 

Genotype of offspring 

+ / +  + /roseX + /roshn 

rosm/rosk'"/ + / + +/+ 40 (10) 165 86 42 3 7 

aMale and female mice with indicated genotypes were mated; the offspring were genotyped by PCR. 
b ~ h i m e r i c  males were generated as described in Materials and methods and mated with wild-type females. The offspring were 
genotyped by PCR. 
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Figure 3. (a] Northern blot analysis of poly(A)+ RNA obtalned 
from intestine dissected from wild-type ( + / + I ,  heterozygous 
( + / - 1, or homozygous ( - / - ) mutant embryos; the mutant 
allele corresponds to rosex. Ros cDNA encoding extracellular ( I ]  
or kinase sequences (11) or sequences from the neo gene (NEO) 
were used as probes (top). The sizes of the hybridizing tran- 
scripts are indicated. For a control, the filters were rehybridized 
with GADPH sequences [middle]. The structure of the various 
ros transcripts produced by the wild-type and mutant alleles are 
depicted schematically at bottom. (b] Northern analysis of 
poly(A)+ RNA obtained from testis dissected from wild-type 
[ + / + ), heterozygous ( + / ) ,  or homozygous [ - / - ) mutant 
embryos; the mutant allele corresponds to rosCx. Ros cDNA 
encoding kinase sequences were used as a probe (top]. The size 
of the testis-specific ros transcript is indicated and is not af- 
fected by the mutation, as it starts downstream of the inserted 
neo sequences. For a control, the filters were rehybridized with 
GADPH sequences (bottom]. 
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Figure 4. Morphology of an entire epididymis isolated from 
wild-type (a) or homozygous mutant (b] animals. Note the dif- 
ference in size of the caput (ca], whereas corpus (co] and cauda 
(caul appear similar. 

Phenotype of the c-ros mutations 
Animals with rosexlrosex or rosk'"lrosk'" genotype are 
viable and appear healthy. Female homozygous mutant 
animals display normal fertility. In contrast, male ho- 
mozygous mutant animals are sterile (Table la).  How- 
ever, they are not impaired in sexual activity, and we 
now use them routinely to replace vasectomized ani- 
mals. Normal amounts of sperm are produced in the mu- 
tant males, which is evident when the caudal part of the 
epididymis is analyzed histologically (Fig. 5h,j, below], or 
if sperm from the caudal part is collected and counted 
(3 x 10" to 8 x 1 Oh sperm isolated from a single cauda epi- 
didymidis of - / - or control animals). The caput epi- 
didymidis is clearly aberrant in homozygous mutant 
males, regardless of whether they carry rose" andlor 
r o S k ~ ~ ~  alleles. This is apparent on external examination, 
because the caput of homozygous mutant animals is re- 
duced in size when compared with the caput of control 
littermates (Fig. 4a,b). Histological analysis of control 
+ I - or + / + animals reveals the presence of character- 
istic, tall columnar epithelial cells with long microvilli 
in the proximal part of the caput, also termed the initial 
segment (Fig. 5a,c). These tall columnar cells are com- 
pletely absent in homozygous mutant males (Fig. 5b,d). 
Instead, distinct low columnar epithelial cells are found 
in the proximal epididymis from ros - / - animals; in 
control animals such cells are typical for more distal 
parts of the caput (Fig. 5e-g). 

Previously, expression of c-ros had been detected by in 
situ hybridization in the embryonal Wolffian duct and 
one of its derivatives, the embryonal ureter (Sonnenberg 
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Figure 5. Histological analysis of the caput epididymidis iso- 
lated from wild-type (n,c) and homozygous mutant (b,dJ ani- 
mals. Efferent ductules (ed), tubules of the initial segment (il, 
and distally located tubules (dt) are indicated by arrowheads in 
sections from wild-type caput epididymidis. Note the absence 
of tubules formed by high epithelial cells in the proximal seg- 
ment of the caput epididymidis of homozygous mutant ani- 
mals. They are replaced by tubules (tu) formed by epithelial 
cells that resemble in morphology cells of the distal caput epid- 
idymidis (dt] in wild-type animals. Higher magnification of sec- 
tions obtained from wild-type (e,f) and homozygous mutant (g) 
caput epididymidis with efferent ductules, tubules of the initial 
and distal segments are shown. The tubules present in the prox- 
imal caput epididymidis of mutant animals are indicated. Sim- 
ilar histological appearance of the cauda epididymidis (h,j) and 
vas deferens (i,k) of a wild-type (h,i) and homozygous mutant 
(j,k) animals. (c,d) Bars 150 pm; (e-g) bars, 50 km. 

GENES & DEVELOPMENT 

et al. 1991; Tessarollo et al. 1992). We have analyzed 
adult Wolffian duct derivatives for c-ros expression by in 
situ hybridization and found strong hybridization signals 
in the epididymis of adult males (Fig. 6a). No specific 
hybridization signals were detected in the efferent 
ductules, vas deferens, seminal vesicles, or ampullae- 
structures that also develop from the Wolffian duct. In 
these structures, no change was apparent in the homozy- 
gous mutant animals (Fig. 5i,kj data not shown). Epidid- 
ymal expression of c-ros in the adult is specific for epi- 
thelial cells, and is confined to caput but not corpus {Fig. 
6aJ or cauda. This was verified by the analysis of the 
c-Ros protein, which in control animals was detected 
only in the caput epididymidis and not the cauda (Fig. 
2d). 

Within the caput epididymidis, expression of c-ros is 
not uniform. Regionalization of the caput epididymidis 
is apparent when the c-ros-specific hybridization signal 
is analyzed. Cells in the initial segment express high 
levels of c-ros, and distally located cells of the caput 
express intermediate levels (Fig. 6). In the caput epididy- 
midis of homozygous mutant males, the initial segment 
that expresses high levels of transcript is absent but cells 
that express an intermediate level of c-ros can be ob- 
served in animals that carry the rose" allele (Fig. 6c,dJ. 
This signal derives from stable mutant transcripts that 
are produced from the rose" allele (Fig. 3a). Within the 
caput epididymidis, loss of the initial segment that ex- 
presses high levels of c-ros correlates with loss of region- 
alized morphology. The cell type that expresses high lev- 
els of c-ros, that is, tall columnar epithelial cells in the 
initial segment, are not found in homozygous mutant 
animals. No other histological alterations are found in 
ros - / - animals, and all organs that express c-ros dur- 
ing development-the kidney, intestine, lung, or testis- 
appeared normal in homozygous mutant animals. 

We analyzed activity of endogenous p-galactosidase in 
epididymal epithelia by staining with X-gal. We had ob- 
served previously that p-galactosidase is expressed in a 
regionalized manner in control animals; strong staining 
was observed in the initial segment of the caput epididy- 
midis and in the corpus epididymidis (Fig. 6g). The distal 
segment of the caput is characterized by the absence of 
blue color (Fig. 6gJ. In mutant animals, the initial 
strongly staining segment is absent (Fig. 6h). The com- 
bined histological and expression data demonstrate, 
therefore, that differentiation and regionalization of the 
proximal epididymal epithelium is severely altered in 
mice that lack a functional c-ros gene. 

The c-ros receptor is not required in a cell 
autonomous manner for production and function 
of sperm 
We analyzed the cell autonomy of c-ros function in 
germ-line cells and tested whether male chimeric ani- 
mals that contain c-ros - / - and c-ros + / + cells can 
transmit the mutant and wild-type ros alleles. These chi- 
mera were produced by fusion of roseXlrosk'" and wild- 
type morulae. No preference in the transmission of mu- 
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Figure 6. Expression of c-ros in the proximal epi- 
didymis of wild-type (a) and homozygous mutant 
( c )  animals, as analyzed by in situ hybridization and 
observed in dark field; Jb ,d )  appearance of the sec- 
tions in bright field. Control hybridization with the 
corresponding sense c-ros probe in dark field (el and 
bright-field ( f ) .  ~ n d o ~ e n o u s  P-galactos~dasc actlvlty, 
as v~sualized by X-gal staining, in the ep~didym~s of 
wild-type ;gl and homozygous mutant ,h] animals. 

tant or wild-type ros alleles was observed (Table lb). 
Therefore, c-ros is not required in a cell autonomous 
manner for sperm production or function. 

Sperm from the cauda of rosexlrosex or rosk'"/rosk'" 
animals was isolated and used for in vitro fertilization of 
eggs obtained from C571B16 females. Even at low sperm 
concentrations (1 x lo5 to 3 x  105/ml), no significant dif- 
ference in the fertilization efficiency of sperm isolated 
from mutant or control animals was apparent. Embryos 
obtained from in vitro fertilizations were able to reach 
the morula stage in culture. After transfer to the oviduct, 
they developed and produced healthy animals. In addi- 
tion, we analyzed for the presence of pre-implantation 
embryos in vivo. Only unfertilized eggs were present 
when rosexlrosex or rosk'"lrosk'" male animals were used 
for matings with females. After mating with control 
male animals, 80% of the eggs were fertilized and devel- 
oped to the morula stage. 

Sperm was isolated from the uteri or oviducts of fe- 
males after mating with c-ros - / - or control males. We 
could detect similar numbers of sperm (lo4-106 sperm 

cells] in the uteri of all females irrespective of the male 
used for mating. However, sperm counts from the ovi- 
duct revealed small differences. We detected 1 x lo3- 
6x  lo4 sperm cells after matings with control animals. 
After matings with mutant animals, we found no sperm 
in a significant proportion of oviducts (10 of 261, and 
1 x lo3-1 x lo4 sperm cells in the remainder of the ovi- 
ducts. 

Discussion 
Mice carrying either of two distinct mutant alleles of the 
C-ros gene (rose" and rosk'", respectively) were generated 
using homologous recombination and ES-cell technol- 
ogy. No c-Ros protein can be detected in animals that 
carry either allele in a homozygous state. The mice ap- 
pear healthy, and homozygous females are fertile. How- 
ever, homozygous mutant males do not reproduce. We 
demonstrate that the c-ros gene is not required in a cell 
autonomous manner for sperm production or sperm 
function. This was shown by the analysis of offspring 

GENES & DEVELOPMENT 1189 

 Cold Spring Harbor Laboratory Press on March 10, 2016 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Sonnenberg-Riethmacher et al. 

produced by male chimeras, which consist of wild-type 
and r ~ s ~ ' ~ l r o s ~ ~  cells. Such animals transmit mutant or 
wild-type c-ros alleles to their offspring with no apparent 
preference. Therefore, precursor germ cells homozygous 
for the c-ros mutation can produce functional sperm 
when they are provided with appropriate (wild-type) cells 
in their environment. Therefore, c-ros function is indi- 
rectly required for male fertility and the mutation affects 
primarily epithelia of the epididymis, and not germ cells. 

Transit through the epididymis is known to be essen- 
tial for sperm maturation (Bedford 1975; Cooper 1995). 
During transit, sperm become motile and acquire the 
ability to undergo acrosome reaction and to penetrate 
the zona pellucida. The molecular events underlying the 
maturation processes are largely unknown. Modifica- 
tions of protein composition take place in the sperm on 
its transit through the epididymis (Jones et al. 1983; 
Bellve et al. 1993). Post-translational changes and redis- 
tribution of surface proteins can be observed (Brown et 
al. 1983; Lakoski et al. 1988). Additional alterations in 
nuclear proteins, such as thecins, are observed (Bellve et 
al. 1990). Therefore, proteins secreted by the epididymis 
can alter surface proteins by post-translational modifica- 
tion. Epididymal proteins bind also to different regions of 
the sperm cell surface (Dacheux and Voglmayr 1983; 
Rifkin and Olson 1985) and can thereby potentially pro- 
vide signals that are transmitted into the cells. 

Sperm from ros - / - males can fertilize eggs in vitro, 
and the fertilized eggs develop in vitro or in vivo without 
apparent defects. This demonstrates that sperm cells of 
homozygous mutant males are able to recognize the egg, 
undergo normal acrosome reaction, penetrate the zona 
pellucida, fuse with the egg, and initiate further devel- 
opment. However, sperm of mutant animals is com- 
pletely unable to fertilize in vivo. Our observation of a 
lower number of sperm cells in the oviduct after matings 
with mutant males might indicate a subtle alteration in 
sperm function, that is, an effect on movement over long 
distances or in the environment of the female genital 
tract, alterations in the capacity to find the egg, or in 
long term survival of sperm cells. 

The inability of ros mutant males to reproduce is 
caused by a defect in regionalized differentiation of epi- 
thelial cells in the epididymis. The epididymal epithe- 
lium derives from the Wolffian duct. The adult organ 
consists of convoluted, tightly packed tubules sur- 
rounded by supportive tissue. Sperm cells transit the ep- 
ididymal tubules on the way from the testis to the vas 
deferens. The epididymis consists of a superior enlarged 
head (the caput), a central body (the corpus), and an in- 
ferior pointed tail (cauda). The epididymal head is con- 
nected to the upper testicular pole by efferent ductules, 
which develop from mesonephric tubules. Different ep- 
ithelial cell types can be distinguished by morphological 
criteria: (1) The efferent ductules contain low columnar 
epithelia, which surround an irregularly shaped lumen; 
(2) the initial segment of the caput consists of tall co- 
lumnar epithelia with long microvilli that surround a 
regularly shaped, small lumen that contains few sperm, 
only. Other features characteristic of this segment are 

high expression levels of c-ros and high levels of an en- 
dogenous p-galactosidase activity; ( 3 )  distal tubules in 
the caput contain lower columnar epithelia that sur- 
round a small lumen containing sperm, express lower 
levels of c-ros, and display little or no P-galactosidase 
activity; 14) in corpus and cauda the height of the epithe- 
lia is even more reduced, c-ros expression is absent, P-ga- 
lactosidase activity is very high, and the caudal tubules 
surround large lumen that contain typically large 
amounts of sperm. We have characterized the changes in 
the epididymal epithelium of c-ros - / - animals using 
histology, analysis of c-ros expression and of endogenous 
P-galactosidase activity. We find changes associated 
with only the initial segment of the caput and all meth- 
ods of analysis indicate that the initial segment of the 
caput is not formed in mutant animals. The absence of 
specific segments of the epididymis could correlate with 
the absence of specific molecules important in sperm 
maturation. 

Regionalization of the epididymal epithelium is a dif- 
ferentiation process that occurs during puberty. In 16- 
day-old male mice, the epididymis is still small. Termi- 
nal differentiation of the epithelia has not occurred yet, 
and morphologically, all epithelia of the caput are uni- 
form. Our data indicate that c-ros controls regionaliza- 
tion of the epithelium. As a first sign of this regionaliza- 
tion during development, we detected an up-regulation 
of c-ros expression in the initial segment of the caput 
epididymidis. The regionalized differentiation might be 
induced by an initially uniformly distributed c-ros and 
an asymmetrical distribution of the ligand whose molec- 
ular nature is as yet unknown. The c-ros-mediated signal 
might then initiate terminal differentiation of the epi- 
thelium, and consequently the regionalized expression 
of various markers, including c-ros. However, a role of 
c-ros in survival of epididymal cells in the initial but not 
the more distal segments cannot be excluded. Therefore, 
our genetic analysis of c-ros provides not only insight 
into the function of the receptor but reveals also a pos- 
sible source of the unidentified ligand. Such a ligand 
could be produced locally, for instance, by mesenchymal 
cells of the epididymis, and drive growth and differenti- 
ation of the epididymis by mesenchymal epithelial in- 
teractions (Birchmeier and Birchmeier 1993). Hoxal 1 
and HoxalO have been implicated in regionalization of 
epithelia that derive from the Wolffian duct. Mutation of 
the Hoxnll gene results in transformation of vas defer- 
ens into an epididymal-like structure and leads to differ- 
ences in epithelial differentiation (Hsieh-Li et al. 1995). 
Transcription factors of the Hox family might therefore 
control expression of tyrosine kinase receptor and/or of 
their ligands, which eventually control regionalization 
and terminal differentiation of the Wolffian duct. 

Our data demonstrate an exquisite specificity of c-ros 
function in development of distinct and few epithelial 
cells, that affects male physiology in a profound manner. 
Absence of Ros protein leads to a defect restricted to the 
initial segment of the epididymis. This in turn results in 
male sterility, without affecting sperm production. The 
infertility is attributable to a subtle change in the sperm 
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maturation and function. Infertility in man is frequently 
associated with production of low numbers or of mor- 
phologically abnormal sperm. However, in many in- 
stances the cause for infertility cannot be determined. It 
might be of interest to test for the presence of an intact 
c-ros gene in such individuals. 

Materials and methods 
Construction of targeting vectors 

Genomic c-ros DNA was isolated from a C57lB16 or Ola 129 
library and used for the construction of a targeting vector to 
mutate sequences that encode an extracellular (rose") or a cyto- 
plasmic (roskl") domain, respectively. Specifically, the neo cas- 
sette (Mansour et al. 1988) was inserted into an exon encodlng 
nucleotides 2962-3370 of the cDNA (see Riethmacher et al. 
1994 for the numbering of cDNA and amino acids in murine 
c-ros) to generate the rose,' targeting vector; the inserted neo 
cassette contains stop codons in all three reading frames. To 
construct the roskl" targeting vector, two exons containing nu- 
cleotides 6267-6467 were deleted and replaced by the neo cas- 
sette. In addition, the thymidine kinase gene from herpes sim- 
plex virus (HSV-tk) was included in both targeting vectors for 
negative selection (Mansour et al. 1988). 

Targeting of ES cells and generation of transgenic animals 

E14-1 cells, a subclone of the El4 ES cell line, were used to 
introduce the targeting vectors by electroporation (Kiihn et al. 
1991). Targeted ES cells were enriched for by selection with 
G418 (400 mglml) and Gancyclovir (2 m ~ )  and identified by 
PCR. Southern blot analyses on ES cell clones with rose" or 
roskl" mutation were performed to verify that a single integra- 
tion event had occurred by homologous recombination. For 
this, three probes were used: a probe corresponding to cDNA 
sequences outside the targeting vector (see also Fig. l ) ,  a probe 
corresponding to DNA sequences present on the targeting vec- 
tor, and a probe corresponding to sequences of the neo gene (not 
shown). Blastocyst injections and identification of chimeras 
that transmit the c-ros mutation were performed essentially as 
described (Bradley 1987). Routinely, the genotypes of animals 
and embryos were identified by PCR and occasionally verified 
by Southern blot analysis. 

In situ hybridization and Northern and Western blot analysis 

Gonads from control or rosexlrosex mice aged 16 or 21 days, 2 or 
18 months, were prepared and embedded either in paraffin or 
Tissuetek (Miles Inc.). Sectioning and in situ hybridization were 
performed essentially as described (Sonnenberg et al. 1991). As 
a probe, RNA-containing nucleotides 1-2245 of murine c-ros 
was used. Specific signals were observed with an RNA probe in 
antisense orientation but not with the corresponding sense 
RNA probe. Northern blot analysis was performed as described 
(Sonnenberg et al. 1991). 

Western blot analysis was carried out as described (Riethma- 
cher et al. 1994). Polyclonal antibodies produced against the 11 
carboxy-terminal amino acids of the murine c-Ros protein were 
generated in rabbits and used for the analysis. 

Histological examinations and X-gal staining 

Tissues were fixed in 4% formaldehyde and embedded in Tech- 
novit 7001 (Heraeus Kulzer GmbH) as recommended by the 

manufacturer, and 8 - ~ m  sections were used for staining with 
hematoxylin/eosin. X-gal staining was carried out as described 
(Gossler and Zachgo 1993). 

In vitro and in vivo fertilization 

In vitro fertilization was essentially performed as described 
(Fraser 1993; Hogan 1994). Sperm isolated from cauda epididy- 
midis of control and ros - / - animals was transferred into 1.2 
ml of Whittingham medium in a 5-ml Eppendorf tube and in- 
cubated for 45 min at 37°C. During this incubation period, 
sperm capacitation occurs. Sperm concentration in the upper 
part of the medium (100-200 (11) after incubation ranged from 
1 x 10"o 8x  10"perm celllml and was used for in vitro fertil- 
ization at a concentration of 1 x 10' to 3 x 10' sperm cells/ml. 
Eggs, together with cumulus cells, were added and incubated for 
4-8 hr, moved to CZB medium (Bleil 1993), and incubated over- 
night. Embryos had reached the two-cell stage after this treat- 
ment and were then transferred into the infundibulum of 
pseudopregnant foster mothers. 

For assessment of in vivo fertilization frequencies, eggs were 
flushed from oviducts 1, 1.5, and 2.5 days after mating and in- 
cubated in M 16 medium for up to 2 days. For analysis of sperm 
numbers in the genital tract of female mice after matings, the 
presence of genital plugs was tested every hour. One or 4 hr after 
mating, the uterus and oviduct were flushed with Whittingham 
medium and sperm numbers were determined in a hemocytom- 
eter. 

Generation of chimeric mice by morula aggregation 

Female mice homozygous for the rose"-mutation were mated 
with male mice carrying the rosk'" allele in the heterozygous 
state. Morulae from such matings were fused with wild-type 
morulae essentially as described (Bradley 1987). An equal pro- 
portion of chimera that carry r o ~ ~ ~ l r o s ~ ' ~  cells and + / + cells 
or, alternatively, rose"/ + cells and + / + cells, are generated by 
such a procedure. Male chimeras were analyzed by PCR for the 
simultaneous presence of both roskl" and ros" alleles, or for the 
presence of the rose" allele only. The presence of mutant alleles 
in the offspring was determined by PCR. 
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