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study question: Are Sertoli cell tight junctions (TJs) disrupted in men undergoing hormonal contraception?

summary answer: Localization of the key Sertoli cell TJ protein, claudin-11, was markedly disrupted by 8 weeks of gonadotropin
suppression, the degree of which was related to the extent of adluminal germ cell suppression.

what is known already: Sertoli cell TJs are vital components of the blood–testis barrier (BTB) that sequester developing adluminal
meiotic germ cells and spermatids from the vascular compartment. Claudin-11 knockout mice are infertile; additionally claudin-11 is spatially
disrupted in chronically gonadotropin-suppressed rats coincident with a loss of BTB function, and claudin-11 is disorganized in various human
testicular disorders. These data support the Sertoli cell TJ as a potential site of hormonal contraceptive action.

study design, size, duration: BTB proteins were assessed by immunohistochemistry (n ¼ 16 samples) and mRNA (n ¼ 18 samples)
expression levels in available archived testis tissue from a previous study of 22 men who had undergone 8 weeks of gonadotropin suppression and for
whom meiotic and post-meiotic germ cell numbers were available. The gonadotropin suppression regimens were (i) testosterone enanthate (TE)
plus the GnRH antagonist, acyline (A); (ii) TE + the progestin, levonorgestrel, (LNG); (iii) TE + LNG + A or (iv) TE + LNG + the 5a-reductase
inhibitor, dutasteride (D). A control group consisted of seven additional men, with three archived samples available for this study.

participants/materials, settings, methods: Immunohistochemical localization of claudin-11 (TJ) and other junctional type
markers [ZO-1 (cytoplasmic plaque), b-catenin (adherens junction), connexin-43 (gap junction), vinculin (ectoplasmic specialization) and b-actin
(cytoskeleton)] and quantitative PCR was conducted using matched frozen testis tissue.

main results and the role of chance: Claudin-11 formed a continuous staining pattern at the BTB in control men. Regardless of
gonadotropin suppression treatment, claudin-11 localization was markedly disrupted and was broadly associated with the extent of meiotic/post-
meiotic germ cell suppression; claudin-11 staining was (i) punctate (i.e. ‘spotty’ appearance) at the basal aspect of tubules when the average numbers
of adluminal germcells were ,15% ofcontrol, (ii) presented as short fragments with cytoplasmic extensionswhen numbers were 15–25% of control
or (iii) remained continuous when numbers were .40% of control. Changes in localization of connexin-43 and vinculin were also observed (smaller
effects than for claudin-11) but ZO-1, b-catenin and b-actin did not differ, compared with control.

limitations, reasons for caution: Claudin-11 was the only Sertoli cell TJ protein investigated, but it is considered to be the
most pivotal of constituent proteins given its known implication in infertility and BTB function. We were limited to testis samples which had been
gonadotropin-suppressed for 8 weeks, shorter than the 74-day spermatogenic wave, which may account for the heterogeneity in claudin-11 and
germ cell response observed among the men. Longer suppression (12–24 weeks) is known to suppress germ cells further and claudin-11 disruption
may be more uniform, although we could not access such samples.

wider implications of the findings: These findings are important for our understanding of the sites of action of male hormonal
contraception, because they suggest that BTB function could be ablated following long-term hormone suppression treatment.
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Introduction
The blood–testis barrier (BTB) is a dynamic junctional complex between
Sertoli cells which functions to segregate meiotic and post-meiotic germ
cells into an immune-privileged adluminal compartment separate from
other testicular cells and the vasculature in the basal compartment
(Setchell, 2008). Loss or impairment of BTB function, whether by tar-
geted knock-down (Gow et al., 1999; Mazaud-Guittot et al., 2010) or
suppression of key protein components (Tarulli et al., 2006, 2008;
McCabe et al., 2010; Haverfield et al., 2014) in rodent models, or by
poorly understood mechanisms in men (Cavicchia et al., 1996; Alves
et al., 2014), causes major apoptotic loss of adluminal germ cells and in
some cases infiltration of immune cells into the epithelium (Mital et al.,
2011; Silva et al., 2014; Zhao et al., 2014; Michel et al., 2015), underscor-
ing the essential role of the BTB to male fertility.

Various inter-Sertoli junctional types contribute to the BTB, including
ectoplasmic specializations, gap and adherens junctions, with involve-
ment of actin cytoskeleton and cytoplasmic plaques, but it is well estab-
lished that the Sertoli cell tight junction (TJ) forms the major physical
component of the BTB (for reviews see Pelletier, 2011; Li et al. 2015).
TJs ‘seal’ adjacent Sertoli cell membranes via interactions between trans-
membrane proteins including occludin (Saitou et al., 1997; Morita et al.,
1998), junctional adhesion molecule (JAM) family members (Glick et al.,
2004) and coxsackie and adenovirus receptor (Su et al., 2012). Members
of the claudin family, the tissue distribution of which is highly specific
(Lapierre, 2000; González-Mariscal et al., 2003), are also key players in
the seminiferous epithelium (Morita et al., 1999; Meng et al., 2005;
Hermo et al., 2010; Pelletier, 2011; Chakraborty et al., 2014; McMillan
et al., 2014). Claudin-11, which is also expressed in the oligodendrocytes
of the central nervous system (Morita et al., 1999), is arguably the most
important testicular TJ protein as selective gene knock out in the murine
testis results in the cessation of spermatogenesis and sterility (Gow et al.,
1999; Mazaud-Guittot et al., 2010), and this phenotype is transgenically
reversible (Wu et al., 2012). However other claudins, including claudin-3
(Meng et al., 2005; Smith and Braun, 2012) and claudin-5 (Morrow et al.,
2009), also appear to contribute to TJ function in the rodent. In infertile
men with BTB failure, claudin-11 protein shifts location from TJs to the
Sertoli cell cytoplasm (Finket al., 2009; Haverfieldet al., 2013), suggestive
that the cellular mechanisms which direct TJ proteins to TJs (Su et al.,
2010) are faulty.

The formation of functional Sertoli cell TJs, as shown using electron-
opaque or protein-based tracers such as lanthanum and horseradish
peroxidase, occurs concomitantly with the onset of puberty and com-
mencement of spermatogenesis, when there is an increase in circulating
LH/testosterone and FSH (de Kretser and Burger, 1972; Russell and
Peterson, 1985). In an immature rat Sertoli cell culture model, testoster-
one regulates claudin-11 mRNA expression and claudin-11 protein local-
ization to the TJ where it contributes significantly to function, while FSH

also regulates claudin-11 mRNA expression (Kaitu’u-Lino et al., 2007;
McCabe et al., 2015). In vivo, gonadotropins and/or androgen exert
several effects: (i) regulating the formation of functional TJs in a congeni-
tally hypogonadal (hpg) mouse model (McCabe et al., 2012), (ii) main-
taining and restoring TJ function in GnRH antagonist-treated adult rats
(McCabe et al., 2010; Haverfield et al., 2014) and (iii) involvement in
both the loss and gain of TJ function in the seasonally breeding Djungarian
hamster model (Tarulli et al., 2006, 2008). In each case, the suppressed
levels of circulating gonadotropins and spermatogenesis were associated
with spatial changes in the localization of claudin-11 away from TJs, which
became permeable to the small molecular weight tracer, biotin. Such
phenotypes were at least partially reversible by short to mid-term go-
nadotropin administration (Tarulli et al., 2006, 2008; McCabe et al.,
2010; Haverfield et al., 2014). Thus, successful spermatogenesis is critic-
ally dependent upon a functional Sertoli cell TJ consisting of appropriately
distributed transmembrane proteins such as claudin-11, and the pres-
ence of circulating gonadotropins.

In the adult human, claudin-11 is localized in a discrete filamentous
pattern around the basal aspect of seminiferous tubules, comparable
with animal models (Fink et al., 2009; Nah et al., 2011; Chiba et al.,
2012; Haverfield et al., 2013), but becomes disorganized with punctate
staining in Sertoli cell cytoplasm in testis sections from infertile men
with non-obstructive azoospermia (Nah et al., 2011; Chiba et al.,
2012; Haverfield et al., 2013). Similarly, claudin-11 staining, together
with other junctional proteins, including ZO-1 and ZO-2, becomes
diffuse and cytoplasmic in testicular intraepithelial neoplasia in conjunc-
tion with a loss of BTB function (Fink et al., 2006, 2009). Collectively
these studies, supported by the animal models, establish claudin-11
localization as a de facto marker of BTB function in men. On this
basis, Ilani et al. (2012) set out to determine whether the human BTB
was affected by short-term gonadotropin suppression associated with
male contraception, but found no change in the localization of several
TJ proteins including claudin-11. Potential limitations of that study
included the short duration of the suppression treatment (9 weeks,
prior to BTB assessment) and the extent of spermatogenic suppression
achieved by the combined testosterone and progestin (levonorgestrel;
LNG) treatment regime (Ilani et al., 2012).

Our laboratory has examined the effectiveness of various hormone
suppression regimes on germ cell populations in men (Zhengwei et al.,
1998; McLachlan et al., 2002; Matthiesson et al., 2005a,b). In particular,
a testosterone plus LNG treatment similar to Ilani et al. (2012), but with
added GnRH antagonist (acyline) or 5a-reductase inhibitor (dutaste-
ride) was found to provide a 25–40% greater suppression of spermato-
genesis than testosterone and LNG alone (Matthiesson et al., 2005a,b).
With this in mind, we hypothesized that the expression and localization
of claudin-11 at the BTB would be disrupted by male hormonal contra-
ception. The aim of this study was to assess the potential for claudin-11 as
a target of male hormonal contraception by analysing changes in the
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localization of this protein and other BTB markers following gonado-
tropin suppression in testis biopsies from the Matthiesson et al.
(2005a,b) studies.

Materials and Methods

Experimental design
As outlined in Matthiesson et al. (2005a), all men (n ¼ 29) included in the
study underwent medical interview with physical and biochemical investiga-
tions. Subjects had to fulfill each of six criteria: (i) aged 21–55 years, (ii)
normal physical findings and testicular volumes, (iii) two normal semen ana-
lyses according to World Health Organization criteria, (iv) normal serum FSH
and LH, (v) normal serum testosterone and (vi) normal liver and renal func-
tion and complete blood count. As a result of the inclusion criteria, there
were no differences seen in mean age, testicular or ejaculate volume,
sperm concentration or motility or serum gonadotropins. Mean BMI
ranged from 25 to 27 kg/m2. Men who were excluded from the study
included those with a history of hypertension or significant cardiovascular,
renal, hepatic, prostatic or testicular disease or infertility, as well as men
taking significant prescribed medications and those involved in competitive
sports, who were tested for androgen usage.

The Institutional Review Board at the University of Washington, WA,
USA, approved all experimental protocols and subjects gave written
informed consent before screening.

In brief, after an initial 2-week screening phase, all men were randomly
assigned to a control group (n ¼ 7) which proceeded straight to surgery or
to an 8-week course of one of four gonadotropin suppressive treatments
(n ¼ 5–6/group) which all included 100 mg testosterone enanthate (TE;
Delestestryl, Bristol-Myers, Squibb, Princeton, NJ, USA) injected i.m.
weekly, in combination with one of the following: (i) 125 mg progestin levonor-
gestrel (LNG; Wyeth, Madison, NJ, USA), orally, daily (n ¼ 5), (ii) LNG +
0.5 mg 5a-reductase inhibitor dutasteride (D; GlaxoSmithKline, Research Tri-
angle Park, NC, USA), orally, daily (n ¼ 6), (iii) 300 mg/kg GnRH antagonist
acyline (A; Multiple Peptide Systems, San Diego, CA, USA), s.c, fortnightly
(n ¼ 6), or iv) LNG + A (n ¼ 5) (Matthiesson et al., 2005a,b).

Following the treatment phase and prior to a 4-week recovery phase, tes-
ticular biopsies were taken from each man in conjunction with a pre-planned
vasectomy and either fixed in Bouin’s fixative for 3 h and embedded in par-
affin wax, or used for total RNA extraction. Available samples for this
study for immunohistochemistry (n ¼ 2–5/group) and RT–PCR (n ¼ 3–
5/group) are displayed in Supplementary data, Table SI. Note that not all
samples available for immunohistochemistry were available for RT–PCR
and vice versa. Data for quantification of germ cell numbers, intratesticular
steroids and other endocrine and morphological end-points have already
been published (Matthiesson et al., 2005a,b).

Immunohistochemistry
Tissue sections were prepared and visualized by immunofluorescence as pre-
viously described (Haverfield et al., 2013, 2014). Primary antibodies, rabbit
anti-claudin-11 (Zymed #36–4500; 1.25 mg/ml, 1 h), rabbit anti-ZO-1
(Zymed #61–7300; 1.25 mg/ml, overnight), mouse anti-b-catenin (Trans-
duction Laboratories #610154; 0.33 mg/ml, 1 h), mouse anti-connexin-43
(Sigma ascites fluid #C8093; 1:800 of stock, 1 h), mouse anti-vinculin
(Sigma ascites fluid #V4505; 1:400 of stock, 1 h) and mouse anti-b-actin
(MP Biomedicals ascites fluid #69100; 1:200 of stock, 1 h) were diluted in
10% normal goat serum (Chemicon International, Temecula, CA, USA) in
phosphate-buffered saline and applied to the sections. Negative controls
substituted rabbit/mouse immunoglobulin G at the same concentration as
the primary antibody. The secondary antibody (30 min) was goat anti-
rabbit/mouse Alexa-488 (Molecular Probes, Eugene, OR, USA) at 5 mg/ml

(2.5 mg/ml for ZO-1). Experiments were repeated 2–3 times with all staining
and microscopy-analysis within an experiment conducted at the same time.
Multiple immunofluorescence images were captured for each section. For
morphological analyses, one tissue section from each man was re-stained
with haematoxylin and eosin (H&E). Images of each section in their entirety
were captured for analysis.

RNA amplification and quantitative real-time
PCR
Archived testis mRNA was obtained for some men from the Matthiesson
et al. (2005a,b) studies for real-time PCR analysis (primer and RT–PCR con-
ditions presented in Supplementary data, Table SII). All mRNA was initially
amplified to maximize availability of DNA for RT–PCR (see Supplementary
data, Methods for details).

Results

Localization of claudin-11 in control and
gonadotropin suppressed human testes
All control men characteristically displayed a largely continuous ‘scallop-
ing’ appearance of claudin-11 at the Sertoli cell TJs at the outer edges of
the tubules (Fig. 1A). However, variable staining patterns were observed
in that some displayed clear punctate staining, particularly #142, and the
staining intensity of claudin-11 also varied within and across sections
(Fig. 1A). The scarcity of tissue precluded quantification of these
variations by western blot analysis.

After 8 weeks of gonadotropin suppression, claudin-11 localization fell
into three distinct categories (Fig. 1B). In Category 1, staining appeared
similar to controls with the peripheral ‘scalloping’ appearance. In Cat-
egory 2, the neat scalloping pattern had changed into a fragmented
phenotype with short vertical cytoplasmic extensions. In Category 3,
thereappeared to be acomplete loss of the scalloping claudin-11 appear-
ance, instead replaced with punctate structures, typically at the basal
aspect of the tubule, but also scattered towards the centre (Fig. 1B).
This category was the most common and appeared in 10 of the 13 go-
nadotropin suppressed men assessed (Table I). No other claudin-11
staining pattern was observed in six of these men. Qualitatively in the
remaining four, one (#126) appeared to have more Category 3 than Cat-
egory 2 staining, while the other 3 had more Category 1 than Category 3
(#117, 120, 132) (Table I). Differences in the extent of claudin-11 disrup-
tion were apparent within the treatment groups, but not between them
(see below).

Comparison of germ cell numbers with
claudin-11 localization
We then sought to determine if these changes in claudin-11 corresponded
to alterations in adluminal germ cell numbers in each testis sample, using
published data from Matthiesson et al. (2005b). The germ cell quantifica-
tion data averaged across each treatment group appears in Supplementary
data, Fig. S1 and representative images of H&E stained testis sections in
Supplementary data, Fig. S2, which allowsvisualizationof remainingadlum-
inal germ cell types from men within each treatment group for comparison
to each other and to control.

To summarize the findings of Matthiesson et al. (2005b), 8 weeks of
gonadotropin suppression significantly reduced germ cell numbers
across all treatment groups from type B spermatogonia onward, to
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an average of 22% of control (Table I and Supplementary data, Fig. S1),
with no significant differences between treatment groups (Matthiesson
et al., 2005b). However, the extent of germ cell loss was heteroge-
neous and variations were apparent within each group, as shown in
Fig. 2. For example, acyline was the only treatment that significantly
(P , 0.05) suppressed type B spermatogonia and preleptotene sper-
matocytes in some men, whereas only LNG-containing treatments
resulted in significant decreases in step 3–6 spermatids (Fig. 2).
However, within each treatment group are clear examples where
extensive suppression from B spermatogonia or preleptotene sperma-
tocytes onwards was achieved (Fig. 2). The small peak at step 3–6
spermatids observed across all samples reflects the fact that the
human spermatogenic wave is 74 days in length (Amann, 2008) and
the 56-day suppression treatment was not long enough for lesions in
the earlier germ cells to flow through. Indeed 12–24 weeks of suppres-
sion is known to profoundly lower these cell types (Zhengwei et al.,
1998; McLachlan et al., 2002).

We then examined whether claudin-11 protein localization varied
with the extent of germ cell suppression. Representative images for
each treatment group are presented in Fig. 2, with all images displayed
in Supplementary data, Fig. S3. Images in Supplementary data, Fig. S3
are arranged within treatment groups in order from maximal adluminal
germ cell suppression to the lowest. This analysis revealed that the punc-
tate claudin-11 staining pattern representative of Category 3 was mostly
observed with maximal suppression of adluminal germ cells (defined as
combined number of leptotene/zygotene spermatocytes to step 7–8
elongated spermatids) to ,15% of control (see Table I and Fig. 2 and
Supplementary data, Fig. S3), whereas the filamentous/cytoplasmic ex-
tension staining pattern was observed in samples with adluminal germ
cells at 15–25% of control (#122, #131; Table I and Fig. 2 and Supple-
mentary data, Fig. S3). The continuous claudin-11 staining pattern
similar to control (Category 1) was mostly observed when adluminal
germ cell numbers .40% of control were present (Table I and Fig. 2
and Supplementary data, Fig. S3).

Figure 1 Localization of claudin-11 in control and hormone suppressed human testes. Bouin’s fixed, paraffin embedded human testis biopsies were pro-
cessed by immunohistochemistry and stained for the tight junction (TJ) protein, claudin-11 (green; arrowheads). (A) Biopsies from three control men, with
subject identifiers shown by the # symbol identical to those used by Matthiesson et al. (2005a). The boundary of each tubule is denoted by white dashed
lines. (B) Representative examples of the three distinct categories for claudin-11 staining observed across all gonadotropin suppression treatment groups;
Category 1 ¼ continuous staining, Category 2 ¼ filamentous staining with cytoplasmic extensions and Category 3 ¼ punctate staining. Scale bar ¼ 17 mm.
Inset ¼ negative control.
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Only four men [#117 and #126 (TE + LNG + A), and #120 and
#132 (TE + LNG + D)] presented mixed claudin-11 staining categor-
ies, which did not fit our observed trend. To illustrate this point, two rep-
resentative images of claudin-11 staining in #117 (TE + LNG + A;
Fig. 2) show tubules with continuous claudin-11 staining while others
were punctate.

The effect of gonadotropin suppression
on seminiferous tubule lumens
All tubules were assessed for the presence or absence of a lumen follow-
ing H&E staining (Fig. 3 and Supplementary data, Fig. S4 and Table I), as
the presence of a lumen is accepted as qualitative evidence of BTB func-
tionality in various animal models (Pelletier, 1990, Setchell, 2008). Rep-
resentative images from the TE + A group against a control image are
presented in Fig. 3, with additional images again arranged in order of
greatest adluminal germ cell suppression to lowest within treatment
groups, presented in Supplementary data, Fig. S4. Overall, there was
no association between the extent of claudin-11 dislocation or germ
cell suppression and the percentage of tubules where lumens were
present (Table I). For example, #101 and #102 (TE + A group) were
designated Category 3 for their punctate claudin-11 staining and both
had markedly suppressed adluminal germ cell numbers (�5–14% of
control), but demonstrated widely variable tubule lumen positivity
(65% for #101, #1.5% for #102, Table I and Fig. 3). Similarly, only 8%
of tubules in #137 (TE + A) contained lumens, but claudin-11 staining
was in Category 1, similar to controls.

The effect of gonadotropin suppression on
other BTB junction protein markers in men
Given the effect of gonadotropin suppression upon claudin-11 of the TJ
and its close proximity to other junctional types in the BTB, we next
assessed whether gonadotropins could also regulate the localization of
b-actin (cytoskeleton),b-catenin (adherens junction), vinculin (ectoplas-
mic specialization), connexin-43 (gap junction) and ZO-1 (underlying
cytoplasmic plaque). Results were consistent across all controls and
treated men and we present representative data from #109 (TE +
LNG) in Fig. 4. This individual had punctate claudin-11 staining (Category
3) associated with markedsuppression of adluminal germ cells to ,3% of
control (Table I).

Staining forall junction-related proteins was extensive in control and all
treatment groups (Fig. 4). In controls, b-actin and b-catenin were loca-
lized around all germ cell types, while connexin-43 and ZO-1 were loca-
lized at the BTB towards the outer edges of the tubules. Vinculin staining
was apparent at ectoplasmic specializations localized at the BTB, and also
extending towards the apically located ectoplasmic specializations
between Sertoli cells and round and elongating spermatids near tubule
lumens (Fig. 4). Following gonadotropin suppression for 8 weeks,
b-actin and b-catenin remained present around remaining germ cells,
and ZO-1 was still localized in extensive belts at the outer edge of the
tubules as in controls. Connexin-43 staining appeared reduced in inten-
sity and not as continuous as in controls. Basal ectoplasmic specializa-
tions at the BTB appeared intact with no apparent reduction in vinculin
staining; however, apical staining had become diffuse and cytoplasmic

.............................................................................................................................................................................................

Table I Comparison between claudin-11 staining, adluminal germ cell numbers and presence of tubule lumens in
immunohistochemical sections from human testes.

Treatment Patient
number

Claudin-11
staining
category

Percentage(%)adluminal
germ cells compared
with control*

Percentage (%)
tubules with
lumens

Percentage (%)
tubules without
lumens**

Number of
tubules
counted***

Control 133 1 100 60 21 214

Control 138 1 100 51 30 43

Control 142 1 100 58 38 52

TE + A 101 3 5.3 65 31 261

TE + A 102 3 14.4 1.5 96 135

TE + A 116 3 18.8 1 99 144

TE + A 122 2 24.9 31 63 232

TE + A 137 1 40.9 8 92 191

TE + LNG 109 3 2.6 51 49 86

TE + LNG 131 2 21.7 27 73 221

TE + LNG + A 117 1 and 3 11.8 45 55 51

TE + LNG + A 136 3 12.1 37 63 481

TE + LNG + A 126 3 and 2 15.5 18 82 163

TE + LNG + D 120 1 and 3 5.3 16 84 161

TE + LNG + D 107 3 12.9 34 60 129

TE + LNG + D 132 1 and 3 44.1 18 82 156

A, acyline; D, dutasteride; LNG, levonorgestrel; TE, testosterone enanthate.
*Samples are listed within their treatment groups in order of percentage adluminal germ cell suppression; defined as combined leptotene/zygotene spermatocytes to step 7–8 elongated
spermatids.
**Parts of some immunohistochemical sections were too difficult to determine whether the tubules contained lumens or not; hence, there are percentages that do not equal 100% in every
section. These particular areas were excluded from all analyses.
***All tubules within a tissue section were counted.
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in Sertoli cells, reflective of a loss of late germ cell types (Fig. 4). Overall,
the effect of gonadotropin suppression appeared to be greater on
claudin-11 localization than for any other protein assessed.

Effects of gonadotropin suppression on
junctional mRNA expression levels in men
Gonadotropin suppression did not significantly alter the mRNA expres-
sion levels of any of the TJ proteins (claudin-11, claudin-3, occludin,
JAM-A) or other BTB proteins (ZO-1, b-catenin, connexin-43, vinculin,
b-actin) tested (Supplementary data, Fig. S5). Androgen regulated
INSL-3 decreased 20-fold (P , 0.001) in each of the suppression treat-
ments compared with control (Supplementary data, Fig. S5), consistent
with a decrease of �98% in intratesticular testosterone (Matthiesson
et al., 2005b).

Discussion
We provide evidence that claudin-11, the key protein of the human Sertoli
cell TJ, is regulated by gonadotropins in vivo. Its organization was markedly
altered into a punctate staining pattern in gonadotropin-suppressed men,
compared with its continuous staining pattern in controls, and identifies a
pathway relevant to the efficacy of long-term male hormonal contracep-
tion. We also observed more modest changes in the localization of gap
junction protein, connexin-43, which provides communication channels
between Sertoli cells and germ cells or other Sertoli cells, and for which
regulation has been closely linked with TJ function at the BTB (Li et al.,
2009; Carette et al., 2010; Gerber et al., 2014, 2016; Weider et al.,
2011). The loss of apical ectoplasmic specialization structural integrity as
shown by diffuse vinculin staining is consistent with the loss of later germ
cell types including spermatids, and its known dependence on gonadotro-
pins (O’Donnell et al., 2000; Wong et al., 2005; Sluka et al., 2006). Finally,
the relationship between TJ claudin-11 organization and the extent of
suppression of meiotic and post-meiotic germ cells suggests a signalling
mechanism between adluminal germ cells and the BTB that has yet to
be characterized.

While several studies have observed disorganized claudin-11 staining
in testes from infertile men (Nah et al., 2011; Chiba et al., 2012; Haver-
field et al., 2013), or in cancerous testis tissue with loss of BTB function
(Fink et al., 2006, 2009), the current study provides the first evidence

that claudin-11 localization at the BTB in men is altered by chronic go-
nadotropin suppression. This result is supported by studies in rats
where long-term suppression with the same GnRH-antagonist, acyline,
as used herein, caused claudin-11 localization to become cytoplasmic
and BTB function to be lost (McCabe et al., 2010; Haverfield et al.,
2014). The same trend is observed when gonadotropins are naturally
suppressed in a seasonal breeder model, the Djungarian hamster
(Tarulli et al., 2006, 2008) and, as in the rat model above, is concomitant
with reduced germ cell numbers and absent spermatogenic activity.
These models are consistent with the infertile phenotype of the
murine claudin-11 knockout animal (Gow et al., 1999; Mazaud-Guittot
et al., 2010). Restoration of testicular androgen levels by hCG (LH ana-
logue) or testosterone treatment in rats (McCabe et al., 2010; Haverfield
et al., 2014), or human FSH in Djungarian hamsters (Tarulli et al., 2006,
2008), led to a restoration of claudin-11 localization and BTB function,
and re-initiation of spermatogenesis, underscoring the hormonal de-
pendence of the BTB.

In contrast, a recent study also investigated BTB protein expression
and localization in men given hormonal contraception, and concluded
that BTB integrity was not affected in terms of TJ proteins including
claudin-11, claudin-3 and JAM A (Ilani et al., 2012). There are several dif-
ferences between the Ilani et al. (2012) studyand our current data includ-
ing the extent to which FSH and testicular androgen suppression was
achieved, the extent of germ cell suppression, and the time course of sup-
pression and point at which BTB function was assessed. The Ilani et al.
(2012) study used a model reported by Wang et al. (2007), which in
common with Matthiesson et al. (2005a), applied gonadotropin suppres-
sion regimes based on the administration of long-acting testosterone
esters and the progestin LNG. Yet germ cell populations were more sup-
pressed in Matthiesson et al. (2005a) [mean 19.4% pachytene spermato-
cytes plus round spermatids (Supplementary data, Fig. S1) compared
with 37.5% in the Ilani et al. (2012) study] suggesting a more profound
gonadotropin suppression at sampling time.

Within our different treatment groups, we found individuals wherein
pachytene spermatocyte and round spermatid numbers ranged from 2.7
to 39.5% of control [Fig. 2 and Matthiesson et al. (2005b)], and we found
a corresponding change in the extent of claudin-11 localization at the
BTB. We, therefore, propose a link between the presence of meiotic
and post-meiotic germ cells and the structure and function of the BTB
in men, and suggest that the continued presence of these germ cell

Figure2 Comparison of claudin-11 protein localization with extentof adluminal germ cell suppression. Data for adluminal germ cell numbers (i.e. all germ
cell types on the right-hand side of dashed lines) in individual men treated with, TE + LNG, TE + LNG + D, TE + A, TE + LNG + A (see below) for
8 weeks (n ¼ 5–6/group) were obtained from Matthiesson et al. (reprinted with permission from Matthiesson et al., 2005a,b), and compared with
claudin-11 localization (green; arrowheads) in testis biopsies obtained from the same men. Representative images from each treatment group are
shown here, with additional images for other men arranged in order of adluminal germ cell suppression (greatest to least; Table I) within treatment
groups, included in Supplementary data, Fig. S3. Subject numbers were allocated by Matthiesson et al. (2005a) and are listed with their corresponding
graph symbol within each image, as well as below. Note that, two representative images have been provided for subject #117 (see insert). Germ cell
types presented are: All type A spermatogonia (All A), type A dark spermatogonia (Ad), type A pale spermatogonia (Ap), type B spermatogonia (B), pre-
leptotene spermatocytes (Pl), leptotene and zygotene spermatocytes (L–Z), pachytene spermatocytes (PS), round spermatids (rST), step 3–6 elongating
spermatids (3–6 ST), step 7–8 elongating spermatids (7–8 ST) and sperm concentration in the ejaculate on the day of testicular biopsy. A, acyline; D,
dutasteride; LNG, levonorgestrel; TE, testosterone enanthate. Edges of the seminiferous tubules have been indicated by white dashed lines.
TE + LNG: #105; filled squares, #106; filled circles, #109; triangles, #123; open squares, #131; filled diamonds, TE + LNG + D: #107; filled
squares, #108; filled circles, #120; triangles, #124; filled diamonds, #127; open squares, #132; X, TE + A: #101; filled squares, #102; filled circles,
#114; triangles, #116; filled diamonds, #122; open squares, #137; X, TE + LNG + A: #104; filled squares, #117; filled circles, #126; triangles, #136;
filled diamonds, #141; open squares, scale bar ¼ 30 mm.
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types above a threshold of �30% of control may have accounted for the
Ilani et al. (2012) study failing to detect changes in claudin-11 organiza-
tion. Indeed, we have previously demonstrated a positive role of
meiotic and post-meiotic germ cells on BTB function in adult rats (Haver-
field et al., 2014). Unfortunately it was not possible to take multiple testis
biopsies from the same man over the course of the study. The small re-
sidual peak in step 3–6 round spermatids in Matthiesson et al. (2005b)
suggested a longer suppression was required and indeed we predict
that in men suppressed for 12–24 weeks (beyond the 74-day-long sper-
matogenic wave) where profound decreases in these cells are observed
(Zhengwei et al., 1998; McLachlan et al., 2002; Amann, 2008), claudin-11
disorganization would be more consistent.

The observed change in claudin-11 localization in men differed from
rat models of gonadotropin suppression using acyline, where
claudin-11 protein was localized predominantly in the Sertoli cell cyto-
plasm (McCabe et al., 2010; Haverfield et al., 2014). Besides the germ
cell contribution mentioned above, a key difference could be the residual
testicular androgen concentration, which was very low at �7 nmol/l in
rats after acyline treatment (Porter et al., 2006), but 47–65 nmol/l in
men after TE + LNG + acyline (Matthiesson et al., 2005b). These
higher residual testicular androgen levels in men may be due to the near-
normal serum testosterone concentration (18–19 nmol/l) maintained
by the TE treatment, something the rats did not receive. Alternatively,
LH-independent constitutive androgen secretion by the human Leydig

Figure 3 The presence/absence of seminiferous tubule lumens across treatment groups. Representative haematoxylin and eosin images of testis sec-
tions from men receiving control and gonadotropin-suppressing TE + A treatment for 8 weeks. Images are representative of typical tubule patterns
observed across treatment groups. For images from all men analysed, with subject/patient number arranged in order of greatest adluminal germ cell sup-
pression to lowest within the treatment groups (Table I), see Supplementary data, Fig. S4. Tubule lumens across sections are indicated with asterisks for
reference. Scale bar ¼ 100 mm.
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cells could have maintained high intratesticular levels (Haywood et al.,
2002, 2003; O’Shaughnessy et al., 2009). It is well known that claudin-
11 mRNA and protein expression in Sertoli cells is androgen dependent
in vitro (Florin et al., 2005; Kaitu’u-Lino et al., 2007) and in vivo (de Gendt
et al., 2004; Meng et al., 2005; McCabe et al., 2010, 2012). Additionally,
testosterone promotes the localization of various TJ proteins, including
claudin-11, from the cytoplasm to Sertoli cell junctions (Kaitu’u-Lino
et al., 2007) via an endocytic recycling process proposed to allow break-
down and re-formation of TJs at the BTB (Yan et al., 2008; Su et al., 2010).
BTB dynamics are also regulated by cytokines such as transforming
growth factor-b3, which activates the protein degradation pathway
(Su et al., 2010); for a recent, comprehensive review about mammalian
BTB regulation see Mruk and Cheng (2015). Collectively, these
studies suggest that the claudin-11 endocytosis-recycling process was
either compromised in the treated men due to residual testicular
testosterone (�2% of controls, Matthiesson et al., 2005b), or follows
a different mechanism to that observed in rodents, and in low levels
of testicular androgens is processed for protein degradation, perhaps
consistent with its punctate appearance.

As mentioned earlier, various testicular pathologies are associated
with altered localization of several BTB proteins (Fink et al., 2006,
2009; Nah et al., 2011; Chiba et al., 2012; Haverfield et al., 2013) and
further analyses of some of these have been attempted in vitro (Ma
et al., 2013; Hai et al., 2015) and in vivo, including one study directly
showing a loss of BTB function in testicular carcinoma in situ (Fink
et al., 2006). However, it remains unknown whether BTB functionality
was altered in the current study even when maximal claudin-11 disorgan-
ization was observed. Recent data show that the BTB can be selectively

permeable to tracers of increasing molecular weight in rats following
hormone suppression and replacement (Haverfield et al., 2014), but
similar tracer techniques have not been applied to men undergoing
male hormonal contraception. As an alternative measure of BTB func-
tion, we looked for the presence of tubule lumens in treated men, but
found no correlations with either the extent of germ cell suppression
or claudin-11 disorganization. In comparative terms, an animal model
that may emulate the impact of gonadotropin suppression and germ
cell loss on BTB function is the seasonal breeding Djungarian hamster.
Testicular regression in this model occurs naturally following exposure
to short-day length which suppresses pituitary FSH, LH and testicular tes-
tosterone, leading to progressive loss of germ cell types (Bergmann,
1987; Lerchl et al., 1993; Meachem et al., 2005). The BTB becomes per-
meable to tracerat the point when only spermatogonia and a few primary
spermatocytes remain (Bergmann, 1987), and TJ proteins including
claudin-11 are disorganized (Tarulli et al., 2006, 2008), which is similar
to the germ cell phenotype and claudin-11 staining pattern of some of
the men (e.g. #109, #120, #101, Fig. 2) in the current study, suggesting
a loss of human Sertoli cell TJ function.

In conclusion, we show here that the organization of the key Sertoli
cell TJ protein, claudin-11, at the BTB in men is markedly reduced follow-
ing chronic gonadotropin suppression. Furthermore, the degree of
claudin-11 change within individual patients was linked to the extent of
germ cell loss from the seminiferous epithelium. These findings are im-
portant for our understanding of the sites of action of male hormonal
contraception (McLachlan et al., 2002), because they suggest that BTB
function could be ablated following long-term hormone suppression
treatment.

Figure 4 The effect of gonadotropin suppression on other junctional types at the human blood-testis barrier. Bouin’s fixed, paraffin embedded human
testis biopsies were processed by immunohistochemistry and stained for (i) cytoskeletal protein b-actin, (ii) adherens junction protein b-catenin, (iii) gap
junction protein connexin-43, (iv) ectoplasmic specialization protein vinculin and (v) cytoplasmic plaque protein ZO-1 (all green; indicated by arrowheads).
Biopsies came from control #133, and #109 from the TE + LNG (testosterone enanthate + levonorgestrel) treatment group. This individual demon-
strated maximal disruption to claudin-11 localization and adluminal germ cells and is representative of other men from different treatment groups.
Numbers were allocated by Matthiesson et al. (2005a). The boundary of each tubule is denoted by white dashed lines. Bar ¼ 50 mm. Inset ¼ negative
control.
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Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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