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a b s t r a c t

Experimental autoimmune orchitis (EAO) is a model of chronic inflammation and infertility useful for
studying immune and germ cell (GC) interactions. EAO is characterized by severe damage of seminiferous
tubules (STs) with GCs that undergo apoptosis and sloughing. Based on previous results showing that
Fas–Fas Ligand (L) system is one of the main mediators of apoptosis in EAO, in the present work we stud-
ied the involvement of Fas and the soluble form of FasL (sFasL) in GC death induction. EAO was induced in
rats by immunization with testis homogenate and adjuvants; control (C) rats were injected with adju-
vants; a group of non-immunized normal (N) rats was also studied. Activation of Fas employing an
anti-Fas antibody decreased viability (trypan blue exclusion test) and induced apoptosis (TUNEL) of
GCs from STs of N and EAO rats, an effect more pronounced on GCs from EAO STs. By Western blot we
detected an increase in sFasL content in the testicular fluid of rats with severe EAO compared to N and
C rats. By intratesticular injection of FasL conjugated to Strep-Tag molecule (FasL-Strep, BioTAGnology)
and its immunofluorescent localization, we demonstrated that sFasL is able to enter the adluminal com-
partment of the STs. Moreover, FasL-Strep induced GC apoptosis in testicular fragments of N rats. By flow
cytometry, we detected an increase in the number of membrane FasL-expressing CD4+ and CD8+ T cells
in testis during EAO development but no expression of FasL by macrophages. Our results demonstrate
that sFasL is locally produced in the chronically inflamed testis and that this molecule is able to enter
the adluminal compartment of STs and induce apoptosis of Fas-bearing GCs.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Although the testis is an immunoprivileged organ, infection and
inflammation associated with subfertility or infertility may occur.
In fact, the disruption of immune privilege is of particular concern
due to the high prevalence of inflammatory reactions among infer-
tile men [1].

Experimental autoimmune orchitis (EAO), a model of chronic
testicular inflammation, has provided important insight into
immunologically impaired spermatogenesis and infertility. We
developed EAO in rats by active immunization with testicular anti-
gens and adjuvants [2]. In this model, testicular damage is charac-
terized by an increased number of interstitial macrophages and T
cells, different degrees of germ cell (GC) degeneration and slough-
ing, aspermatogenesis and atrophy of seminiferous tubules (STs)
[3–6].

Fas–Fas Ligand (L) system has been shown to mediate both
apoptotic and inflammatory reactions. In different experimental
models of testicular damage such as cryptorchidia, irradiation, tox-
icants, heat exposure and hormone suppression, Fas–FasL system
appeared to be the major pathway of GC apoptosis [7–10]. Fas
(APO-1/CD95) is a type I-membrane protein that belongs to the tu-
mor necrosis factor (TNF) receptor family and is a receptor for FasL,
a type II-transmembrane protein also belonging to the TNF family.
The Fas cell surface receptor mediates apoptotic signals upon
engagement with FasL [11]. The membrane-bound (m) FasL
(40 kDa) may be converted to soluble form (s) FasL (26 kDa) by
the action of some matrix metalloproteases and by some members
of the ‘‘a disintegrin and transmembrane metalloprotease’’ (ADAM)
family [12,13].

In the normal testis, sFasL is produced and its content in-
creases after exposure to toxicants [14]. In rats with EAO, the
presence of apoptotic spermatocytes and spermatids expressing
Fas, FasL or co-expressing both molecules in the damaged STs
suggests that cell death occurs through a mechanism involving
Fas–FasL system in an autocrine and/or paracrine way [4]. We
hypothesize that infiltrating immune cells expressing FasL con-
tribute to the apoptosis of Fas+ GCs. The aim of the present work
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was to determine whether sFasL is produced locally in the in-
flamed testis and to analyze its involvement in GC apoptosis
induction. In order to evaluate the putative contribution of
inflammatory interstitial cells to sFasL production we studied
FasL expression by macrophages and T cells.

2. Materials and methods

2.1. Animals

Male adult Sprague–Dawley rats were kept at 22 �C on a 12 h
light, 12 h dark schedule and fed standard food pellets and water
ad libitum. Animal handling and experimentation were done in
accordance with the EU Policy on Animal Welfare (EUPAW) with
the approval of the CICUAL, Animal Committee of the School of
Medicine of the University of Buenos Aires.

2.2. Immunization schedule

Rats of the EAO group (n = 42) were immunized under anes-
thesia (100 mg/kg ketamine and 5 mg/kg xylazine) with testicu-
lar homogenate (TH) prepared as previously described [2].
Briefly, rat testes were decapsulated, an equal volume of saline
solution was added and they were disrupted in an Omni mixer
for 30 s. The final TH concentration was 500 mg/ml. 0.4 ml of
TH emulsified with 0.4 ml of complete Freund’s adjuvant (CFA)
(Sigma–Aldrich, St. Louis, MO, USA) was injected intradermally
into footpads and at multiple sites near ganglionar regions.
EAO rats were injected three times with 200 mg of TH/dose/
rat, at 14 day intervals. The first two immunizations were fol-
lowed by an i.v. injection of 0.5 ml of Bordetella pertussis (Bp)
(strain 10536; Instituto Malbrán, Buenos Aires, Argentina) con-
taining 1010 microorganisms and the third by an i.p. injection
of 5 � 109 microorganisms. Rats in control (C) group (n = 36)
were injected with an emulsion of saline solution and CFA, and
Bp in the same conditions as the EAO group. EAO and C rats
were killed at different time periods (50–60 and 70–80 days)
after the first immunization. We also studied a group of nonim-
munized normal (N) rats (n = 49) killed at the same time as rats
from the other groups. Rats were euthanized with CO2 and
weighed, and testes were removed and weighed. One testis
was processed for histopathology and the other was processed
as described below.

2.3. Intratesticular Fas Ligand injection

To perform intratesticular injection we employed a novel bioac-
tive FasL reagent named FasL-Strep (BioTAGnology, St Louis, MO,
USA). FasL reagent contains a Strep-Tag� molecule fused to the
three monomers of the extracellular domain of FasL. Rats
(n = 7 rats/group) were injected under ketamine/xylazine anesthe-
sia; 60 ll of murine FasL-Strep (3.3 lg/ml) were injected subal-
buginea in the cephalic pole of the right testis with an ultrafine
30-gauge as previously described [15]. The same volume of saline
solution was injected in the left testis. After 6 h rats were killed, the
right testis was quickly frozen to immunolocalize FasL-Strep and
the other testis was fixed in Bouin’s solution and embedded in par-
affin for histopathology.

2.4. Histopathology

Testes were fixed in Bouin’s solution and embedded in paraffin.
Histopathology was analyzed in transversal sections obtained from
the poles and equatorial areas of testis and stained with hematox-
ylin–eosin.

2.5. Collection of testicular fluid

Testicular fluid (TF) was collected from rats killed on days 50
(n = 6 rats/group) and 80 (n = 8 rats/group) as previously described
[16]. Drained fluid was collected after 16 h at 4 �C in the presence
of protease inhibitors (1 mM phenylmethylsulfonyl fluoride and
10 lg/ml aprotinin, Sigma–Aldrich). TF was stored at �70 �C until
use.

2.6. Isolation and culture of germ cells

Testes from N (n = 6) and EAO (n = 7) rats killed 50 days after
the first immunization were decapsulated and digested with type
II collagenase (0.3 mg/ml, Worthington Biochemicals Corporation,
Freehold, NJ, USA) in phosphate buffered saline (PBS) with 0.1% bo-
vine serum albumin (BSA) for 15 min at 34 �C in a Dubnoff shaking
water bath. After adding PBS, STs were allowed to settle and then
washed three times with Dulbecco’s Modified Eagle’s Medium-
nutrient mixture F12 (1:1; D-MEM/F12, 12500-039, Gibco BRL,
Rockville, MD, USA). After mechanical dispersion of the STs with
a Pasteur pipette, tissue debris was eliminated by pressing the cell
suspension against a fine stainless steel screen. Isolated GCs (105

cells/well) were plated into a 96-well culture plate in DMEM/F12
medium supplemented with L-glutamine (2 mM; G-8540, Sigma–
Aldrich), insulin-transferrin-selenium-A supplement (1�; ITS-A,
51300-044, Gibco BRL), sodium DL-lactic acid (1 mM; L-4263, Sig-
ma–Aldrich) and antibiotic–antimycotic solution (1�; 5240–096,
Gibco BRL) (DMEM/F12-S). Plates were incubated in the presence
or absence of a monoclonal anti-human Fas antibody able to in-
duce apoptosis (MAB142, R&D Systems, Minneapolis, USA) for
18 h at 34 �C in a humidified atmosphere with 5% CO2. GC viability
was assessed by MTS Cell Titer Cell Proliferation Assay.

2.7. Isolation and culture of seminiferous tubule segments

Testes removed from N (n = 3) and EAO (n = 3) rats killed
50 days after the first immunization were decapsulated and the
seminiferous tubule segments (STS) microdissected under a trans-
illumination stereomicroscope as previously described [17]. The
STS (2 mm in length) isolated were transferred to a 96-well culture
plate in D-MEM/F12-S medium (200 ll/well). Plates were incu-
bated in the presence or absence of anti-Fas antibody (MAB142,
R&D Systems) for 18 h at 34 �C in a humidified atmosphere with
5% CO2. After the culture period, STS were squashed in order to ob-
tain GCs and fixed as previously described [18]. Apoptosis was
determined by the TdT-mediated dUTP nick end labeling (TUNEL)
technique.

2.8. Isolation and culture of testis fragments

Testis fragments were obtained and cultured as described [19].
Briefly, testes removed from N rats (n = 3) were decapsulated and
carefully dissected with scissors into 3 mm3 fragments. In each
well of a 24-well culture plate (BD Frankling Lakes, NJ, USA), two
fragments were placed onto a 0.4 lm pore size PET insert (BD Fran-
kling Lakes) and cultured in DMEM/F12 medium supplemented
with L-glutamine (2 mM; G-8540, Sigma–Aldrich), insulin-trans-
ferrin-selenium-A supplement (1�; ITS-A, 51300-044, Gibco BRL)
and antibiotic–antimycotic solution (1�; 5240-096, Gibco BRL) in
the presence or absence of murine FasL-Strep (400 ng/ml, BioTAG-
nology) for 18 h at 34 �C in a humidified atmosphere with 5% CO2.
After the culture period, testes fragments were fixed in Bouin’s
solution and embedded in paraffin, and apoptosis was evaluated
in 4 lm thick sections by TUNEL technique. Architecture, viability
and cell functionality is maintained in the testicular fragments for
2 days culture [19].
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2.9. Isolation of testicular interstitial cells

Interstitial cells were obtained from rats killed on days 50
(n = 7 rats/group) and 80 (n = 7 rats/group) as previously described
[5]. Briefly, decapsulated testes were incubated with type I collage-
nase (0.3 mg/ml; Worthington Biochemical Corporation) at 34 �C
for 15 min. Collagenase was inactivated by adding ice cold PBS
and STs were allowed to settle; the supernatant was washed with
PBS and red blood cells were depleted by osmotic lysis with ammo-
nium chloride (160 mM NH4Cl, 170 mM Tris–HCl, pH 7.2). Intersti-
tial cells were washed, centrifuged and counted in a Neubauer
chamber by the trypan blue exclusion method. Interstitial cells
were immuno-labeled to study the expression of mFasL in macro-
phages and T cells.

2.10. Western blotting

Testicular fluid (TF) was diluted in ice cold RIPA buffer (1:100 v/
v) (1.5 ml buffer/g of tissue) (50 mM Tris, 150 mM NaCl, 0.5% so-
dium dodecyl sulfate (SDS), 2 mM EDTA, 0.1% sodium desoxycho-
late, 1% NP-40, pH 7.4) to determine protein concentration by the
Lowry method (Bio-Rad DC Protein Assay; Bio-Rad, Hercules, CA,
USA). Samples were dissolved with sample buffer (500 lM Tris–
HCl, pH 6.8, 10% SDS, 30% glycerol, 0.5% bromophenol blue) con-
taining 0.5% b-mercaptoethanol, boiled for 5 min and immediately
placed on ice. 50 lg of protein of TF was resolved in 14% SDS–poly-
acrylamide gel electrophoresis (PAGE) at 120 V for 90 min. Proteins
were electroblotted at 66 mA overnight. Molecular weight of
immunoreactive bands was determined by comparison to a ladder
of prestained protein standards with a molecular weight range of
250–10 kDa (Precision Plus Protein Standards All Blue, Bio-Rad)
applied to a line in each gel. Protein transference and equal loading
were monitored by staining membranes with Ponceau red. Then,
membranes were blocked with blocking solution [5% (w/v) of non-
fat dry milk in TBST buffer: 10 mM Tris, 154 mM NaCl, 0.1% Tween-
20 (v/v), pH 7.5] for 90 min. Blots were probed overnight with
mouse monoclonal antibody against the extracellular domain of
FasL of rat origin (2 lg/ml) (sc-73970, Santa Cruz Biotechnology,
CA, USA). After six washes (5 min each) in TBST buffer, membranes
were incubated with an anti-mouse biotinylated antibody rat ad-
sorbed (0.08 lg/ml, BA-2001, Vector Laboratories, Burlingame,
CA, USA). Primary and secondary antibodies were diluted in block-
ing buffer solution. The reaction was enhanced with horseradish–
streptavidin–peroxidase conjugates (Chemicon International Inc.,
Temecula, CA, USA) and chemiluminescence was used to detect
the horseradish–peroxidase-labeled protein. The bands were visu-
alized in a G: Box Syngene system for imaging fluorescence and
densitometrically quantified using Gene Tools software.

2.11. Immunofluorescence

Cryostat testis sections (5–7 lm) obtained from rats injected
with FasL-Strep were fixed with acetone for 10 min at 4 �C. After
blocking with 3% normal horse serum in PBS for 30 min at room
temperature (RT), sections were incubated overnight with a mono-
clonal anti-Strep-Tag antibody (StrepMAB-Classic, 4 lg/ml, BioTAG-
nology) diluted in PBS for 1 h at RT in a humidified chamber. An
anti-mouse secondary antibody made in horse (10 lg/ml, Vector
Laboratories) was applied for 30 min at RT. After three washes in
PBS, sections were blocked with 3% normal goat serum in 3% BSA
in PBS for 30 min at RT. After three washes in PBS, sections were
incubated with an anti-claudin-11 antibody (4 lg/ml, Santa Cruz
Biotechnology) diluted in 3% normal goat serum in 3% BSA at
4 �C. Then, sections were incubated with a goat anti-rabbit anti-
body (Rhodamine, 20 lg/ml Chemicon Int.) diluted in 5% normal
rabbit serum for 45 min at RT. Finally, sections were mounted with

a medium containing 40-6-diamidino-2-phenylindole (DAPI) (Vec-
tor Laboratories).

2.12. Assessment of germ cell viability (MTS)

After the culture period, GC viability was evaluated by MTS Cell
Titer Cell Proliferation Assay (G5421, Promega Corporation, Madi-
son, WI, USA) according to the manufacturer’s instructions. This as-
say is a colorimetric method to determine the number of viable
cells. MTS is bioreduced by dehydrogenase enzymes found in met-
abolically active cells into a formazan product soluble in the cell
culture medium. The quantity of formazan product is directly pro-
portional to the number of living cells in the culture. Optical den-
sity (OD) was read at a wavelength of 490 nm in a microplate
reader.

2.13. Assessment of apoptosis

The squashed preparations and testicular fragment sections
were irradiated in a microwave oven (370 W for 5 min) in
10 mM sodium citrate buffer, pH 6.0 and permeabilized with
0.1% Triton X-100 (T-9284, Sigma–Aldrich) in 0.1% sodium citrate
for 5 min at 4 �C. Non-specific labeling was prevented by incubat-
ing preparations with blocking solution (5% blocking reagent; 11
096 176 001, Roche Molecular Biochemicals GmbH, Mannheim,
Germany) in 150 mM NaCl and 100 mM maleic acid, pH 7.5 for
30 min at RT. After 10 min incubation with terminal deoxynucleo-
tidyl transferase (TdT) buffer (11 966 006 001 Roche) containing
1.25 mg/ml BSA, apoptotic DNA was 3-end labeled with digoxi-
genin-11-dideoxy-uridine triphosphate (4 lM Dig-ddUTP; 11 363
905 910, Roche) by incubation with TdT (0.18U/ml TdT; 33 335
740 01, Roche) in TdT buffer for 1 h at 37 �C. As assay control,
the TdT enzyme was replaced with the same volume of TdT buffer.
Preparations were then incubated with blocking solution (2%
blocking reagent in 150 mM NaCl and 100 mM maleic acid, pH
7.5) for 30 min at RT, followed by detection of Dig-dd-UTP with
an alkaline phosphatase-conjugated anti-digoxigenin antibody
(1:2000; 11 093 274 910, Roche) incubated for 2 h at RT. Squashed
preparations and testicular fragment sections were rinsed and
equilibrated in alkaline phosphatase buffer (100 mM Tris–HCl,
100 mM NaCl, 50 mM MgSO4, pH 9.5) containing 1 mM levamisole
(L-9756, Sigma–Aldrich). Then, alkaline phosphatase substrates,
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate
(NBT/BCIP, 11 697 471 001, Roche) were added for 60 min. This
reaction was stopped by washing preparations with Tris–EDTA
buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0). Squashes and testic-
ular fragment sections were light counterstained with eosin, dehy-
drated and mounted.

2.14. Flow cytometric analysis

To study FasL expression on T cell subsets, interstitial cells
(1 � 106) were incubated with hamster anti-FasL antibody
(20 lg/ml) for 30 min at 4 �C, washed with PBS and incubated with
anti-hamster-APC antibody (12 lg/ml) for 30 min at 4 �C. After
washing with PBS, cells were incubated with mouse anti-CD3-PE-
Cy5 antibody (5 lg/ml) and mouse anti-CD4-FITC antibody (5 lg/
ml) or mouse anti-CD3-PE-Cy5 antibody and mouse anti-CD8-FITC
antibody (10 lg/ml) for 30 min at 4 �C. To analyze intracellular
FasL expression, cells were fixed with 2% paraformaldehyde in
PBS for 10 min at 4 �C and permeabilized with 0.1% saponin in
PBS for 10 min at 4 �C before staining as previously described [20].

To study FasL expression on macrophages, interstitial cells
(1 � 106) were incubated with a hamster anti-FasL antibody for
30 min at 4 �C. After washing with PBS, cells were blocked with
10% goat normal serum in PBS for 30 min at RT, washed with 1%
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BSA in PBS and incubated with goat anti-hamster-APC antibody for
30 min at 4 �C. Finally, cells were incubated with mouse anti-
CD11b-FITC antibody (0.5 lg/ml) for 40 min at 26 �C. The appropri-
ate control isotypes were used. All antibodies were purchased from
BD Bioscience (BD Bioscience, San Diego, CA, USA), except for anti-
hamster-APC antibody purchased from Jackson ImmunoResearch
(West Grove, PA, USA) and anti-CD11b-FITC antibody purchased
from Serotec Laboratories (Serotec, Raleigh, NC, USA). A BD FACSA-
ria II cytometer was used and 30.000 events on CD3+ and CD11b+
cell gates were acquired. The absolute number of positive cells per
testis was calculated from percentages obtained by flow cytomet-
ric analysis and total number of interstitial cells.

3. Results

3.1. Histopathology

As we previously described [2], 50 days after the first immuni-
zation the testis of EAO group of rats presented a focal orchitis
characterized by mild lymphomononuclear cell infiltrate and sev-
eral foci of damaged STs with degenerating GCs and sloughing
intermingled with normal STs (focal EAO) (Fig. 1C). From day 80
on, we observed severe and extensive damage of most of the STs
in which only spermatogonia and Sertoli cells remained attached
to the tubular wall (severe EAO) (Fig. 1D). Although areas of dense
lymphomononuclear infiltrates might be present in the interstit-
ium, immune cells were never observed inside the ST. No testicular
damage was observed in the testis of N or C (Fig. 1A and B) rats at
any time studied.

3.2. Activation of Fas and germ cell apoptosis

We have previously shown by immunohistochemistry that the
number of Fas+ apoptotic GCs increases in EAO rats from 50 days
onwards and correlates with the degree of testicular damage [4].
In order to functionally determine Fas involvement in GC apopto-
sis, we first studied the effect of an anti-Fas antibody on GCs from
N and EAO rats. The Fas antibody is able to activate Fas, inducing

Fig. 1. Testicular histopathology. Histopathology of testis sections from normal (A), control (B) and EAO (C and D) rats. Foci of seminiferous tubules (STs) with germ cells
(GCs) sloughing intermingled with normal STs and interstitial lymphomononuclear cell infiltrates in the testis of a rat with focal EAO (C). Severe and extensive damage of STs
with increased interstitial cell density in the testis of a rat with severe EAO (D). Note GC degeneration and sloughing in STs of EAO rats. Scale bars indicate 100 lm.

Normal EAO
0

10

20

30

40

50

60

%
 T

U
N

EL
+  g

er
m

 c
el

ls

Medium
Anti-Fas Ab (5μg/ml)

οοο

ΔΔΔ
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immunization were incubated with or without anti-Fas antibody (Ab) for 18 h
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biological effects on cells [21]. Anti-Fas antibody reduced viability
of N GCs (Fig. 2) and increased GC death assessed by trypan blue
exclusion test (% of dead cells, medium: 23.09 ± (0.90 � 0.87), Ab
Fas (5 lg/ml): 34.75 ± (3.02 � 2.88) p < 0.001, Chi2 test n = 10,000
total cells counted from two independent experiments). Anti-Fas
antibody also increased the percentage of dead cells from EAO rats,
an effect more pronounced compared to the effect on cells from N
rats (% of dead cells, medium: 39.35 ± (1.39 – 1.35), Ab Fas (5 lg/
ml): 53.70 ± (1.43 – 1.43), Chi2 test n = 10,000 total cells counted
from two independent experiments).

Similarly, we also demonstrated that anti-Fas antibody signifi-
cantly increased the percentage of TUNEL+ GCs obtained from
STS of N and EAO rats. Fas activation in GCs from rats with orchitis

resulted in a higher percentage of TUNEL+ cells compared to Fas
activation in N GCs (Fig. 3).

3.3. Soluble Fas Ligand production

Since our results show that GCs are sensitive to Fas-induced
apoptosis, we then analyzed the presence of sFasL in the TF by
Western blot. We observed that testis from N, C and EAO rats pro-
duced sFasL (26 kDa). As shown in Fig. 4, testicular sFasL content
was similar in N and C rats compared to rats with focal EAO; how-
ever it significantly increased in testis of EAO rats during severe
orchitis. As housekeeping proteins cannot be evaluated in the TF
to monitor equal loading, we determined total protein content in
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Fig. 4. Soluble Fas Ligand in testicular fluid. Testicular fluid was obtained from normal (N), control (C), focal and severe EAO rats and soluble (s) Fas Ligand (L) content was
evaluated by Western blot. Each column represents the mean ± SEM of arbitrary unit of densitometry. Data from EAO and N were compared to data from C rats, arbitrary set
at 1. n = 6–8 rats/group, Newman–Keuls multiple comparison test. ⁄p < 0.05 vs C; 4p < 0.05 vs N.

Fig. 5. Immunolocalization of FasL-Strep. The cephalic pole of the testis of normal (N), control (C) and EAO rats killed on days 50–60 (focal EAO) was injected subalbuginea
with a Fas Ligand (L) molecule conjugated to Strep-Tag� (FasL-Strep). Double immunofluorescence was performed to detect FasL-Strep (green) and Claudin-11 (red) protein in
N (A), C (B) and EAO testes with different degree of damage (C and D). Detection of FasL-Strep (green) in the adluminal area of seminiferous tubules in N (A), C (B) and EAO (C
and D) rats. Note the more adluminal localization of FasL-Strep as severity of the damage increase (C vs D). Cell nuclei were stained with 40 ,6-diamidino-2-phenylindole
(DAPI). Scale bar indicates 25 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Red Ponceau stained membranes. Total protein content was similar
in all groups studied (Arbitrary units of densitometry, mean ± SEM,
focal EAO: Normal: 69.826 ± 2.088, Control: 67.053 ± 0.883, EAO:
65.635 ± 2.784; severe EAO: Normal: 66.560 ± 0.889, Control:
64.094 ± 1.154, EAO: 64.475 ± 0.884, n = 6–8 rats/group).

3.4. Permeability of blood-testis barrier to soluble Fas Ligand

In order to evaluate whether sFasL is able to go through the
blood-testis barrier (BTB) and reach the adluminal compartment
of STs, we injected via subalbuginea a FasL molecule conjugated
to Strep-Tag� (FasL-Strep) in the testis of N, C and EAO rats; then
we identified and localized it with an anti-Strep-Tag� antibody.
BTB was identified with an anti-claudin-11 antibody. In the three
groups of rats studied, FasL-Strep appeared as a compact dotted
image in the adluminal compartment of STs; pachitene spermato-
cytes identified by its nuclear morphology were the main cells that
bound FasL-Strep. In N and C rats, FasL-Strep was observed along
the basal area of the adluminal compartment (Fig. 5A and B) while
in rats with focal EAO FasL-Strep was distributed more irregularly
close to the sloughed GCs localized in the lumen of STs (Fig. 5C
and D).

3.5. Germ cell apoptosis induced by FasL-Strep

Given that Fas activation triggers GC apoptosis and that sFasL is
able to enter the adluminal compartment of the STs, we function-
ally determine the apoptotic effect of this molecule in testis frag-
ments of N rats. As shown in Fig. 6, FasL-Strep significantly
increased the percentage of TUNEL+ STs containing apoptotic
GCs. Also, the number of apoptotic GCs per ST increased after
FasL-Strep treatment compared to the control condition.

3.6. Membrane Fas Ligand expression by immune cells

In order to identify putative cellular sources of sFasL in N and in-
flamed testis, we studied by flow cytometry the expression of FasL
on macrophages and on CD4+ and CD8+ T cell subsets during EAO
development. Interstitial cells were non-permeabilized or fixed
and permeabilized to investigate cell surface expression or total
expression of FasL, respectively. We observed an increased number
of CD4+ and CD8+ T cells expressing FasL in testis of EAO compared
to N and C rats at both times studied. Although both T cell subsets
were found to express FasL throughout EAO development, we de-
tected a higher number of CD8+ cells than of CD4+ cells (Fig. 7). No
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differences in the percentage of positive cells or fluorescence inten-
sity of FasL were detected when permeabilized or non-permeabili-
zed T cells were assessed (data not shown), indicating that FasL is
expressed only as mFasL.

No staining of FasL was detected in permeabilized and non-per-
meabilized macrophages of rats with EAO (Supplementary Mate-
rial Fig. 1S).

4. Discussion

In EAO, the main target of the immunological attack is GCs that
undergo apoptosis and sloughing. Previous results based on the in-
creased number of GCs expressing Fas and FasL and on the detec-
tion of Fas on apoptotic GCs (mainly spermatocytes and
spermatids) suggest that Fas–FasL system is one of the main medi-
ators of GC death [4]. In the present work, an in vitro assay was
developed in order to functionally demonstrate the susceptibility
of GC to the Fas-dependent apoptosis. Results showing that anti-
Fas antibody reduced viability and increased GC death indicate that
the activation of Fas triggers apoptosis by signaling via FasL. The
higher percentage of dead cells in EAO rats than in N rats could
be explained by the enhanced expression of Fas on GCs, probably
induced by the inflammatory testicular microenvironment.

Like other members of the TNF family, membrane-bound FasL
(mFasL) can be processed by proteolytic shedding to an active sol-
uble form [12]. We detected sFasL in testicular fluid of N, C and
EAO rats; its content was significantly higher in testis of rats with
severe orchitis. In addition to the increase in sFasL content,
intratesticular injection experiments showed that FasL-Strep has
the ability to enter STs. Moreover, FasL-Strep was able to induce
GC apoptosis. The impairment of BTB in rats undergoing autoim-
mune orchitis, as we recently described [22], might facilitate sFasL
passage into the adluminal compartment where it has the capacity
to induce GC apoptosis by binding to its receptor. Molecules with
similar molecular weight, such as IL-1 and GM-CSF, have been re-
ported to penetrate into the adluminal compartment [23,24].

Previous results showing that the number of GCs expressing
Fas, FasL or co-expressing both molecules increased in testis of rats
with EAO suggests that GC apoptosis could be mediated by an
autocrine and/or paracrine mechanism [4]. Testicular content of
sFasL in rats with focal EAO is similar to that detected in N and C
rats, however we cannot rule out sFasL participation in GC death
during this phase of the disease; the higher number of GCs
expressing Fas may sensitize [4] the testis to sFasL action. Intrates-
ticular content of sFasL increases to its highest level in the severe
stage of the disease concomitantly with the increased number of
Fas+ GCs [4]. During severe orchitis when interactions between
Fas and FasL bearing GCs are maximally disturbed, apoptosis could
be primarily mediated by sFasL. Similarly, sFasL has been proposed
to mediate apoptotic GC death in response to testicular exposure to
MEHP, a toxicant of Sertoli cells [14].

Our previous results on phenotypic and quantitative analysis of
testis-infiltrating immune cells in EAO rats showed an increased
number of macrophages, dendritic cells and CD4+ Th1 and Th17
and CD8+ T cells [5,20,25]. Among others factors these cells secrete
pro-inflammatory cytokines such as TNF-a, IL-6 and nitric oxide
involved in the orchestration of inflammatory response and also
in inducing GC apoptosis as we previously reported [26–28].
Numerous reports have shown that T cells release active sFasL after
cell activation [29,30]. In the present work, flow cytometric data
showed that testicular T cells expressed mFasL. Moreover, a signif-
icant increase in the number of CD4+ and CD8+ T cells expressing
mFasL was detected in testis of EAO compared to N and C rats. The
lack of detectable differences between cell surface and total
expression of FasL by T cells supports the notion that in T cells

mFasL, but not intracellular preformed FasL, could be the sole
source of the soluble form released into the extracellular milieu.
We detected neither membrane nor intracellular FasL expression
in testicular macrophages in contrast with other authors who
found that activated human monocytes release high levels of sFasL
from preformed FasL stored within the intracellular compartment
[31].

During the development of autoimmune orchitis in rats, infil-
trating immune cells are localized in the interstitium but not inside
STs. The requirement for Fas–FasL interactions to induce apoptosis
of GCs presents a topological problem regarding the accessibility of
mFasL expressed by interstitial immune cells to react with its
receptor expressed in GCs localized within the adluminal compart-
ment beyond the BTB. The production of a sFasL form would allow
this molecule to interact with the Fas-sensitive target cells inside
STs. Since we previously reported FasL expression on Leydig cells,
we considered that they may also represent another potential
source of sFasL [4].

Metalloproteases of the ADAM family are involved in the ecto-
domain shedding of several pro-inflammatory mediators such as
FasL, TNF-a, TNFR1, TNFR2, IL-6, TGF-a [13]. ADAM10 and 17 have
been proposed to contribute to the pathogenesis of autoimmune
disorders, i.e. multiple sclerosis [32]. In the testis ADAM10 and
17 are expressed by pre-puberal GCs and ADAM17 has been pro-
posed as one of the molecules triggering GC apoptosis during the
first wave of spermatogenesis [33]. However, its expression in
adult rat testis has not yet been studied. We consider it of interest
to evaluate the expression of ADAMS as potential proteases in-
volved in FasL shedding during the development of orchitis.
Unpublished data from our group showed selective ADAM17
expression on cells from testicular interstitium in rats with
orchitis.

The activity of sFasL has been extensively debated in the litera-
ture. Reports both favor and discard its apoptotic effect. In this line,
Powell et al. [34] showed by in vitro experiments that the apoptotic
inducing activity of sFasL is dependent on the target cell popula-
tion. Tanaka et al. [35] also reported that sFasL produced by acti-
vated human peripheral T cells retains its trimeric configuration
and specifically induces cytolysis of Fas-expressing cells.

It has been proposed that sFasL is involved in the pathogenesis
of various autoimmune diseases such as hepatitis, systemic lupus
erythematosus and rheumatoid arthritis (RA). sFasL significantly
increased in the serum of patients with these autoimmune dis-
eases and in some cases its level dramatically decreased after treat-
ment [36]. Similarly to present results in which the highest levels
of sFasL were detected during the severe phase of orchitis, clinical
data of Matsuno et al. [37] showed that the level of sFasL was high-
er in the synovial fluid of patients with severe RA than in those
with mild RA.

Up to now the majority of investigations of the effect of Fas acti-
vation have focused on the regulation of apoptosis. However, a lar-
ger number of studies are now analyzing the role of Fas–FasL
signaling pathway in the induction of inflammatory responses
[38]. sFasL has also been reported to be capable of triggering
non-apoptotic signaling pathways such as NF-jB-dependent
inflammatory process [39–41]. We therefore hypothesize that
EAO development may be driven by a combination of Fas–FasL
mediated apoptosis of sensitive GCs and Fas–Fas stimulation of
inflammatory responses.

The increase in sFasL content in the testicular microenviron-
ment concomitant with the rise in the number of Fas expressing
GCs [4] that occurs during chronic orchitis, points to sFasL as a
key molecule involved in triggering GC death in this phase of
EAO characterized by disturbed Fas–FasL expressing cell–cell inter-
action. This concept is supported by the fact that activation of Fas
via sFasL is able to trigger a death program in GCs resulting in
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apoptosis. Also, the increased number of infiltrating CD4+ and
CD8+ T cells expressing mFasL suggests that lymphocytes could
be an important source of sFasL. Whether specific targeting of
sFasL might provide effective strategies for controlling chronic tes-
ticular inflammation is a matter for future investigation.

5. Conclusion

We propose that interstitial sFasL produced at high levels dur-
ing severe orchitis might go through the BTB and reach the adlumi-
nal compartment of STs where it has the ability to induce Fas-
dependent GC apoptosis.
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