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Abstract .  When ejaculated mouse spermatozoa were 

embedded in a plasminogen-containing insoluble pro- 

tein substrate, a zone of proteolysis developed progres- 

sively, centered around the sperm head region. Lysis 

did not occur in absence of plasminogen or in pres- 

ence of antibodies against the urokinase-type plas- 

minogen activator (u-PA). Zymographic and immuno- 

logical analyses confirmed the presence of u-PA in 

extracts of ejaculated mouse spermatozoa. In contrast, 

the u-PA activity of sperm cells obtained from testis 

or from vas deferens was low, although these cells 

were able to bind added murine u-PA. The sites of 

u-PA synthesis were identified by measuring u-PA ac- 

tivity and u-PA mRNA content in protein extracts and 

in total RNA preparations of various portions of the 

male genital tract. The highest levels of u-PA activity 

and of u-PA mRNA were found in vas deferens and 

seminal vesicles. The cells that synthesize u-PA were 

localized by hybridizing frozen sections of various 

portions of the genital tract to a u-PA cRNA probe. In 

all tissues examined, u-PA mRNA was predominantly 

located in the epithelial layer, and the strongest signal 

was observed over that of the vas deferens. Hence, the 

u-PA associated with ejaculated sperm cells is proba- 

bly acquired from genital tract secretions. Sperm- 

bound u-PA may participate in the proteolytic events 

that accompany capacitation and fertilization. 

S 
PERMATOGENESIS occurs in the seminiferous tubules of 
the testis. Spermatozoa released from the seminiferous 
epithelium (spermiation) progress towards the epidid- 

ymis where they become mature and capable of fertilizing 
ova (Austin, 1985). The epididymal secretions are believed 
to contain enzymes, nutrients, and hormones, that may be 
essential for sperm maturation (Bedford, 1975; Hamilton, 
1975). Most spermatozoa are stored in the cauda epididymis 
and vas deferens until ejaculation at coitus; at this time, 
secretions from accessory glands contribute to the final com- 
position of semen. In rats, mice, and guinea pigs, the semen 
clots into a hard rubbery mass almost immediately after 
ejaculation (Williams-Ashman, 1983). Finally, spermatozoa 
undergo an additional ripening process called capacitation, 
that occurs normally in the female genital tract but can also 
be accomplished in vitro (Austin, 1985). 

It has been suggested that limited proteolysis could play a 
role in the apparent loss and/or modifications of sperm sur- 
face molecules that occur during epididymal maturation 
(Eddy et al., 1985) and capacitation (Talbot and Franklin, 
1978; Talbot and Chacon, 1981). Furthermore, enzymes of 
tryptic specificity have been proposed to be involved in the 
binding of mouse spermatozoa to zonae pellucidae (Saling, 
1981) and in the acrosome reaction (Meizel and Lui, 1976; 

Meizel, 1985). However, besides acrosin, the major tryptic 
protease of the acrosome, no other characterized protease 
has been as yet implicated in mammalian sperm maturation, 
capacitation, or fertilization. 

Plasminogen activators (PAs) 1 are highly selective tryp- 
sin-like serine proteases that convert plasminogen, an inac- 
tive zymogen present in most extracellular fluids, into plas- 
min, a trypsin-like protease of broad specificity. The two 
known PAs, urokinase (u-PA) and tissue-type PA (t-PA), are 
secreted by a large number of ceils and they are thought to 
have multiple functions in the extracellular proteolysis that 
accompanies tissue remodeling and cell migration (Reich, 
1978; Dane et al., 1985). Previous studies have provided evi- 
dence for the presence of PAs in the male reproductive tract. 
Tympanidis and Astrup (1968) showed that rat, rabbit, and 
human sperm cells express plasminogen-dependent fibrino- 
lytic activity; in addition, both u-PA and t-PA were found in 
human seminal plasma (Zaneveld et al., 1974;/~,stedt et al., 
1979). PAs are produced in discrete portions of the seminifer- 
ous tubules where two tissue remodeling processes are tak- 

1. Abbreviations used in this paper: DFP, diisopropylfluorophosphate; PA, 
plasminogen activator; t-PA, tissue-type plasminogen activator; u-PA, uro- 
ldnase-type plasminogen activator; WM, modified Whitten medium. 
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ing place: the detachment of preleptotene spermatocytes 
from the basal lamina, and spermiation (Lacroix et al., 1979, 
1981; Vihko et al., 1984). Recently, Larsson et al. (1984) de- 
tected u-PA immunoreactivity in the epithelium of the murine 
vas deferens. These observations prompted us to reinvesti- 
gate the proteolytic activity of spermatozoa with particular 
attention to PAs. 

In this study, we report that washed sperm cells from 
ejaculates express u-PA activity around the head region of 
the spermatozoa. We show that u-PA is produced by seg- 
ments of the male genital tract, and that it binds to the sperm 
cell membrane at the time of ejaculation. Together with our 
recent description of t-PA production by mouse oocytes (Hu- 
arte et al., 1985), these results point towards a possible impli- 
cation of PAs in mammalian fertilization. 

Materials and Methods 

Materials 

Adult NMRI mice (Kleintierfarm Mad6ring, Basel) were used. Diisopro- 
pylfluorophosphate (DFP) was from Fluka (Buchs, Switzerland). Culture 

media of MSV-3T3 (~20 Ploug U/ml; Belin et al., 1984) and A431 (*30 
Ploug U/ml; Stoppelli et al., 1986 b) cells were used as sources of murine 
and human pro-u-PA, respectively. The source of all other products, includ- 
ing antibodies, has been described (Huarte et al., 1985; Busso et al., 1986). 

Preparation of Sperm Cells 

Superovulated females (Huarte et al., 1985) were used to ensure high fre- 
quency of undelayed matings. Females were caged individually with males 
13 h after chorionic gonadotropin injection, and matings monitored. Im- 
mediately after mating, the females were killed and the vaginal plug dis- 
sected from the vagina. Ejaculated spermatozoa were obtained by incubat- 
ing the recovered plug for 30 min at 370C in 3 ml of modified Whitten's 

medium (WM; Hoppe and Pitts, 1973). Sperm suspensions obtained from 

the different sources described in Results were washed as follows: cell sus- 
pensions were brought to 5 ml with WM, centrifuged 5 rain at 200 g to elim- 
inate debris and cell aggregates; the supernatants were then centrifuged 5 
rain at 900 g to recover sperm cells and the pellet was resuspended in 5 ml 
of WM. After counting, aliquots were again centrifuged and resuspended 
in appropriate volumes. 

Binding studies were achieved by incubating sperm cells, in 50 ~tl of con- 
trol or u-PA-containing culture media (MSV-3T3 and A431 culture media 
were diluted 33-fold and 50-fold respectively), for 45 rain at 37°C in a hu- 
midified atmosphere of 5 % CO2 in air. Samples were centrifuged 5 rain at 
12,000 g, and washed twice with 1 ml of WM; after the third centrifugation, 

sperm cells were extracted as indicated below. 

Enzymatic Analyses 

The PA plaque assay (Vassalli et al., 1977) was performed in WM medium. 

Protein extracts of sperm cells were prepared by centrifuging the cells 5 min 
at 12,000 g and extracting the pellets with 15 gl of NET-TS (0.5 M NaC1, 
0.001 M EDTA, 0.05 M Tris-HC1, pH 8.1, 1% Triton X-100, 0.2% SDS). 
Organ extractions were achieved by homogenizing tissues in a loose fitting 
Dounce in 0.1 M Tris-HCI, pH 8.1, 0.25% Triton X-100. Immunoprecipita- 
tion, gel eleetrophoresis, and zymography were performed as described 
(Huarte et al., 1985). Sensitivity to DFP, an inhibitor of serine esterases that 
irreversibly phosphorylates their active site, was tested by two additions of 
10 mM DFP in 0.1 M NaPO4, pH Z4, for a total incubation period of 1 h 
at room temperature; the enzymatic activity was then analyzed by zymogra- 
phy after SDS PAGE. Sperm denudation was performed as described by 
Brown et a l  (1975). 

Plasmid Constructions and In Vitro Transcriptions 

To obtain a single-stranded probe for mouse u-PA mRNA, the 658-bp Pst 
I-Hind Ill fragment (positions 420-1,078) of the mouse u-PA eDNA clone 
pDB29 (Belin et al., 1985) was subcloned inpSP64 (pSP64-MU) (Melton 

et al., 1984). To generate a control probe, the same fragment was also sub- 
cloned, in the opposite orientation, in pSP65 (pSP65-MU). To prepare a 
probe for mouse t-PA mRNA, the 290-bp last I-Pvu 11 fragment (positions 
1,389-1,679; Pennica et al., 1983) of the mouse t-PA eDNA clone pUC9- 
A33 (RicHes, R., and S. Strickland, manuscript in preparation) was sub- 
cloned between the Sma I and last I sites of pSP65 (pSP65-MT). 

In vitro transcription with SP6 RNA polymerase of pSP64-MU and 
pSP65-MT, both lineafized with last I, was performed exactly as described 
(Melton et al., 1984; Busso et al., 1986), and generated cRNA probes com- 

plementary to the u-PA and t-PA mRNAs, respectively. Transcription of 
pSP65-MU, linearized with Hind III, generated a u-PA mRNA fragment. 
The 32P-labeled cRNA probes were synthesized in the presence of 12.5 I~M 
¢t32P-labeled GTP (400 Ci/mmol, Amersham, UK). 3H-Labeled probes 
were synthesized in the presence of 30 I.tM 3H-labeled UTP (40 Ci/ 
mmol, Amersham, UK). The size of the 3H-labeled RNAs was reduced to 
50-100 nt by mild alkaline hydrolysis at 50°C in 50 mM Na2CO3 (30-40 
rain for the u-PA probes and 10-15 rain for the t-PA probe). After neutraliza- 
tion with 1 M HOAc, phenol-chlorophorm extraction, and ethanol precipi- 
tation, the RNAs were resuspended in 3-5 ~tl H20 and diluted in hybrid- 
ization mixture. 

RNA Analysis 

RNA extractions and Northern blot hybridizations were performed exactly 
as described elsewhere (Busso et al., 1986). 

Cryopreserved tissue sections were prepared for in situ hybridizations as 
described by Hafen et al. (1983). Briefly, 5 ~tm cryostat tissue sections were 
mounted on gelatinized microscope slides, fixed in 1% paraformaldehyde 
in PBS for 20 rain at room temperature and dehydrated in graded ethanol. 
Fixed sections were incubated in 0.2 M HCI for 20 rain at room temperature, 
rinsed in water, and immersed for 30 min in 2x  SSC (Ix SSC = 150 mM 
NaCI, 15 mM Na-eitrate, pH 7.0) at 70°C. Sections were then treated with 

0.25 mg/ml pronase for 10 rain at room temperature, washed in PBS contain- 
ing 2 mg/ml of glycine, postfixed in 4% paraformaldehyde in PBS for 20 
min at room temperature, dehydrated in graded ethanol, and air dried. 
10-20 ng of 3H-labeled RNAs were applied to each section in 20 I~1 of hy- 
bridization mixture (50% deionized formamide, 0.3 M NaCI, Ix  Den- 
hardt's solution, 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 0.5 mg/ml tRNA, 
and 10% dextran sulfate) (Cox et al., 1984). The sections were covered with 
coverslips and sealed with rubber cement. Hybridizations were performed 
in a moist chamber for 14 h at 50°(:. Slides were subsequently washed in 
50% formamide, 0.3 M NaCI, 10 mM Tris-HC1 pH 7.5, 1 mM EDTA, for 
4 h at 50"C and 18 h at 35°C. Sections were dehydrated in 90% ethanol, 
0.3 M NI-hAc, air dried, and immersed in IL-4 emulsion (Ilford Ltd., 
Basildon, Essex, England). After 3 wk of exposure, they were developed 
in Kodak D-19 developer, fixed in 30% Na thiosulfate, and counterstained 
in methylene blue. 

Results 

Urokinase Is Associated with Spermatozoa 

Ejaculated sperm cells were obtained from the vagina of su- 
perovulated females immediately after mating. Spermatozoa 
were washed and analyzed for proteolyric activity by deter- 
mining their ability to produce lyric zones in a casein sub- 

strate (Fig. 1). Proteolytic areas, centered around the head 
of the sperm cells (Fig. 1, a and e), developed during incuba- 
tion at 37°C. The proteolysis was completely dependent on 
the presence of plasminogen in the incubation medium (Fig. 
1 c), and was markedly inhibited in the presence of 
anti-mouse u-PA IgG (Fig. 1 b). 

An extract of sperm ceils was subjected to SDS PAGE, fol- 
lowed by zymography in the presence of plasminogen (Fig. 
2, lane 2). The formation of a single zone of lysis suggested 
the presence of a single protease migrating with an apparent 

Mr of 48,000. To characterize this protease, we analyzed 
equivalent extracts of sperm cells by zymography in the ab- 
sence of plasminogen, or after immunoadsorption with anti- 
bodies directed against the two known types of PAs, u-PA and 
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Figure 2. Characterization of the proteolytic activity of sper- 
matozoa by SDS PAGE and zymography. Extracts of 100,000 sperm 
cells were analyzed in the absence (lane 1) or presence (lanes 2-9) 
of plasminogen; before (lanes I and 2) or after immunoadsorption 
with anti-human t-PA IgG (lane 3), anti-murine u-PA IgG (lane 4), 
or irrelevant IgG (lane 5); after treatment with DFP (lane 9). Elu- 
ates of the S. aureus-bound immune complexes formed with anti- 
t-PA IgG (lane 6), anti-u-PA IgG (lane 7), and irrelevant IgG (lane 
8) were also analyzed. The photograph was taken after 15 h of incu- 
bation at 37°C. 

Urokinase Becomes Associated with Spermatozoa 

after They Have Left the Testis 

Spermatozoa were obtained from the testis by squeezing 
seminiferous tubules with fine forceps, and from dissected 
vas deferens by allowing for spontaneous draining. No pro- 
teolytic activity was detected by SDS PAGE and zymography 
in the extract of testicular sperm cells (Fig. 3, lane 1 ), and 

only weak u-PA activity was found in the extract of  sperm 

cells that had drained spontaneously from vas deferens (lane 
2). In contrast, when the cells were prepared from vas defe- 
rens (lane 3) or cauda epididymis (not shown) by squeezing 
these organs with forceps, a common procedure to obtain 

Figure 1. Plasminogen activator plaque assay of ejaculated sper- 
matozoa. 30,000 washed sperm cells were plated on 35-mm petri 
dishes in 160 Ixl of agar-casein medium in the presence (a, b, d, 
and e) or absence (c) of plasminogen. Anti-murine u-PA IgG (b) 
or irrelevant IgG (d) were included at a final concentration of 200 
~tg/ml. In conditions a and d, almost all spermatozoa produced pro- 
teolytic plaques comparable to that illustrated in e. Photographs 
were taken under dark-field illumination (a-d) or by phase-contrast 
microscopy (e) after 3 h of incubation at 37°C. Bar, 20 ~tm. 

t-PA (Fig. 2). No proteolytic activity was observed either in 
the absence of  plasminogen (lane 1 ) or after immunoadsorp- 

tion with anti-u-PA IgG (lane 4). In contrast, immunoad- 
sorption with anti-t-PA IgG (lane 3) or irrelevant IgG (lane 
5) did not affect the proteolytic activity of  the sperm extract. 
Finally, the protease was recovered from the immune com- 
plexes formed with anti-u-PA IgG (lane 7). 

These results indicated that ejaculated sperm cells express 
an enzyme electrophoretically and antigenically indistin- 
guishable from u-PA. The spermatozoa-associated u-PA was 
not affected by addition of DFP to the sperm extract before 
zymography (Fig. 2, lane 9), under conditions which led to 
complete inhibition of active two-chain u-PA (not shown); 

this suggests that it is the proenzyme, single chain form of 
u-PA which is associated with ejaculated spermatozoa. 

Figure 3. u-PA activity of spermatozoa obtained from the following: 
testis (lane 1); spontaneous draining of vas deferens (lane 2); 
squeezed vas deferens (lane 3 and 5); ejaculate after coitus (lane 
4); ejaculate without coitus (lane 6). Extracts of the same number 
of cells (100,000) were analyzed in each lane. Lanes 5 and 6 were 
from a different experiment in which the picture was taken earlier; 
this accounts for the difference between lanes 3 and 5. The zymo- 
gram of lanes 1-4 was incubated for 12 h at 37°C, and. that of lanes 
5 and 6 for 6 h at 37°C. 
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Figure 4. Binding of added u-PA to spermatozoa. Sperm cells from 
spontaneous draining of vas deferens were incubated in control cul- 
ture medium (lane 1), murine pro-u-PA-containing medium (lane 
2), or human pro-u-PA-containing medium (lane 3). Extracts of 
100,000 cells from the different conditions were analyzed by 
zymography after SDS PAGE. Analyses of incubation media used 
for binding experiments: murine (lane 4) and human (lane 5) 
pro-u-PA-containing media. 

fertile spermatozoa (Oliphant and Eng, 1981), the zymogram 
showed an appreciable amount of u-PA activity in the cell ex- 
tract; this activity was lower than that recovered from ejacu- 
lated spermatozoa (lane 4). We also analyzed sperm cells 
from a male that had ejaculated at the time of killing by cervi- 
cal dislocation, their u-PA activity (lane 6) was also higher 
than that of sperm cells from vas deferens (lane 5) and com- 
parable to that of spermatozoa collected after coitus (lane 4). 

Thus, the u-PA activity of ejaculated sperm cells isolated af- 
ter mating is probably not derived from female genital tract 
secretions. 

u-PA Binds to the Sperm Cell Surface 

The results presented above indicated that u-PA becomes ex- 
pressed on spermatozoa at or around the time of ejaculation, 
In view of the almost complete absence of protein synthesis 
in posttesticular spermatozoa, this suggests that the enzyme 
may be secreted by the male genital tract and bind to sperm 
cells stored in the epididymis and the vas deferens. To ex- 
plore this hypothesis, cells obtained from spontaneous drain- 

ing of dissected vas deferens were incubated in presence of 
equivalent catalytic concentrations of murine or human pro- 
u-PA, extensively washed, and analyzed by zymography af- 
ter SDS PAGE (Fig. 4). Whereas only very little endogenous 
u-PA was detected in the extract of these spermatozoa (lane 

1 ), added mouse pro-u-PA was found to associate with the 
cells (lane 2). No significant binding of human pro-u-PA to 
mouse spermatozoa was detected (lane 3). Similar results 
were obtained with testicular spermatozoa (not shown). 
Thus, the association of exogenous u-PA with spermatozoa 
from vas deferens is reminiscent of the specific binding of 

u-PA to human monocytes (Vassalli et al., 1985; Stoppelli, 
et al., 1985) and to other cell types (Bajpai and Baker, 1985; 
Stoppelli, et al., 1986a; Fibbi et al., 1986). We have recently 
observed that this binding obeys a characteristic species 
specificity (see Discussion). 

Localization of Proteolytic Activity in Spermatozoa 

The results presented above suggest that sperm-associated 
u-PA is acquired upon binding of the enzyme to the plasma 
membrane of spermatozoa, and that it is most abundant in 
the head region of these cells (Fig. 1 e). To determine 
whether u-PA is indeed associated with the plasma mem- 
brane, we subjected the cells to a procedure known to result 
in denudation of mammalian spermatozoa (Brown et al., 
1975). Zymographic analysis after SDS PAGE revealed that 
most of the u-PA was lost upon removal of the plasma mem- 
brane (Fig. 5 a, lane 2). 

Denuded spermatozoa were also analyzed by the casein 
plaque assay (Fig. 5, b-d). The denudation protocol also re- 
moves the outer-acrosomal membrane, and thereby exposes 
components associated with the inner-acrosomal membrane, 
including the major sperm protease acrosin (Brown et al., 
1975). It was thus not surprising to detect proteolysis around 
the head of such denuded sperm cells (Fig. 5 c); as expected, 
and in contrast to the result obtained with intact ejaculated 
spermatozoa (Fig. 1), inclusion of anti-u-PA IgG did not de- 
crease the proteolytic activity of denuded spermatozoa (Fig. 
5 d). Unexpectedly, however, the presence of plasminogen 
in the substrate was required for the observed proteolysis to 

develop (Fig. 5 b). Similar results were obtained with testic- 
ular spermatozoa, which do not have associated u-PA (data 
not shown). 

Together with the observations of Fig. 1 e these results 

Figure 5. Proteolytic activity of denuded spermatozoa. (a) Extracts of 100,000 sperm cells were prepared before (lane 1 ) or after (lane 
2) denudation, and analyzed by zymography after SDS PAGE in presence of plasminogen. Denuded spermatozoa (30,000 per plate) were 
analyzed by the plaque assay in the absence (b) or presence (c and d) of plasminogen. In d, 200 I.tg/ml of anti-murine u-PA IgG were 
included in the medium. 
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suggest the following: (a) sperm-associated u-PA is predomi- 
nantly associated with the plasma membrane of the sperm 

head; and (b) inside the acrosome there is another enzyme 
(or enzymes, possibly including acrosin) that is detected by 
the casein overlay assay but not detected by zymography after 
SDS PAGE (see Discussion). The activity of this unidentified 
enzyme(s) depends upon or is enhanced by the presence of 
plasminogen. Whether this enzyme is itself a plasminogen 
activator, or whether itsactivity is triggered by the presence 
of plasminogen or of low levels of contaminating plasmin, 
cannot be decided at this time. 

u-PA Production by the Male  Genital Tract 

The site(s) of synthesis of the sperm-associated u-PA were 
explored by assaying for u-PA protein and u-PA mRNA in 
extracts of segments of the male genital tract. In prepuberal 
mice (i.e., before the onset of sperrnatogenesis and therefore 
in the absence of sperm cells in the genital tract) two PAs 
were revealed by zymography after SDS PAGE (Fig. 6 a); 
by immunoprecipitation with specific antibodies, they were 
shown to be Mr 72,000 t-PA and Mr 48,000 u-PA (data not 
shown), u-PA specific activity increased from testis (lane 1 ) 
to vas deferens (lane 5); high u-PA activity was also found 
in seminal vesicles (lane 6). In adult organs, t-PA was only 
detected after longer incubation of the zymogram, and the 
pattern and level of u-PA activity was similar to that in imma- 

ture animals, except that the highest activity was found in 
seminal vesicle and that the specific activity was higher in 
cauda epididymis than in vas deferens, u-PA in extracts of 
genital tract organs was not inhibited by exposure to DFP, as 
shown above for the sperm-associated u-PA (Fig. 2), and was 
therefore present as the one-chain proenzyme (data not 
shown). 

Preparations of total RNA from various portions of the 
genital tract from adult males were analyzed by Northern 
blot hybridizations for the presence of u-PA and t-PA mRNAs 
(Fig. 7). The highest levels of u-PA mRNA (a) were detected 
in the vas deferens (lane 5) and in seminal vesicles (lane 6); 

the u-PA mRNA content was lower in caput (lane 3) than in 
cauda (lane 4) epididymis, while only weak signals were 
found in testis (lane 2) and prostate (lane 7). A quantitative 
estimate ofu-PA mRNA content was provided by hybridizing 
dot-blots of total RNA and counting the amount of hybrid- 
ized probe. The level of u-PA mRNA in total RNA from the 

vas deferens was ~1.2 pg/Ixg of total RNA (comparable to 

that in total RNA from whole mouse kidney, lane 1 ), and 5-, 
20-, and 80-fold higher than in seminal vesicles, caput epi- 
didymis, and testis, respectively. The levels of t-PA mRNA 
(b) were comparable in the different organs analyzed, and 
approximately equivalent to that of u-PA in caput epidid- 

ymis. 
Finally, the cells that contain u-PA mRNA were identified 

by in situ hybridization. We first analyzed the specificity of 
u-PA mRNA detection under conditions comparable to those 
of in situ hybridization (Fig. 8): total RNAs from u-PA- and 
t-PA-producing cell lines were applied to nitrocellulose and 
hybridized in parallel to a 32p-labeled u-PA cRNA probe ei- 
ther under the stringent conditions where only near-perfect 
RNA-RNA duplexes are stable (lanes I and 2), or under the 
conditions that are required for the maintenance of an appro- 
priate morphology of the tissues (lanes 3 and 4); the relative 
intensities of the signals were comparable under both sets 
of conditions. Frozen sections of various portions of the 
male genital tract were then hybridized to a 3H-labeled u-PA 
cRNA probe, and autoradiographed (Fig. 9). In all tissues, 
the signal was concentrated over the epithelial layer. The spe- 

Figure 6. Zymographic analysis after SDS PAGE of organ extracts 
from immature (a) or adult (b) mice. Testis (lanes 1 ); caput (lanes 
2), corpus (lanes 3), and cauda (lanes 4) epididymis; vas deferens 
(lanes 5); and seminal vesicles (lanes 6). Lanes in panel a con- 
tained 10 ~tg and lanes in b contained 13 Ixg of total protein. 

Figure 7. Northern blot analysis of u-PA (a) and t-PA (b) mRNA 
content in adult organs. Each lane contained 10 Ixg of total RNA 
from the following: kidney (lane 1 ), testis (lane 2), caput (lane 3) 
and cauda (lane 4) epididymis, vas deferens (lane 5), seminal vesi- 
cle (lane 6), and prostate (lane 7). As controls, total RNA from a 
t-PA-producing cell line (PYS, Marotti et al., 1982; lane 8) and 
from u-PA-producing murine peritoneal macrophages (Collart et 
al., 1986; lane 9) were also analyzed. 
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Figure 8. Comparison of Northern blot and in situ hybridization 
conditions. Total RNA from a u-PA- (MSV-3T3, Belin et al., 1984; 
lanes 2 and 4) and a t-PA- (PYS, Marotti et al., 1982; rows 1 and 
3) producing cell line was applied to nitrocellulose (Lanes 1 and 
2) Hybridization was at 58°C in'50% formamide, 0.8 M NaC1, and 
the filter was washed at 65°C in 0.04 M NaC1 (Busso et al., 1986). 
(Lanes 3 and 4) Hybridization and the stringency wash were at 
50°C in 50% formamide, 0.3 M NaCI. 

cificity of the in situ hybridization was also verified by hybrid- 
izing comparable frozen sections with a fragment of u-PA 
mRNA; only background signal was observed (Fig. 9 f ) .  

Thus, together with our detection of u-PA enzymatic activ- 
ity in protein extracts of these organs, these results are fully 
compatible with the synthesis of u-PA by the epithelial cells 
from the vas deferens, the seminal vesicles, and also, to a 
lesser extent, the epididymis. 

Discussion 

Proteases in gametes and genital tract secretions are thought 
to be involved in the cell surface modifications occurring 
during sperm maturation and capacitation, as well as in fer- 
tilization and in postfertilization reactions. However, the en- 

zymatic mechanisms responsible for these events are still 
only poorly understood. It is thus of interest to further iden- 
tify the proteases that are associated with or act upon ga- 
metes. In this context, the results presented here provide 
novel information which could be relevant to our understand- 
ing of capacitation and fertilization in mammals. 

Our zymographic analysis of protein extracts from seg- 
ments of the male mouse genital tract confirms and extends 
previous studies by Larsson et al. (1984), which described 
u-PA immunoreactivity in the epithelium of the vas deferens. 
In addition, we also found large amounts of u-PA activity in 
cauda epididymis and seminal vesicles. Enzymatic and im- 

munological assays do not always identify unequivocally the 
site of synthesis of a given molecule at the cellular level, par- 
ticularly in the case of secreted proteins: for example, u-PA 
could be synthesized in the epididymis and accumulate by 
adsorption and/or endocytosis in the vas deferens. However, 
our analysis of u-PA mRNA content demonstrates the pres- 

ence of this mRNA in large amounts in cauda epididymis, 
vas deferens, and seminal vesicles, and thus strongly sug- 
gests that u-PA is synthesized by these organs; in situ hybrid- 

ization identified the epithelium as the site where u-PA 
mRNA was predominant. 

We have shown that u-PA is associated with the cell surface 
of ejaculated spermatozoa, u-PA is bound to sperm cells only 
at or around the time of ejaculation, perhaps via a specific 
plasma membrane receptor. A high affinity binding site for 
u-PA has recently been described on human mononuclear 
phagocytes. Binding, which involves the noncatalytic A 
chain, preserves the enzymatic activity of u-PA (Vassalli et 
al., 1985; Stoppelli et al., 1985), and this interaction is 
thought to focalize u-PA activity to the close environment of 
cells which express the receptor. A characteristic species 
specificity in enzyme-receptor interaction has been ob- 
served: human u-PA binds to human but not to murine mono- 
c3,tes-macrophages, and, conversely, murine u-PA binds 
only to murine monocytes-macrophages (Vassalli, J.-D., A. 
Estreicher, and A. Wohland manuscript in preparation). A 
similar species specificity of binding was observed here, 
since only murine, and not human, u-PA was found to bind 
to murine spermatozoa. Thus, our data suggest that the inter- 
action of u-PA with murine spermatozoa could also involve 

binding of u-PA to a receptor analogous to that characterized 
on mononuclear phagocytes. 

Several substances that interact with the cell surface of 
spermatozoa (sperm-coating antigens) have been described. 
Synthesized and secreted by various portions of the male 
genital tract, including the accessory glands, they become 
associated with spermatozoa upon passage of these cells 
through the genital tract, or, as we have found to be the case 
for u-PA, at the time of ejaculation (Lea et al., 1978; Koehler 
et al., 1980; Dravland and Joshi, 1981; Shivaji et al., 1984; 
Klinefelter and Hamilton, 1985; Shivaji, 1986). In a u-PA- 
producing human cell line in which the enzyme is expressed 
at the cell surface in a receptor-bound form, it has been 
shown that u-PA is first secreted and subsequently binds to 
the receptor (Stoppelli et al., 1986a). Thus, it is not surpris- 
ing that, in the case of sperm cells, u-PA secreted by epithe- 
lial cells of portions of the male genital tract can subse- 
quently bind to spermatozoa. 

The confluence of the following data suggest that the secre- 
tion of u-PA by the vas deferens may be stimulated by ejacula- 

tion. (a) Spermatozoa stored in the vas deferens possess al- 
most no u-PA immunoreactivity (Larsson et al., 1984). (b) 
Spermatozoa that spontaneously drain from dissected vas 
deferens have little u-PA activity (Fig. 3, lane 2). (c) u-PA 
immunostaining in the vas deferens was confined to apical 
granules in the stereociliated cells (Larsson et al., 1984). (d) 

Ejaculated spermatozoa express considerable u-PA activity 
(Fig. 3, lanes 4 and 6). In this context, it is worth recalling 
here that sperm cells capable of undergoing capacitation and 
of fertilizing eggs in vitro can be obtained without ejacula- 
tion by squeezing out the contents of the cauda epididymis 
and the vas deferens (Oliphant and Eng, 1981). It is thus in- 
teresting to note that spermatozoa obtained by this method 
do express u-PA activity (Fig. 3, lane 3). 

Although u-PA was the only protease revealed by zymog- 
raphy after SDS PAGE of mouse sperm cell extracts, we do 

Figure 9. Detection of u-PA mRNA by in situ hybridization of 3H-labeled u-PA cRNA to frozen sections from cauda epididymis (a and 
b), seminal vesicle (c and d), and vas deferens (e). fshows the hybridization of a 3H-labeled u-PA mRNA fragment to vas deferens, a, 
c, e, and fare bright-field micrographs; corresponding dark-field micrographs of sections a and c are shown in b and d, respectively. Bar, 
20 pm. 

The Journal of Cell Biology, Volume 104, 1987 1286 



Huarte et al. Plasminogen Activator and Mouse Spermatozoa 1287 



not suggest that it is the major protease in these cells. We 

have observed an additional proteolytic activity in mouse 

sperm, which is not related to u-PA, but that also requires 

the presence of plasminogen for its detection. We have not 
identified the enzyme responsible for this second activity, 

but, as has already been suggested (Zaneveld et al., 1975), 

it could be acrosin (Brown and Hartree, 1976; Bhattacharyya 

and Zaneveld, 1982). The fact that acrosin was not detectable 

by zymography after SDS PAGE may be related to the known 

lability of the murine enzyme (Brown and Hartree, 1976). In- 

terestingly, the occurrence of more than one protease in 

sperm cells has also been demonstrated in ascidians (Sawada 
et al., 1984a, b). 

The only known macromolecular substrate for u-PA is 

plasminogen, a zymogen abundant in plasma and other ex- 
tracellular fluids, including the uterine lumen (Finlay et al., 

1983), and possibly the seminal plasma (Zaneveld et al., 

1975). Thus, cell surface-localized u-PA may trigger a pro- 

teolytic cascade around spermatozoa. It has been suggested 

that limited proteolysis is necessary for the sperm surface 

modifications occurring during capacitation (Talbot and 
Franklin, 1978; Talbot and Chacon, 1981). Plasmin-mediated 

proteolysis may also prevent the adhesion of spermatozoa to 

fibrin deposits on the tubal mucosa, facilitating their migra- 
tion towards the ampulla, where fertilization takes place 

(Austin and Bishop, 1957). Finally, added trypsin-like pro- 

teases can stimulate capacitation (Talbot and Chacon, 1981) 

and/or the acrosomal reaction (Meizel, 1985), and inhibitors 
of tryptic enzymes have been shown to prevent the binding 

of mouse spermatozoa to zonae pellucidae (Saling, 1981), 

and their penetration through the zona pellucida (Fraser, 

1982; Brown, 1983). 

It is intriguing to note that the two characterized sperm 

proteases (acrosin and u-PA) are present in or on sperma- 

tozoa as inactive zymogens. The physiological mechanism of 
their activation is unknown, but it can be achieved by ex- 

posure to proteases, such as plasmin (Skriver et al., 1982). 

In the proximity of the egg, activation of these zymogens 

could involve t-PA, an active enzyme which is secreted by 

the secondary oocyte around the time of fertilization (Huarte 

et al., 1985). Plasminogen would then represent the conflu- 
ence of an amplification system that is reminiscent of the pro- 

teolytic cascades of blood plasma. It will be of interest to test 

for a possible role of PAs and plasminogen in mammalian 

fertilization. 
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Note Added in Proof: Ejaculated rat spermatozoa also produce lytic zones 

centered around their head when embedded in a plasminogen-containing in- 

soluble protein substrate. Zymographic analysis reveals the presence of 

u-PA associated with these cells. 
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