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ABSTRACT

The blood-testis barrier (BTB) is formed by tight junctions
between Sertoli cells. Results of previous studies suggested that the
barrier is deficient in ets variant 5 (ETV5) gene-deleted mice;
therefore, microarray data were examined for changes in tight
junction-associated genes. The tight junctional protein claudin 5
(CLDN5) was decreased in testes of 8-day-old Etv5�/� pups. The
study reported herein examined the expression of CLDN5 in wild-
type (WT) and Etv5�/�mice and evaluated its contribution to BTB
function. CLDN5 protein expression was evaluated in 8-day-old
WT and Etv5�/� and adult WT, Etv5�/�, and W/Wv testes by
immunohistochemistry and in 8-day-old WT Sertoli cell-enriched
and germ cell-enriched fractions by immunocytochemistry. Cldn5
mRNA expression was evaluated in 0- to 20-day-old and adult WT
mice and in 8-day-old and adult Etv5�/�mice via quantitative PCR.
Tracer studies were performed in adult WT, Etv5�/�, and W/Wv

mice. The results indicate the following: 1) CLDN5 was expressed
in Sertoli cells, spermatogonia, and preleptotene spermatocytes. 2)
Seminiferous epithelial CLDN5 expression depended upon both
the presence of germ cells and ETV5. 3) CLDN5 expression in
testicular vascular endothelium and rete testis epithelium was
ETV5 independent. 4) Cldn5 mRNA expression increased in the
testes of juvenile mice at the time of BTB formation. 5) Testes of
Etv5�/� and W/Wv mice, which are both deficient in seminiferous
epithelial CLDN5 expression, had biotin tracer leakage from the
interstitial space into the seminiferous tubule lumen. In conclusion,
CLDN5 is expressed in the seminiferous epithelium, appears to be
regulated by multiple influences, and contributes to BTB function.

blood-testis barrier, ETS-related molecule (ERM), gametogenesis,
Sertoli cells, Sertoli cell tight junction, spermatogenesis, testis,
tracer study

INTRODUCTION

The blood-testis barrier (BTB) is formed near the basement
membrane of seminiferous tubules by adjacent Sertoli cells and
separates the epithelium into basal and adluminal compart-
ments [1]. This separation contributes to the establishment of
specific microenvironments for spermatogonia and early
spermatocytes beneath the BTB and for primary spermatocytes
and haploid spermatids in the adluminal area [1, 2]. The BTB
blocks the movement of intercellular molecules into the
adluminal compartment, thus protecting spermatocytes and
spermatids from potentially harmful chemicals [1]. In concert
with other immunoprotective mechanisms, the BTB maintains
testicular immune privilege to prevent immunological attack
upon the ‘‘non-self’’ spermatids [3]. Genetic deletion of the
tight junctional proteins occludin [4] and claudin 11 [5] results
in a Sertoli cell-only phenotype, a finding that emphasizes the
importance of tight junctions in BTB function and the
requirement of this barrier for male fertility.

The transcription factor ets variant 5 (ETV5) is also
essential for male fertility. ETV5 is a member of the PEA3
subfamily of ets transcription factors [6], which have roles in
hematopoesis, angiogenesis, neuronal growth, cell cycle
regulation, and metastatic ability of tumor cells [6]. In the
testis, ETV5 is responsible for spermatogonial stem cell self-
renewal and maintenance of the spermatogonial stem cell niche
[7, 8]. Spermatogonial stem cells in Etv5�/� mice fail to self-
renew [9] and undergo a sequential loss of germ cells starting
with the spermatogonia and progressing through the spermato-
cytes and spermatids [7]. These mice undergo just the first
wave of spermatogenesis and have a Sertoli cell-only
phenotype as adults [7].

The BTB may be disrupted in Etv5�/� mice. When these
mice received transplanted wild-type (WT) spermatogonial
stem cells, there was an increased inflammatory response [10].
The increase in seminiferous tubular hydrostatic pressure that
occurs during the germ cell infusion can be traumatic [11] and
may be sufficient to induce inflammation in mice with a
deficient BTB. Therefore, we examined microarray data from
whole testes of 8-day-old WT and Etv5�/� mice for alterations
in mRNA expression of proteins associated with tight
junctions. There was no alteration in expression of the
transmembrane proteins occludin, junctional adhesion mole-
cules, or coxsackievirus and adenovirus receptor [12].
However, the expression of claudin 5 (CLDN5), another
transmembrane tight junctional protein, was decreased 1.5-fold
in Etv5�/� mice [12].

The claudin family of tight junction proteins has more than
20 members, with a structure consisting of four transmembrane
domains, two extracellular domains, and both the C-terminus
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and N-terminus located cytoplasmically [13]. The claudin
extracellular domains on adjacent cells can have homomeric
(same claudin member) or heterotypic (different claudin
member) interactions with each other to regulate permeability
between cells [13]. CLDN5 is expressed in many vascular
endothelial tissues throughout the body [14] and is important in
regulating blood-brain barrier permeability [15].

In testes, other studies [14, 16] have reported CLDN5 to be
present only in vascular endothelium. However, there were no
changes observed in the vasculature of Etv5�/�mice; rather, the
Sertoli cells and spermatogonial stem cell niche were disrupted.
Therefore, the present study reexamined testes of WT and
Etv5�/� mice for CLDN5 expression. The data presented
demonstrate that CLDN5 is present in the seminiferous
epithelium and that loss of ETV5 disrupts CLDN5 expression
and normal function of the BTB.

MATERIALS AND METHODS

Mice

Etv5�/� mice on a 129Sv/Ev background were developed, bred, and
genotyped as previously described [7, 9]. W/W v mice were obtained from The
Jackson Laboratory (100410l; www.jax.org). C57/B6 dams with pups were
ordered from Charles River (www.criver.com) for StaPut (www.tecniglas.com)
isolation of Sertoli cells and germ cells.

Mice were housed at 258C with a 12L:12D photoperiod and were given
water and standard rodent diet ad libitum. All experiments involving animals
were approved by the Institutional Animal Care and Use Committee of the
University of Illinois at Urbana-Champaign and were conducted in accord with
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

StaPut Isolation of Sertoli Cells and Germ Cells

Methods were adapted from those by Dym et al. [17]. Three groups of 8-
day-old mice (24–30 mice/group) were euthanized by CO

2
inhalation, and the

testes were removed and decapsulated into ice-cold Dulbecco modified Eagle
medium (DMEM)/F12 media. The testes were washed three times in 30–50 ml
of media before a two-step enzymatic digestion process. For the first digest,
testes were incubated in 15 ml of DMEM/F12 media containing collagenase IV
(1 mg/ml) and DNase (80 lg/ml) with incubation in a 348C water bath and
shaking at 100 rpm for 20 min. The resulting seminiferous tubules suspension
was washed with fresh media to eliminate Leydig cells and other interstitial
cells. A second digest was performed to dissociate the seminiferous tubules and
recover Sertoli cells and germ cells. The tubules were placed in 15 ml of
DMEM/F12 media containing collagenase IV (1 mg/ml), hyaluronidase (1.5
mg/ml), trypsin (1 mg/ml), and DNase (80 lg/ml) and then incubated in a 348C
water bath with shaking at 100 rpm for 15 min. After the second digest, the
cells were rinsed and resuspended in 2 ml of trypsin (1 mg/ml) and then
pipetted for 2 min. A drop of the suspension was evaluated for clumps, with an
additional 1 ml of trypsin and 1 min of pipetting performed if needed until
complete dissociation. After washing, the cells were prepared for gravity
sedimentation using the StaPut method in a 2%–4% bovine serum albumin
(BSA) gradient [17] and were collected with a fraction collector (2110; Bio-
Rad Laboratories, www.biorad.com).

Sertoli cell fractions were centrifuged and then rinsed twice in media, and
the cells were suspended in PBS to make slide smears. Germ cell fractions were
centrifuged, rinsed twice in media, and then resuspended in DMEM/F12
containing 10% NU serum, minimal media (www.bdbiosciences.ca). Residual
Sertoli cells were removed by differential plating [18]. The cell suspension was
transferred to cell culture plates that had been pretreated with 10% fetal calf
serum and was incubated at 338C with 5% CO

2
for 3 h. The supernatant (germ

cells) was collected, the cells were rinsed twice, and the cells were suspended in
PBS to make slide smears. After being air dried, the cells were fixed with cold
4% paraformaldehyde in PBS for 5 min, rinsed in PBS and then 70% ethanol,
allowed to air dry, and stored at 48C until used.

Immunohistochemistry

Testes of adult (63- to 105-day-old) WT and Etv5�/�mice (n¼3 each) were
fixed by perfusion [19] with cold neutral buffered 10% formalin (NBF). Testes
of juvenile (8-day-old) WT and Etv5�/� mice (n ¼ 2 each) were immersion
fixed in cold NBF. Testes from both adult and juvenile mice were kept in NBF

for 24 h before routine paraffin embedding and sectioning (5 lm). Archived
blocks of W/W v mouse testes were sectioned and processed in a similar manner
[20].

All slides underwent antigen retrieval in 0.01 M citrate buffer (pH, 6.0)
during microwaving for 10 min. Slides for light microscopy underwent a
previously described protocol [19] for detection of immunostain via biotin
signal amplification (PK-6100; Vector Laboratories, www.vectorlabs.com) and
3,30-diaminobenzidine (DAB) substrate color development. The slides were
incubated overnight at 48C with the primary rabbit anti-CLDN5 polyclonal
antibody (34–1600, 1:100; Invitrogen, www.invitrogen.com) and for 1 h at
room temperature with the secondary goat anti-rabbit biotinylated polyclonal
antibody (E0432, 1:100 with 5% normal goat serum; DAKO, www.dakousa.
com). The tissues were counterstained with hematoxylin.

Slides for immunofluorescence were blocked with 10% normal goat serum
after the antigen retrieval step. The slides were incubated with the anti-CLDN5
antibody (1:100) overnight at 48C and were then treated with a secondary goat
anti-rabbit Alexa Fluor 488-linked polyclonal antibody (A11034, 1:100 with
5% normal goat serum; Invitrogen). Slides were mounted with an aqueous
mounting medium containing 40,60-diamidino-2-phenylindole (DAPI) (H-1200;
Vector Laboratories).

Immunocytochemistry

Slides were quenched in 0.6% H
2
O

2
in methanol, rinsed in PBS and then

0.1% Tween-20 in Tris-buffered saline (TBST), and then blocked with 10%
normal goat serum. CLDN5 antibody (1:50) was applied, and the slides were
incubated at 48C overnight. Then, biotinylated goat anti-rabbit antibody (1:400
with 5% normal goat serum) was applied, followed by biotin signal
amplification and color development in DAB solution for 10 min. After
rinsing in tap water, the cells were counterstained with hematoxylin.

To confirm nuclear morphology and type of germ cells, DDX4 (VASA)
immunocytochemistry (ICC) was performed using a primary rabbit polyclonal
antibody at 1:800 (ab13840; Abcam, www.abcam.com) and a secondary goat
anti-rabbit biotinylated antibody at 1:400. Sertoli cells were identified by ICC
for Wilms tumor 1 transcription factor (WT1) using a primary rabbit polyclonal
antibody at 1:400 (sc-192; Santa Cruz Biotechnology, Inc., www.scbt.com) and
a secondary goat anti-rabbit biotinylated antibody at 1:400. The ICC procedure
for these stains was the same as for the CLDN5 ICC.

CLDN5 antibody specificity was evaluated by preincubating the antibody at
8–10 M excess with the immunogenic peptide (kindly provided by Invitrogen)
overnight at 48C.

Western Blot

Adult mice were euthanized by CO
2

inhalation, and the testes were
collected and frozen in liquid nitrogen. The testes were homogenized, and
protein extracts were collected. Sample aliquots of 10 ll (40 lg) were prepared
and frozen at �708C. Samples and the protein standard (LC5602; Invitrogen)
were loaded onto a 15% Tris-HCl gel (161-1157; Bio-Rad Laboratories). After
electrophoresis, the proteins were transferred to a polyvinylidene fluoride
membrane (162-0177; Bio-Rad Laboratories).

After hydrating in methanol and then deionized H
2
O, the membrane was

blocked with 10% skim milk in Tris-buffered saline (TBS), incubated with
CLDN5 antibody (1:250 in 1% skim milk in TBS), rinsed three times in TBST,
incubated with goat anti-rabbit horseradish peroxidase-linked polyclonal
antibody (1:103 with 1% skim milk, P 0448; DAKO), and then rinsed three
times in TBST with a final TBS rinse. All previous blocks, incubations, and
rinses were performed on a rocking platform. The membrane was incubated 5
min with the signal substrate (SK-6604; Vector Laboratories), rinsed in 0.1 M
Tris (pH, 9.5), wrapped in plastic wrap, and exposed to x-ray film (F-5513;
Sigma-Aldrich, www.sigmaaldrich.com) for 1 min.

Quantitative PCR

Testes from 0-, 4-, 8-, 12-, 16-, and 20-day-old and adult (86- to 150-day-
old) WT mice and from 8-day-old and adult (86- to 139-day-old) Etv5�/� mice
were collected, decapsulated, placed in a stabilizing solution (AM7021;
Applied Biosystems Ambion, www.ambion.com), and frozen at �208C. Total
RNA was extracted with a commercial kit (74104; Qiagen, www.qiagen.com).
RNA was quantified by a spectrophotometer (NanoDrop ND-1000; Thermo
Scientific, www.nanodrop.com), and purity was assessed by the ratio of
absorbance at 260 and 280 nm. All samples had ratios from 1.9 to 2.2. First-
strand cDNA was synthesized from 1 lg of total RNA using an RT (56575;
Invitrogen) and random primers (48190–011; Invitrogen). Real-time quantita-
tive PCR was performed on a sequence detection system (ABI Prism 7000;
Applied Biosystems, www.appliedbiosystems.com) using the following three
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gene expression assays (Applied Biosystems): Mm00727012_s1 (Cldn5),
Mm00802636_m1 (Gata6), and Hs99999901_s1 (Rn18s [18s rRNA]).
Expression of Cldn5 and Gata6 mRNA in each sample was standardized to
18s rRNA expression using the DDCT method [21].

Cldn5 expression was determined relative to Gata6 mRNA, a marker for
Sertoli cells that has been used previously to adjust for the expression of other
testicular claudins [22]. This provides an adjustment for changes in RNA due to
different numbers of germ cells with age and differences seen in spermatogenic
versus aspermatogenic testes.

Developmental expression of Cldn5 among WT mice was analyzed by
ANOVA. Cldn5 expression between Etv5�/� and WT mice was analyzed by
Student t-test. Significance was set at P , 0.05.

Biotin Tracer

The BTB was assessed in WT (68- to 105-day-old), Etv5�/� (68- to 94-day-
old), and W/W v (72-day-old) (n¼ 3 each) using a method adopted from that by
Meng et al. [23]. Mice were anesthetized i.p. with ketamine (65 mg/kg) and
xylazine (6.5 mg/kg). The testes were sequentially exteriorized and injected
with 10–20 ll of 7.5 mg/ml of EZ-Link Sulfo-NHS-LC-Biotin (molecular
weight, 557 Da) (21335; Thermo Scientific, www.piercenet.com) in freshly
diluted PBS containing 1 mM CaCl

2
using a 30-gauge needle into the

interstitial space. Mice were kept anesthetized for 30 min and then given an
overdose of pentobarbital and perfused with cold NBF, and the testes were
removed. The testes were left immersed in cold NBF for 24 h and then
processed for paraffin embedding. The slides were deparaffinized, rehydrated,
rinsed in PBS, and incubated with Alexa Fluor 568-linked streptavidin (S-
11226, 1:100; Invitrogen) at room temperature for 1 h. After rinsing in PBS, the
slides were mounted with medium containing DAPI.

RESULTS

CLDN5 Protein Expression in Mouse Testis

Adult WT mice. To evaluate the role of ETV5 as an
upstream mediator of CLDN5 expression, it was necessary to
confirm the expression of CLDN5 in WT mice. Immunohis-
tochemistry revealed the presence of CLDN5 in the seminif-
erous epithelium of WT mice (Fig. 1). It was primarily
expressed during stage VIII and surrounded the preleptotene
and leptotene spermatocytes. Protein staining was greatly
reduced in other stages of spermatogenesis but when present

was associated with spermatogonia. Additionally, there was
positive immunostaining in the vasculature and rete testes
epithelia. Vasculature staining was expected, as CLDN5 is
primarily identified for its contribution to tight junction
permeability in the vascular endothelium [16]. Thus, vascula-
ture staining served as a positive control, indicating that the
CLDN5 antibody was recognizing the target peptide sequence.

Adult WT, Etv5�/�, and W/Wv CLDN5 expression. Once
CLDN5 was determined to be expressed in WT seminiferous
epithelia, its expression was then evaluated in adult Etv5�/�

mice. W/Wv mouse testes that were recipients for WT
spermatogonial stem cells were used as controls for potential
germ cell effects, as a mixture of aspermic and spermatogenic
tubules was present in these samples. CLDN5 expression was
absent from the aspermatogenic tubules of Etv5�/� and W/Wv

mice (Fig. 2). However, CLDN5 was present at the BTB of
W/Wv mice in which spermatogenesis had been established.
Thus, germ cells are necessary for CLDN5 protein expression.
CLDN5 was also present in the vascular endothelium (Fig.
2d) and rete testes epithelium (Fig. 2e) of all mouse genotypes
evaluated.

Eight-day-old WT and Etv5�/� CLDN5 expression. To
evaluate a potential role of ETV5 in controlling CLDN5
expression, 8-day-old mice were examined because germ cells
are present in Etv5�/� pups at this age and because previous
microarray data [12] had detected a difference in testicular
Cldn5 expression between WT and Etv5�/� 8-day-old pups. In
8-day-old WT mice, CLDN5 was present throughout the
seminiferous epithelium surrounding germ cells both at the
basement membrane and toward the lumen (Fig. 2f). In 8-day-
old Etv5�/� mice, CLDN5 expression was absent (Fig. 2g) or
greatly reduced in the seminiferous tubules, thus indicating that
ETV5 is necessary for optimal CLDN5 expression in the
seminiferous epithelium.

Isolated Sertoli cell and germ cell expression of CLDN5.
In adult WT mice, cytoplasm of spermatogonia and prelepto-
tene spermatocytes stained positive for CLDN5 (Fig. 1b).

FIG. 1. a) CLDN5 expression in adult WT
mouse testes. CLDN5 expression in the
seminiferous epithelium was highest at the
level of the BTB during stage VIII (arrows).
b, c, and d) Its expression was decreased in
other stages but was observed in the
cytoplasm of spermatogonia (arrowheads).
a, b, and d) CLDN5 was also highly
expressed in vascular endothelium. d)
Lower antibody concentrations resulted in
less background staining, but immunoreac-
tion remained in the vasculature (*), the BTB
area of stage VIII (arrows), and in germ cells
of other stages (arrowheads). DAB immu-
nostaining with hematoxylin counterstain.
Bar ¼ 50 lm.
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These results were at first presumed to be due to technical
difficulties with immunohistochemistry. Various techniques
using lower antibody concentrations were evaluated; however,
germ cells still appeared to express CLDN5. To differentiate
between potential CLDN5 protein diffusion during fixation and
actual expression of CLDN5 in germ cells, isolated Sertoli cell
and germ cell populations from 8-day-old WT mice were
evaluated.

CLDN5 was present in germ cells and Sertoli cells isolated
from 8-day-old WT mice (Fig. 3). Staining was variable, with
some cells more positive than others within each isolated
population. When the antibody was incubated with excess
CLDN5 peptide, the cells displayed no immunostain (Fig. 3, d–
f). Cells were identified by size, via nuclear characteristics, and
with specific staining for germ cells (VASA) and for Sertoli
cells (WT1).

CLDN5 Western blot. As an additional control for the
CLDN5 antibody specificity, Western blot analysis was
performed on whole testes extracts. A 23-kDa band was

recognized in each extract (Fig. 4). Additional bands were
present at about 46, 69, and 92 kDa, which may represent
claudin multimers [24, 25].

Developmental and Adult mRNA Expression

The developmental expression of Cldn5 was evaluated by
quantitative PCR. Cldn5 mRNA expression remained constant
in WT whole testis from birth through Postnatal Day 12.
Starting on Postnatal Day 16 and continuing to Postnatal Day
20, this expression increased, becoming 1.75-fold (P¼ 0.014)
and 3.75-fold (P ¼ 0.038), respectively, over Postnatal Day 0
levels (Fig. 5).

In Etv5�/� whole testis, Cldn5 expression on Postnatal Day
8 was reduced to 50% of WT (t¼ 0.021). In the adult Etv5�/�,
Cldn5 expression was reduced to 59% of WT whole testis (t¼
0.012). In all samples, Cldn5 mRNA was determined relative
to the Gata6 signal, which provided an adjustment for changes

FIG. 2. CLDN5 expression in testes from
adult (a–e) WT, W/Wv, and Etv5�/� mice
and from 8-day-old (f and g) WT and
Etv5�/� mice. a) In WT testes, CLDN5 was
expressed in the seminiferous epithelial in
the BTB region (arrows). The enlargement
shows intense staining of preleptotene
spermatocytes (arrow), the BTB area (ar-
rowhead), and an endothelium (*). b)
Seminiferous tubule from W/W v spermato-
gonial stem cell transplant recipient testes
shows CLDN 5 staining of the BTB area
(arrows), although with less intensity than in
WT. c) Aspermatogenic tubules of Etv5�/�

testes do not express CLDN5. The enlarge-
ment shows staining of the vasculature (*),
but the seminiferous epithelium is negative
(arrow). d) Seminiferous tubules of the
W/Wv mouse testis also show no CLDN5
staining, but the vascular endothelium (*) is
strongly positive. e) Rete testes (RT) epithe-
lium is also strongly positive in the W/Wv

mouse testis. In a transitional area (Tr)
between seminiferous tubule and rete testis,
CLDN5 expression is starting to appear
between Sertoli cells (arrowheads). Vascular
endothelium and rete testis epithelium were
positive for CLDN5 in all genotypes exam-
ined. f ) Wild-type 8-day-old testis showing
intense CLDN5 staining surrounding all
germ cells (arrows) in all seminiferous
tubules. g) Etv5�/� 8-day-old testes show
intense staining of the interstitial space but
greatly reduced or absent CLDN5 staining
surrounding the germ cells (*). Bar ¼ 50
lm.
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in germ cell numbers with age and differences seen in
spermatogenic versus aspermatogenic tubules.

Biotin Tracer in WT, Etv5�/�, and W/Wv Mice

The integrity of the BTB was determined in adult WT,
Etv5�/�, and W/Wv mice using a biotin tracer. In WT mice
testes, the tracer was restricted to testicular interstitium and the
basal compartment of the seminiferous tubules, stopping at the
site of the BTB, with no tracer observed in the tubular lumen
(Fig. 6). However, in both Etv5�/� and W/Wv mice, tracer was
present along the Sertoli cell plasma membranes from the
basement membrane to the lumen. In all genotypes, some
tubules had more tracer than other seminiferous tubules, most
likely due to a difference in distance from the injection sites.

DISCUSSION

To our knowledge, this is the first report of CLDN5
expression in murine seminiferous epithelium. The study
revealed the following multifaceted aspects of testicular
CLDN5 expression: 1) CLDN5 was expressed in Sertoli cells,
spermatogonia, and preleptotene spermatocytes. 2) Seminifer-
ous epithelial CLDN5 expression depended upon both the

presence of germ cells and ETV5. 3) CLDN5 expression in
testicular vascular endothelium and rete testis epithelium was
ETV5 independent. 4) Cldn5 mRNA expression increased in
the testes of juvenile mice at the time of BTB formation. 5)
Testes of Etv5�/� and W/Wv mice, which were deficient in
seminiferous epithelial CLDN5 expression, had biotin tracer
leakage from the interstitial space into the seminiferous tubule
lumen.

The developmental expression of Cldn5 remained low in
whole testis from birth through Postnatal Day 12 in WT mice,
but expression by Postnatal Days 16–20 had increased more
than 3-fold and remained elevated throughout adulthood. This
pattern of expression coincides with development of tight
junctions between adjacent Sertoli cells, as the BTB forms
between Postnatal Days 16 and 19 in rodents [26], and
numerous other tight junctional proteins increase during this
time [23, 27, 28].

The expression of CLDN5 in germ cells was unexpected.
Claudins are best known as tight junctional proteins that
mediate paracellular molecular transport and barrier tightness
[13]. Current models of claudin-mediated passage are depen-
dent upon claudin-3-claudin extracellular domain interactions
[29]. These claudin-3-claudin extracellular interactions bring

FIG. 3. CLDN5 expression in germ cells
and Sertoli cells isolated from 8-day-old WT
mice. CLDN 5 is expressed in spermatogo-
nia (a), preleptotene spermatocytes (b), and
Sertoli cells (c). d–f ) When the CLDN5
antibody was preincubated with excess
immunogenic peptide, all cell types showed
no immunostaining. Germ cells were iden-
tified by the marker VASA (g and h), which
was not present in Sertoli cells (i). Sertoli
cells were identified by the marker WT1 (l),
which was not present in germ cells (j and
k). Bar ¼ 10 lm.
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the opposing cell membranes into close apposition and
obliterate the intermembrane space, thus forming the tight
junction [29].

However, germ cells lack tight junctions [1, 30]. Cardiac
myocytes are the only other cell type without tight junctions
that have been identified as expressing CLDN5 [31]. Thus, the
presence of a tight junctional protein in germ cells raises two
important questions for future studies: 1) Why are tight
junctions not observed in the germ cell ultrastructure [30]? 2)
What function would CLDN5 have in germ cells?

The association between CLDN5 expression and formation
of tight junction strands is variable. Endogenous CLDN5 was
associated with lung endothelial tight junction strands in mice
in vivo [14] and in primary cultures of human dermal
endothelial cells [32]. However, endogenous CLDN5 in
cultured human umbilical vein endothelial cells was unable
to form tight junction strands or any other identifiable
membrane ultrastructure [33]. Mouse CLDN5 transfection into
mouse L-fibroblasts [14] or human embryonal kidney (HEK
292) neuronal cells [34] formed well-developed networks of
discontinuous strands. Human CLDN5 transfection into mouse
NIH/3T3 fibroblast cells formed strands of particles and arrays
that are similar in appearance to gap junction ultrastructure
[25]. Thus, variability of CLDN5 tight junction morphology
among these models makes it difficult to predict which, if any,
of the germ cell membrane ultrastructures are associated with
CLDN5.

CLDN5 and other claudins have been detected at non-tight
junctional locations in other epithelial cells along the baso-
lateral membrane [35–37]. Their function at these locations is
unknown. One hypothesis suggests that claudins may aid in
cellular adhesion in these locations [35]. Indeed, fibroblasts
transfected with claudin 1, claudin 2, or claudin 3 reaggregate
after dissociation, a functional measure of cellular adhesiveness
[38]. However, claudin-claudin adhesive strength is weaker
than that resulting from adhesive junctional transmembrane
molecules such as cadherins [38, 39]. Assuming poor adhesive
qualities are a claudin-wide trait, it is doubtful that germ cell

CLDN5 would significantly contribute to germ cell adhesion to
Sertoli cells, especially as spermatogonia [40] and preleptotene
spermatocytes [41] contain multiple adhesion molecules.

A potential function for germ cell CLDN5 may be mediated
via its ability to assist membrane-type (MT) matrix metal-
loproteinases (MMPs) in activating soluble-type MMP2 [42].
Current models of MMP2 activation describe an intricate
balance between the expression levels of pro-MMP2, MMP14
(MT1-MMP), and the soluble tissue inhibitor of MMPs
(TIMP2) and the subsequent activation of pro-MMP2 (Fig. 7)
[43, 44]. In these models, TIMP2 is a necessary component to
activate pro-MMP2; TIMP2 acts as a bridge between pro-
MMP2 and MMP14, thus allowing an adjacent unoccupied
MMP14 to activate pro-MMP2 to MMP2. CLDN5 and
MMP14 can function together independent of TIMP2 to
activate MMP2 [42]. It was proposed that the CLDN5
extracellular loops act as the bridge and connect pro-MMP2
to the active site of MMP14. This model for CLDN5 function
in spermatogonia and preleptotene spermatocytes is dependent
upon the basal compartment expression of MMP2 and
MMP14. While Mmp2 and Mmp14 mRNA are strongly
expressed in mouse testis [45], the cellular distribution of the
enzymes is not known.

The aforementioned model describes a role for germ cell
CLDN5 at the cell membrane; however, CLDN5 was also

FIG. 4. Western blot analysis for CLDN5 from four adult testes extracts
(lanes 2–5), with approximately 40 lg of total protein per lane. A 23-kDa
band is seen in all testes samples (large arrow). The additional bands at 46,
69, and 92 kDa may represent claudin multimers [24, 25].

FIG. 5. Cldn5 mRNA expression (n ¼ 3–4 mice/group). A) Cldn5
expression remained constant from birth through Postnatal Day 12 and
then increased at Postnatal Days 16 and 20 (*P , 0.05 compared with
Postnatal Day 0). B) Cldn5 expression was decreased in 8-day-old (d8) and
adult Etv5�/� mice (*P , 0.05 compared with WT mice at the same age).
To adjust for a germ cell dilution effect that occurs with testicular
development, Cldn5 expression was determined relative to Gata6, a gene
expressed in Sertoli cells but not in germ cells [22].
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expressed diffusely throughout the cytoplasm and concentrated
in perinuclear spots in spermatogonia and spermatocytes. It is
unknown what organelle or other ultrastructure feature is
represented by the perinuclear spots. Whether these cytoplas-
mic forms of CLDN5 have a functional role, represent storage
depots of CLDN5, or indicate areas of CLDN5 degradation and
recycling remain to be investigated.

While a germ cell role for CLDN5 is unknown, Sertoli cell
CLDN5 appears to modulate BTB integrity. Both Etv5�/� and
W/Wv mice lacked seminiferous epithelial CLDN5 and were
vulnerable to tracer penetration across the BTB. The hypothesis

that CLDN5 has a role in BTB formation is also supported by
its immunohistochemical expression over the luminal side of
preleptotene spermatocytes in germ cells transplanted into W/
Wv testes. Preleptotene spermatocytes are associated with stage
VIII seminiferous tubules and the BTB [46] and with other
BTB proteins [23, 27, 28]. Cldn5 mRNA expression also
increased between Postnatal Days 16 and 20, a period when the
BTB is formed [26], representing a pattern that is observed
with other BTB proteins [23, 27, 28]. It should be noted that
the Gata6 adjustment normalized expression of Cldn5 mRNA
at the level of the seminiferous tubule and not at the level of the

FIG. 6. Biotin tracer localization in adult
WT, Etv5�/�, and W/Wv mice. A biotin
tracer was injected into testicular interstitial
space of adult mice and was allowed to
penetrate the tissue for 30 min. b, e, and h)
Cell nuclei are visualized with DAPI stain,
and merged images of tracer and DAPI
show the penetration of tracer into the
seminiferous epithelium and lumen. En-
largements are shown of areas outlined by
white boxes. a–c) In WT mice, the tracer
stopped at the level of the BTB (arrows).
Tracer is seen surrounding only cells lining
the basement membrane. d–f ) In Etv5�/�

mice, tracer is observed surrounding all
cells and along strands of Sertoli cell
membranes (*) and reaching the tubule
lumen. g–i) In W/Wv mice, biotin tracer
surrounds all cell types and extends into the
lumen along Sertoli cell membranes (*). Bar
¼ 50 lm.

FIG. 7. Proposed model of metalloprotei-
nase activation as a role for CLDN5 in germ
cells. The activation of pro-MMP2 under
conditions of low (a), optimal (b), and high
(c) levels of soluble TIMP2 are illustrated. a)
At low levels, there are not enough TIMP2
bridges formed, resulting in low activation
of pro-MMP2. b) At intermediate levels,
TIMP2 acts as a bridge between pro-MMP2
and MMP14, thus allowing MMP14 to
activate pro-MMP2 to MMP2. c) At high
TIMP2 levels, all of the active sites on
MMP14 are occupied, thus inhibiting the
activation of pro-MMP2 to MMP2. d) Data
by Miyamori et al. [42] support the hy-
pothesis of claudins and MMP14 activation
of pro-MMP2 independent of TIMP2. Clau-
dins are proposed to act as the bridge that
links pro-MMP2 to MMP14 to allow acti-
vation. Both of claudin’s extracellular loops,
particularly the first, appear to be involved
in this process. Such a mechanism could
account for the delicate balance between
the germ cells’ regulation of their migration
through and the Sertoli cells’ maintenance
of the tight junctional complexes. Adapted
with permission from Macmillan Publishers
Ltd. [43], with information by Miyamori et
al. [42]. Zn, Zinc (2þ) ion.
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Sertoli cell. Therefore, increases in Cldn5 expression in the
germ cell compartment may also have contributed to the
increased Cldn5 expression between Postnatal Days 16 and 20.

CLDN5 protein expression was dramatically increased in
stage VIII of the seminiferous cycle, the stage during which
preleptotene spermatocytes start to migrate across the BTB
[47]. CLDN3 expression also peaks in stage VIII [23], thus
permitting possible CLDN3 and CLDN5 trans-interactions
between adjacent Sertoli cells. CLDN3 and CLDN5 trans-
interactions can dramatically change tight junction permeabil-
ity [25]. The coexpression of CLDN3 and CLDN5 at the BTB
during spermatocyte migration strongly suggests a potential
role for CLDN3-3-CLDN5 interactions in maintaining BTB
integrity during this time of dynamic junctional restructuring. It
is noteworthy that mice lacking Sertoli cell CLDN3 protein
also have BTB leakiness [23].

This study revealed two aspects of CLDN5 regulation. The
first aspect of CLDN5 regulation is that germ cells are needed
for seminiferous epithelial CLDN5 expression, as seminiferous
tubular expression of CLDN5 was absent in both aspermic
Etv5�/� and W/Wv mice testes. However, in W/Wv tubules
showing limited spermatogenesis, CLDN5 was expressed at
the BTB, which demonstrates not only that germ cells are
necessary for Sertoli cell CLDN5 expression but also that lack
of CLDN5 at tight junctions between Sertoli cells may mediate
W/Wv BTB leakiness. The barrier effectiveness is not simply
due to the physical presence of Sertoli cell-germ cell contacts,
as tracers surrounded the germ cells up to the level of the
barrier when introduced either through the vasculature or
through the tubule lumen [48]. Rather, germ cells signal the
Sertoli cells, with resultant tight junction modulation between
Sertoli cells, ectoplasmic specialization, or both [1].

The second aspect of CLDN5 regulation is its ETV5
dependence for optimal expression in seminiferous epithelium
but its ETV5 independence in vascular endothelium. CLDN5
expression was absent from Etv5�/� seminiferous tubules in 8-
day-old pups even in the presence of germ cells, yet there was
intense staining in the vasculature. In contrast, 8-day-old WT
tubules showed intense staining for CLDN5 surrounding all the
germ cells. The decreased Cldn5 mRNA expression in 8-day-
old and adult Etv5�/� mice supports the conclusion that ETV5
is required for CLDN5 expression in the seminiferous
epithelium.

To our knowledge, this is the first study to detect CLDN5 in
seminiferous tubules. A major difference between this study
and prior studies [14, 16] was the fixation method. Prior studies
used cryopreservation, followed by alcohol and acetone
fixation. In this study, testes were perfusion fixed with cold
NBF and embedded in paraffin. It is well known that tissue
fixation is a major determinant for how well a particular protein
retains its antigen expression in processed tissues [49]. There
also appears to be a cell type-3-fixation method interaction for
the detection of CLDN5, as CLDN5 was expressed in vascular
endothelium with both fixation methods but was only observed
in Sertoli cells with NBF fixation.

In addition to fixation, the antibody used in immunohisto-
chemistry can affect results [49]. Although the antibodies in
this and the other studies [14, 16] were from different sources,
they were all rabbit polyclonal antibodies from rabbits
immunized with peptides from the C-terminal end of CLDN5.
Therefore, similar spectra of specificity among these antibodies
may be expected. Regarding the antibody used in this study,
localization of the immunostain in the region of the BTB and
recognition of a 23-kDa band on Western blot imply that it
recognizes a claudin protein. Decreased Cldn5 mRNA
expression in Etv5�/� mice and expression of immunosignal

in vascular endothelium are consistent with CLDN5 specificity
of the antibody used.

In conclusion, this study revealed new and unique factors of
murine testicular CLDN5 expression. CLDN5 was found in
seminiferous epithelial cells, including spermatogonia and
preleptotene spermatocytes, germ cells that do not form tight
junctions, as well as in Sertoli cells. Although a function for its
presence in germ cells is not known, CLDN5 contributes to
BTB function in Sertoli cells. Seminiferous epithelial expres-
sion was dependent upon the presence of both germ cells and
ETV5. However, vascular endothelial CLDN5 expression was
ETV5 independent.
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