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ABSTRACT

A role for the plasminogen activator (PA) system has been postulated in mammalian gonads, considering the complex process
of morphogenesis these organs undergo during their development. Our results show that mouse Sertoli cells under basal
conditions produce both types of PA, tissue-type PA (tPA) and urokinase-type PA (uPA), and hormonal treatments increase the
production of both enzymes. The increased enzyme secretion does not correlate with a parallel increase in their mRNAs.
However, the proteolytic activity results from a balance between enzyme activity and inhibitors. Hormonal stimulation
decreased the expression of the inhibitor PAI-1, suggesting that the increase in proteolytic activity might depend on the
decreased production of PAI-1.

The expression of the two enzymes and their inhibitor depends on the seminiferous epithelium stage. We observed higher uPA
mRNA levels at stages VII-VIII and IX-XII, tPA peaks at stages VII-VIII, and PAI-1 mRNA levels decreased at stages VII-VIII
and IX-XII.

The testes from mice lacking the uPA gene (uPA~'7) presented statistically smaller sizes and weights. Histological analysis of
uPA~/~animals showed tubular morphology defects and atypical residual bodies (RB), suggesting a defect in Sertoli cell

phagocytosis. Moreover, we show lower sperm concentration and motility in uPA™

deficiency of testicular development in the absence of uPA.

1 | Introduction

Plasminogen activators (PAs) are serine proteases that cleave
the proenzyme plasminogen present in plasma and extracellular
fluids into the active protease plasmin.

In mammals, two forms of PA, urokinase-type (uPA) and tissue
type (tPA), have been characterized. The two PAs are encoded by
different genes, but despite having distinct catalytic properties
that may indicate distinct functions, they share the ability to
cleave plasminogen to form the active protease plasmin (Dano
et al. 1985). The presence of fibrin enhances the activity of tPA,
whereas that of uPA is unaffected. This difference has been used

/~ mice. These data suggested an effective

to suggest that tPA physiological function is primarily fibrinolysis,
whereas uPA may be involved in cell migration and tissue re-
modeling (Blasi 1993; Myohanen and Vaheri 2004). In addition,
although tPA and uPA are secreted proteases, both can bind to
the cell surface via specific cell surface receptors, thus protecting
them from the inhibitory actions of the abundant plasma inhib-
itors (Dano et al. 1985; Daneg et al. 2005). Moreover, two speci-
fic PA inhibitors have been identified: PA inhibitor-1 (PAI-1)
and PA inhibitor-2 (PAI-2) (Andreasen et al. 1990).

A role for the PA system has been postulated in mammalian
gonads, considering the complex process of morphogenesis these
organs undergo during their development (Laurenzi et al. 2023;
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Le Magueresse-Battistoni 2007). Tissue-type PA, uPA, and PAI-1
have been detected in the ovary. Their production by granulosa
cells, as well as by other cell types present in the female gonads,
has now been demonstrated in many mammals, although there
are some differences in the type of PA produced (Canipari
et al. 1987; Canipari and Strickland 1985; Epifano et al. 1994).
Numerous hypotheses have been made about the difference
of PA secreted by GCs of preovulatory follicles in the mouse,
human, and rat ovary. The two enzymes could be interchange-
able within the ovarian follicle of the three species, both being
capable of producing plasmin; alternatively, there may be some
required functions in the ovary of the different species for which
tPA or uPA might be more suitable.

Sertoli cells and granulosa cells have a common embryonic
origin, and both cell types secrete PAs under hormonal stimu-
lation. Both enzymes have been detected in the rat testis, and
are produced by Sertoli cells (Tolli et al. 1995) and myoid cells
(Catizone et al. 2015). Under basal conditions, rat Sertoli cells
secrete uPA, while in response to FSH stimulation, they
increase tPA secretion and decrease uPA production (Tolli
et al. 1995); PAI-1 is secreted either by peritubular cells or by
Sertoli cells (Le Magueresse-Battistoni et al. 1998). Moreover,
PAs are expressed in a stage-dependent manner (Liu 2007;
Vihko, Toppari, and Parvinen 1987). Therefore, it has been
hypothesized that each of these molecules can be associated
with different functions (Le Magueresse-Battistoni 2007).

Starting from these observations and given the remarkable
similarities between Sertoli cells and granulosa cells, this work
aimed to study whether the differences in the production of PAs
in the different species were also maintained in testes and their
possible impact on testis functions.

This paper documents that mouse Sertoli cells produce both en-
zymes, with uPA highly regulated by cAMP. Moreover, the absence
of uPA impairs spermatogenesis and testicular development.

2 | Materials and Methods

2.1 | Materials

Unless otherwise reported, chemicals were obtained from
Sigma-Aldrich.

2.2 | Animal Models

C57BL/6 and uPA-deficient (uPA™") mice (Carmeliet
et al. 1994) were housed under controlled temperature (25°C)
and light conditions (12h light/day) with access to food and

water ad libitum. uPA™'~ animals were backcrossed 10 times to
mice of the C57BL/6 genetic background. All animal proce-
dures were approved by the Local Ethics Committee for Animal
Research (672/2018-PR).

2.3 | Genotyping

A little piece of mice tail was digested with 250 uL of NaOH
(0.05M) for 45min at 95°C, afterwards was added 250 pL of
TRIS-HCI (0.5M; pH 5.5) to stop the digestion process. Mice
were genotyped by PCR using ReadyMIX Taq PCR Reaction
Mix (Sigma-Aldrich). The primers used are shown in Table 1.

2.4 | Sertoli Cell Preparation

Primary Sertoli cell cultures from 18 to 20-day-old C57BL/6
mice (Charles River, Como, Italy) were prepared as previ-
ously described (Tolli et al. 1995). Briefly, testes deprived of
tunica albuginea, were subjected to sequential enzymatic
digestions with trypsin (0.25%), collagenase (0.1%), and
hyaluronidase (1 mg/mL) at 32°C for 30 min each. Between
enzymatic treatment and washes, Sertoli cells were allowed
to sediment by gravity. The final cell suspension was re-
suspended at a final concentration of 3 X 10° viable cells/mL
of serum-free MEM supplemented with glutamine, non-
essential amino acids, gentamicin, penicillin, and strepto-
mycin, then cultured at 32°C in a 5% CO, atmosphere. On the
third day of culture, cells were treated with a hypotonic
solution to remove contaminating germ cells (Galdieri
et al. 1981). All treatments were started on the fourth day of
culture and performed in medium supplemented with 0.1%
BSA. At the end of incubation, culture fluids were collected
and stored frozen until assayed for PA activity. The cells were
washed extensively with fresh medium and further processed
for RNA extraction.

2.5 | Isolation of Seminiferous Tubules

Testes obtained from adult mice were deprived of tunica albu-
ginea in a plate containing PBS. Under the stereomicroscope,
with a magnification of 25-50%, the tubules were dissected from
the interstitial tissue, and stages of the seminiferous epithelium
were identified through the different patterns of light absorp-
tion by transillumination (Lamberti and Vicini 2014). Once the
transillumination pattern of the different stages was identified,
the tubules were cut into 2 mm segments and divided into three
groups: stages II-VI, VII-VIII, and IX-XII. The collected seg-
ments were lysed, and the RNA was extracted.

TABLE 1 | Sequence of oligonucleotides used as PCR primers.
Product
Gene Primers length (bp)
uPA Fw: 5'-ATCGAAGGCCGCCCAACTCTGAGTGGGATTG-3’ 509

Rv: 5-TCCCAACAGCAGATCTCATGAATGACCC-3’

Abbreviations: Fw, forward primer; Rv, reverse primer.
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2.6 | Rna Extraction, Reverse Transcription, and
Real-Time PCR

Total RNA was isolated using a silica gel-based membrane spin
column (RNeasy Kit, Qiagen S.p.A.) according to the manu-
facturer's instructions. Before use, ribonucleic acid integrity and
purity were confirmed spectroscopically and by gel electro-
phoresis. Total RNA (2 ug) was reverse-transcribed in a final
volume of 20 uL using the M-MLV Reverse Transcriptase kit
(Invitrogen, Milan, Italy) according to the manufacturer's
instructions. The presence of specific transcripts was evaluated
by SYBR Green Real-Time PCR on an Applied Biosystems 7500
Real-Time PCR system as previously described (Innocenti
et al. 2017). Each sample was normalized to its 3-actin content.
Threshold cycle (Ct) values were used to calculate the fold
changes in gene expression using the 272“¢" method. The
primers used are shown in Table 2.

2.7 | Assay for PA

Enzymatic activity of PA was assessed by the method of
Shimada et al. (1981), as already described (Tolli et al. 1995). To
characterize the type of PA present in the sample, the assay was
performed in the presence or absence of 125uM amiloride, a
specific uPA inhibitor that does not affect tPA activity (Vassalli
and Belin 1987). Values obtained in the presence of amiloride
were considered dependent on tPA activity, while activity
dependent on uPA was obtained by subtracting values due to
tPA activity from total values. PA activity was expressed in
terms of milli-international units (mIU) with reference to a
standard preparation of urokinase, and values were normalized
to the value in milligrams of protein present in the culture dish.
Protein concentrations were determined by the Bradford col-
orimetric assay (Bio-Rad Laboratories) using BSA as standard.

2.8 | Gel Electrophoresis and Zymography

For zymography of PA, culture media and cell lysates were
separated by electrophoresis in 10% polyacrylamide slab gels in
the presence of SDS (SDS-PAGE) under nonreducing conditions
(Laemmli 1970). PA was then visualized by placing the Triton
X-100-washed gel on a casein-agar-plasminogen underlay as
previously described (Catizone et al. 2012).

2.9 | Cyclic AMP Assay

The amount of extracellular cAMP present in conditioned media
was measured with a cAMP ELISA kit (Enzo Life Science,
Euroclone S.p.A.) in accordance with manufacturer protocol.
Values are normalized to milligrams of proteins present in the
sample. Protein concentrations were determined by the Bradford
colorimetric assay (Bio-Rad Laboratories) using BSA as standard.

2.10 | Morphological Studies

The testes from WT and uPA™'~ animals of different ages (2.4,
4.5, and 6.5 months) were quickly removed, weighed, fixed in
Bouin's liquid, embedded in paraffin, serially sectioned at 6 um
and stained with carmalum for 7 min at room temperature.

211 | Sperm Preparation

Epididymis cauda were collected along with the vas deferens from
adult WT and uPA™"~ mice, transferred singularly into small Petri
dishes, minced in M2 MEDIUM (Sigma-Aldrich), and incubated
for 15min at 37°C (95% air and 5% CO,) to allow the release of
sperm. Samples were diluted in a final volume of 1 mL, and sperm
concentration was evaluated using a hemacytometer. In addition
to the total number of spermatozoa, immobile spermatozoa were
also counted to obtain a percentage of sperm motility.

2.12 | Statistical Analysis

All experiments were repeated at least three times, and each
experiment was performed at least in duplicate. Statistical
analyses were performed using ANOVA followed by the Tukey-
Kramer test for comparisons of multiple groups or a two-tailed
t-test when comparing data derived from two groups. Values
with p < 0.05 were considered statistically significant.

3 | Results
3.1 | Hormonal Regulation of PA Activity

We investigated the type of PA produced by mouse Sertoli cells
in response to hormonal stimulation. Sertoli cells obtained from

TABLE 2 | Sequence of oligonucleotides used as real-time PCR primers.
Gene Primers Product length (bp)
B-Actin Fw: 5'-TGACAGGATGCAGAAGGAGA-3' 82
Rv: 5-GTACTTGCGCTCAGGAGGAG-3’
uPA Fw: 5'-TAAAATGCTGTGTGCTGCGG-3' 150
Rv: 5'-CCGGGCTTGTTTTTCTCTGC-3’
tPA Fw: 5-TCGGGACACAGAAGAAACGG-3’ 164
Rv: 5-TTGTCTGCGTTGGCTCATCT-3’
PAI-1 Fw: 5-TCAGACAATGGAAGGGCAACA-3’ 169

Rv: 5'-AGCTGCTCTTGGTCGGAAAG-3’

Abbreviations: Fw, forward primer; Rv, reverse primer.
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FIGURE1 | PA production by Sertoli cells in response to FSH and dbcAMP. Sertoli cell cultures from 18-day-old mice were prepared as
described in Materials and Methods. On the fourth day of culture, cells were incubated for 18 h in MEM supplemented with 0.1% BSA with FSH
(100 ng/mL) with or without 50 and 100 mM IBMX or increasing concentration of dbcAMP (0.1-1 mM). Medium was collected and assayed for PA
activity at the end of the culture. Aliquots of conditioned media (20 mL) were analyzed by SDS-PAGE followed by zymography or chromogenic
substrate assay. (a) Representative zymography of five independent experiments. The photograph was taken after 18 h of incubation at 37°C. (b) uPA
and (c) tPA activity analyzed by chromogenic substrate assay. Values represent mean + SEM of five independent experiments and are expressed as
fold change versus control (FSH-), arbitrarily set at 1. Statistical analysis was performed using ANOVA followed by the Tukey-Kramer test. *p < 0.05

and **p < 0.01 versus control (FSH-); & p < 0.05 versus respective IBMX alone.

18-day-old animals were treated for 18 h with 100 ng/mL FSH,
alone (FSH) or together with 50-100uM isobutyl methyl-
xanthine (IBMX), a nonspecific phosphodiesterase inhibitor,
and with increasing concentrations of dibutyryl-cAMP
(dbcAMP).

Conditioned media were collected at the end of treatment,
and PA activity was evidenced by zymography. As shown in
Figure la, we observed the presence of the two types of PA.
They have different molecular weights and can be distinguished
by their different migration in the gel. The higher molecular
weight band present in the gel represents the PA-PAI inhibitor
complex being partially activated under these experimental
conditions. FSH alone does not induce Sertoli cell PA produc-
tion. Instead, there is a significant stimulation of both enzyme
production in response to dbcAMP, IBMX alone, and FSH in
the presence of IBMX.

A chromogenic substrate assay was performed to quantify uPA
and tPA in the Sertoli cell culture medium under the different
culture conditions. PAs were expressed as fold change to the
control arbitrarily set 1. As shown in Figure 1b,c, the uPA and
tPA levels in the medium after the various treatments reflected
those observed with zymography.

3.2 | Hormonal Regulation of tPA and uPA
mRNA Levels

To determine whether FSH and dbcAMP effects on PA activity
were associated with changes in mRNA levels, total RNA was
extracted from Sertoli cells cultured in the same conditions
described above and analyzed by real-time PCR.

As shown in Figure 2a, FSH or IBMX alone did not stimulate
either uPA- or tPA-mRNA. Conversely, mRNA levels for both
enzymes were significantly increased by stimulation with FSH
and the highest dose of IBMX and dbcAMP at all concentrations
(Figure 2a,b). To investigate PA regulation further, we eval-
uated the mRNA levels of PAI-1, which is an important factor in
regulating uPA and tPA enzymatic activity. The levels of PAI-1
mRNA significantly decreased with all treatments (Figure 2c).

3.3 | Effect of FSH and IBMX on Sertoli Cell
cAMP Production

Urokinase-PA has been shown to be upregulated by cAMP in
Sertoli cells (Bhattacharya et al. 2012) and Leydig cells
(Demmouche and Tremblay 2022). Therefore, to evaluate
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FIGURE 2 |
cultured as described in Figure 1, was subject to real-time PCR using

Total RNA, extracted from Sertoli cells obtained and

primers specific for uPA (a), tPA (b), and PAI-1 (c). Each sample was
normalized to its b-actin content. Values represent mean + SEM of five
independent experiments and are expressed as fold change with respect
to control (FSH-), arbitrarily set at 1. Statistical analysis was performed
using ANOVA followed by the Tukey-Kramer test. *p < 0.05, **p < 0.01,
and ***p <0.001 versus control (FSH-); & p <0.01 versus respective
IBMX alone.

TABLE 3 |
Sertoli cells.

Effect of FSH and IBMX on cAMP production by mouse

cAMP (pmoles/mg proteins)

None IBMX (100 pM)
Control 2.6 +0.73 6.9 + 0.85*
FSH (100 ng/mL) 17.7 + 0.64** 27.5 + 0.574**%

*p < 0.01; **p < 0.001 versus Control; ¥p < 0.001 versus FSH.

whether the low response to FSH was due to a failure of cells to
respond to FSH, we evaluated FSH stimulation's effect on the
levels of cCAMP in Sertoli cells.

Sertoli cells, obtained from 20-day-old mice, were cultured in
the presence of 100 ng/mL FSH, 100 uM IBMX, and FSH +
IBMX. At the end of the incubation, the cAMP levels present in
the medium were evaluated by ELISA. As shown in Table 3,
there was only a slight increase in cAMP production in response
to IBMX alone. This production was significantly increased in
the presence of FSH and further increased when, in addition to
FSH, cells were stimulated with IBMX.

3.4 | Stage-Specific Expression of PA and PAI in
Cultures Mouse Epithelium

To investigate the PA system's expression in the different stages
of the seminiferous epithelium, we isolated stages I-VI, VII-
VIII, and IX-XI seminiferous tubule fragments by using trans-
illumination microscopy. The mRNA levels of uPA, tPA, and
PAI-1 were evaluated by Real-time PCR.

As shown in Figure 3, the mRNA levels of uPA and tPA follow
different trends. The uPA shows lower levels at stages II-VI and
a gradual increase in the transition from stages VII-VIII to IX-
XI (Figure 3a), while tPA shows a peak in stages VII-VIII
(Figure 3b). PAI-1 mRNA levels are highest in stages II-VI and
gradually decrease at stages VII-VIII and IX-XI (Figure 3c).

3.5 | Spermatogenesis in uPA~~ Mice

To have an initial assessment of the role of uPA in the process
of spermatogenesis, we examined whether the deficiency of
uPA in uPA knockout mice may alter testicular development
and fertility. As shown in Figure 4, testes obtained from adult
uPA™"~ mice of different ages (2.5-, 4.5-, and 6.5-month-old)
were smaller than the testes isolated from adult WT mice of the
same age (Figure 4a,b).

We then examined spermatozoa recovered from the cauda
epididymis of the same mice. We observed a reduction in both
number and motility of spermatozoa in uPA™~ animals
compared to WT. The decrease in the sperm number with
respect to WT animals, was more evident in older animals
(Figure 5a,b).
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FIGURE 3 | uPA, tPA, and PAI-1 mRNA levels in staged seminif-
erous tubules isolated from adult mice. Total RNA, extracted from the
different stages (II-VI, VII-VIII, IX-XI), was subject to real-time PCR
using primers specific for uPA (a), tPA (b), and PAI-1 (c). Values rep-
resent mean + SEM. of three independent experiments and are ex-
pressed as fold change normalized to stages II-VI, arbitrarily set at 1
Statistical analysis was performed using ANOVA followed by the
Tukey-Kramer test. *p < 0.05 and **p < 0.01 versus stages II-VI.

3.6 | Morphological Evaluation of Seminiferous
Tubules

We then examined how the absence of uPA affects testis mor-
phology in 4.5-month-old animals. The histological observa-
tions on testis of WT animals showed seminiferous tubules
characterized by a correct structure with a well-defined lumen
and complete spermatogenesis (Figure 6). The testis of the
uPA™~ animals showed several degrees of damage. Increased
luminal diameter of seminiferous tubules, atypical residual
bodies, thinner epithelium with less germ cells, Sertoli cell-only
tubules (Figure 6). However, in the same animal group, some
seminiferous tubules were characterized by seemingly normal
morphology.

4 | Discussion

Previous studies on the PA produced by granulosa cells obtained
from mouse, human, and rat ovaries have shown that in the
ovaries of these species, the type of PA produced by granulosa
cells is species-specific (Canipari et al. 1987; Epifano et al. 1994).
In response to gonadotropins, rat granulosa cells secrete tPA and
decrease the production of uPA (Canipari and Strickland 1986).
Identical results are obtained with rat Sertoli cells where FSH
induces tPA production while inhibiting uPA (Tolli et al. 1995).
Conversely, in mouse granulosa cells, gonadotropin stimulation
induces uPA secretion (Canipari et al. 1987). Here, we show that,
in basal conditions, mouse Sertoli cells produce low levels of both
types of PAs and that FSH alone did not affect uPA and tPA
production. However, the co-treatment with FSH and IBMX or
dibutyl cAMP stimulated the production of both PAs. These data
suggested the involvement of the cAMP pathway in the uPA and
tPA gene modulation, as already shown in the rat (Macchione
et al. 2000) and mouse granulosa cells (Canipari et al. 1987) and
in rat Sertoli cells (Tolli et al. 1995). Our data indicate that, like in
the ovary, hormonal stimulation in the testis activates different
types of PAs across various species. However, although these PAs
have distinct catalytic properties, they ultimately catalyze the
cleavage of the same bond in plasminogen with plasmin forma-
tion, allowing their functions to be interchangeable (Dane
et al. 2005).

To gain more insight into PA production regulation, we eval-
uated if the control was at the mRNA level. Our analysis of tPA-
and uPA-mRNA expression revealed that the levels of mRNAs
did not mirror those of enzymatic activity. In fact, despite the
increased PA-activity observed in the medium in response to
FSH and IBMX stimulation, FSH alone or in the presence of
IBMX, as well as IBMX alone, had no effect on uPA- or tPA-
mRNA, apart from FSH plus 100 uM IBMX. This lack of effect
of FSH on PA expression could be due to low levels of cAMP
obtained by stimulating with FSH alone insufficient to stimu-
late PAs (Table 3).

The enzymatic activity in the medium is a balance of PA activity
and PAI inhibitory action (Le Magueresse-Battistoni 2007). The
high molecular weight lytic band in the zymography evidenced
the presence of a PA inhibitor in Sertoli cell-conditioned media.
From the analysis at the mRNA levels, we observed that the
stimulation with FSH alone caused a significant decrease in
PAI-1-mRNA levels. The same decrease of PAI-1 in response to
FSH has also been observed in the rat testis (Le Magueresse-
Battistoni et al. 1998). The addition of IBMX to FSH further
decreased PAI-1 expression. These results suggested that the
control of total PA enzymatic activity in response to IBMX or
FSH plus IBMX was not dependent on an increase in the levels
of their mRNA but through a decreased inhibition by PAI-1
present in the medium. Therefore, after hormonal stimulation,
a decrease in the PAI-I-mRNA corresponds to an increase in
the PA enzymatic activity present in the medium. Moreover, the
data obtained treating Sertoli cells with dbcAMP suggested that
FSH stimulates uPA and tPA expression and inhibits PAI-1
expression through the cAMP pathway.

A role for these proteases has been suggested in the continuous
remodeling of the rat seminiferous epithelium taking place
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FIGURE 4 | The absence of uPA impairs testis development. (a) Images of whole testes obtained from uPA™/~ and WT 4.5-month-old mice (n=6
each genotype). (b) Mean of the whole testis weight in WT and uPA™~ mice of different ages, with a total animal number of 3 age 2.5, 6 age 4.5, and 3
age 6.5 for each genotype. Statistical analysis was calculated by Student's t-test. *p < 0.05, **p < 0.01, and ***p < 0.001 versus respective WT.
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Mean of the number of spermatozoa (a) and mean of the percentage of

The absence of uPA impairs sperm number and motility.

sperm motility (b) in WT and uPA™~ mice of different ages. Results are
expressed as number of spermatozoa and percentage of sperm motility per
mouse with a total animal number of 3 age 2.5, 6 age 4.5, and 3 age 6.5 for
each genotype. Statistical analysis was calculated by Student's t-test.
*p < 0.05, **p < 0.01, **p < 0.005, and ****p < 0.001 versus respective WT.

during the release of the preleptotene spermatocytes from the
basement membrane (Russell 1977), spermiation (Leblond and
Clermont 1952), detachment of residual bodies from the mature
spermatids (Morales, Clermont, and Nadler 1986), and their

Ctrl

uPA™

FIGURE 6
uPA™~ (c-h) mice. Arrows: spermatozoa; *: tubules with enlarged lumen;
**: Sertoli cell-only tubules; arrowheads: residual bodies. Scale bar = 100 pum.

Photomicrographs of sections of testes from WT (a, b),

phagocytosis by Sertoli cells (Sigillo et al. 1998). The secretion of
PAs by rat and mouse seminiferous epithelial cells is stage-
specific. It is preferentially observed at stages VII and VIII and
IX-XII of the cycle, suggesting that PAs may be involved during
critical stages of spermatogenesis (Fritz, Tung, and
Ailenberg 1993; Lacroix, Parvinen, and Fritz 1981; Liu 2007).
Ailenberg and Fritz (1988) suggested that PAs play a role in
breaking the tight junctions between adjacent rat Sertoli cells
that can be observed at stages VII and VIII of the cycle. This
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mechanism would allow the migration of spermatocytes toward
the adluminal compartment (Ailenberg and Fritz 1988). More-
over, in a two-chamber model system, following stimulation by
FSH or dbcAMP, lower integrity was observed in the barrier
formed by the Sertoli cells (Ailenberg and Fritz 1989; Catizone,
Ricci, and Galdieri 2008). Conversely, the production of prote-
ase inhibitors by Sertoli cells in the adluminal compartment can
modulate the net protease activity within the seminiferous
tubule at defined stages, such as during the process of trans-
location and spermiation, therefore maintaining the integrity of
the Sertoli cell barrier (Le Magueresse-Battistoni 2007; Le
Magueresse-Battistoni et al. 1998).

We further investigated this aspect and observed higher uPA-
mRNA levels at stages VII-VIII and IX-XI, while tPA-mRNA
peaks at stages VII-VIII. Conversely, PAI-I-mRNA levels
showed a decreasing trend at stages VII-VIII and IX-XI. The
decline in PAI-1 expression paralleled by an increase in PA
expression at later stages may result in an increase in PA's
activity in the second part of the cycle. Interestingly, im-
munostaining for a2-macroglobulin, a nonspecific protease
inhibitor, has been found at stages I-VI (Wong and
Cheng 2005), where we found higher levels of PAI-1 expression.

Here, we present evidence that in immature Sertoli cells, the
expression levels of PAs are under the control of the cAMP
pathway. However, the analysis of PA expression levels during
the seminiferous epithelium cycle shows that uPA and tPA
expression at stages II-VI is lower compared to subsequent
stages. It is important to emphasize that even though the
highest response in terms of cAMP levels in Sertoli cells occurs
predominately in stages I-V of the cell cycle (Kangasniemi
et al. 1990; Parvinen 1982), PAs are also influenced by several
other factors locally produced in the testis (Le Magueresse-
Battistoni 2007). Among these are retinoic acid (RA), Hepato-
cyte Growth Factor (HGF), and tumor necrosis factor-alfa
(TNF-a). RA levels are highest at stage VIII-XI of the seminif-
erous epithelial cycle (Hogarth et al. 2015). In rat Sertoli cells,
RA has been shown to inhibit transcription of the uPA
(Canipari and Galdieri 2000). Moreover, RA has been shown to
stimulate PA expression in the rat testis in a stage-dependent
manner (Vihko, Toppari, and Parvinen 1987). HGF in adult rats
is maximally expressed at stages VI-VII of the cycle, when germ
cells traverse the blood-testis-barrier, and when myoid cell
contraction occurs, and declines in the subsequent stages IX-VI
(Catizone et al. 2012). HGF has been shown to stimulate the
expression of uPA in rat myoid cells, and myoid cell contraction
is abrogated by uPA inhibitors (Catizone et al. 2015). TNF-a is
maximally expressed at stages X and XI of the cycle by pachy-
tene spermatocytes and round spermatids (De et al. 1993), and
it has been demonstrated to induce the expression of PAI-1 in
peritubular cells (Le Magueresse-Battistoni et al. 1997). These
findings suggest that several factors contribute to the regulation
of the expression of PAs and PAI at the different stages of the
seminiferous epithelium cycle.

In the literature, there is some evidence that links uPA with
spermatogenesis. The urokinase receptor was identified at the
point of contact between the Sertoli and germ cells, indicating
that the proteolysis involving plasminogen could occur near
germ cells (Le Magueresse-Battistoni 2007). In postnatal rat

testis, the expression of uPA and uPAR increases with the
proceedings of the first wave of sperm maturation, and the
highest levels were observed at postnatal Day 35, when round
spermatids are transformed to elongate spermatids and began
spermiation (Huang et al. 2007). Urokinase-PA is involved in
the modulation of occludin levels in endothelial cells
(Behzadian et al. 2003), and in the testis, it is closely related to
the tight junctions of the blood-testis barrier (Tian et al. 2007;
Wong et al. 2000). Moreover, it has been demonstrated that
HGF strongly increases the amount of uPA secreted by the
tubules (Catizone et al. 2012). This secreted uPA, in turn, pro-
motes the activation of inactive TGF-f (Catizone, Ricci, and
Galdieri 2008; Nunes, Shapiro, and Rifkin 1995; Odekon, Blasi,
and Rifkin 1994), and the active TGF-f can perturb Sertoli cell
tight junctions (Lui, Lee, and Cheng 2003). Finally, it has been
observed reduced fertility in mice after subcutaneous injection
of anti-human uPA antibodies (Ding et al. 2018; Qin et al. 2015)
and after uPA-inhibition by lentiviral RNA interference (Zhao
et al. 2017).

The present study shows that uPA™~ mice display smaller testis
with altered seminiferous tubular morphology and lower sperm
concentration and motility. Moreover, the presence of atypical
residual bodies (RB) in uPA™~ animals suggested a defect in RB
phagocytosis by Sertoli cells. A correlation has been shown
between RB phagocytosis, uPA secretion by Sertoli cells, and
the initiation of a new wave of spermatogenesis (Sigillo
et al. 1998). Therefore, impaired phagocytosis and uPA pro-
duction may lead to defects in germ cell production. Our data
are in line with the data showing reduced sperm concentration,
sperm viability, and sperm motility when uPA is experimentally
inhibited in the mouse testis (Qin et al. 2015; Zhao et al. 2017).
Altogether, these data suggested that uPA plays a role in the
production and correct maturation of spermatozoa.

In conclusion, similar to what is observed in the ovary, Sertoli
cells in the testes from various species perform similar functions
by expressing functionally related but genetically distinct en-
zymes. Although hormone regulation and production vary across
species, suggesting that each enzyme may have unique functions,
it is important to note that despite differences in their catalytic
properties, these enzymes catalyze the same bond cleavage in
plasminogen. Studies in gene-deficient mice further indicate that
PAs can substitute for one another (Dane et al. 2005). These
findings highlight the intricate regulatory mechanisms
underlying PA production and emphasize the need for further
research in this area. Understanding the expression patterns of
tPA and uPA in Sertoli cells across species may help determine
the function of these enzymes in testicular physiology.
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