20 Immun., Endoc. & Metab. Agents in Med. Chem., 2008, 8, 20-27

“Unlocking” the Blood-Testis Barrier and the Ectoplasmic Specialization by Cytokines
During Spermatogenesis: Emerging Targets for Male Contraception
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Abstract: Cytokines are known to regulate an array of physiological functions in the testis, including cell differentiation, apoptosis, ster-
oidogenesis, and cell division. Recent studies have illustrated that cytokines also take a crucial role in the regulation of junction dynam-
ics. These include the regulation of cell-cell adhesion and tight junction permeability barriers in multiple epithelia and endothelia, such as
those found in the small intestine, kidney, skin, and testis. In this review, we summarize recent findings in this field with an emphasis on
the role of cytokines in junction restructuring events during spermatogenesis in the seminiferous epithelium of testes. This review also
identifies several areas of research that functional studies can be designed to unravel the physiological significance of cytokines in junc-
tion restructuring at the Sertoli-Sertoli or Sertoli-germ cell interface in the seminiferous epithelium. It is expected that multiple cytokines,
such as TGF-p3 and TNFa, are working in concert with other yet-to-be identified molecules to coordinate the intriguing events of junc-
tion restructuring during different stages of the seminiferous epithelial cycle in adult testes in mammals.
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INTRODUCTION

Cytokines are peptides that have diverse physiological func-
tions in mammals. They are ubiquitously expressed in most cell
types. These pleiotropic peptides are secreted for autocrine, para-
crine and/or endocrine regulation of different physiological proc-
esses and some of them have functional redundancy [1-3].

Among their numerous physiological roles, cytokines have been
reported to serve as important regulators of junction integrity in a
number of epithelia and endothelia [4,5] including the seminiferous
epithelium in the testis (for reviews, see [6,7]). Recent studies have
shown that cytokines can affect two discrete junctional sites in the
seminiferous epithelium, namely the blood-testis barrier (BTB) and
the apical ectoplasmic specialization (ES). The BTB is composed of
tight junctions (TJ), adherens junctions (AJ), desmosome-like junc-
tions, and gap junctions formed between adjacent Sertoli cells near
the basement membrane in mammalian testes. This barrier physi-
cally segregates the seminiferous epithelium into the apical (or
adluminal) and basal compartment, conferring cell polarity (for
reviews, see [8-10]). On the other hand, the ES, a testis-specific AJ,
is restricted to the interface of Sertoli cells and elongating/elongated
spermatids (step 8 spermatids and beyond in the rat) and of inter-
Sertoli cells at the BTB. These two ES sites are named the apical
and basal ES, respectively, according to their cellular localization
(for reviews, see [9,11,12]).

At stage VIII of the seminiferous epithelial cycle, preleptotene
or leptotene spermatocytes traverse the BTB [13], entering the ad-
luminal compartment to continue their development. Spermiation
takes place concurrently at the luminal edge to release spermatozoa
into the seminiferous tubular lumen. Thus, it is conceivable that
extensive restructuring at the Sertoli-Sertoli and Sertoli-germ cell
interface occurs during spermatogenesis in addition to the molecu-
lar and cellular events associated with meiosis and spermiogenesis.

Different cytokines have been reported to disrupt TJ-barrier
integrity in the testis, intestine or brain (Table 1). It has been postu-
lated that developing germ cells cooperate with Sertoli cells to de-
termine the levels of cytokines in the BTB microenvironment to
facilitate junction restructuring (for reviews, see [6,7]). In this short
review, we focus our discussion on TGF-f3 and TNFa since much
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of the work reported in recent years is related to these two cytoki-
nes. However, this is not to rule out the participation of other cyto-
kines, such as interferon-y (IFNy) and interleukin-1la in junction
restructuring events as there is emerging evidence which suggests
the involvement of these two cytokines in the regulation of junction
permeability (see Table 1). Our goal in this short review is to evalu-
ate critically current findings on the role of cytokines on the BTB
and ES dynamics in the testis. It has become apparent in recent
years that these two ultrastructures can serve as targets for the de-
velopment of novel non-hormonal contraceptives for men.

ROLES OF CYTOKINES IN JUNCTION RESTRUCTURING

In the seminiferous tubule, germ cells are major contributors of
pro-inflammatory cytokines. The levels of pro-inflammatory cyto-
kines produced and secreted by Sertoli and Leydig cells are rela-
tively low [6,14]. Yet receptors for these cytokines, such as TGF-f3s
and TNFa, are predominantly expressed in Sertoli cells. This is not
entirely unexpected since germ cells are not equipped with an in-
trinsic mechanism for cell movement, unlike fibroblasts or macro-
phages. The translocation of germ cells across the BTB and their
progressive migration towards the lumen of the seminiferous tubule
relies largely on Sertoli cells, which is known to provide the neces-
sary protrusive force. The effects of cytokines on the Sertoli cell
cytoskeleton possibly facilitates the “uplifting” of developing germ
cells from the basal to the adluminal compartment.

The translocation of germ cells across the seminiferous epithe-
lium including the BTB in the adult testis during different stages of
the seminiferous epithelial cycle was originally conceived as an
unregulated cellular phenomenon by some investigators in the field.
However, recent findings have implicated the role of cytokines in
junction restructuring during spermatogenesis in the seminiferous
epithelium. Earlier in vitro studies have shown that the endogenous
MRNA levels of TGF-B3 [15] and TNFa [16] in Sertoli cells were
lower during the assembly of the inter-Sertoli cell TJ barrier. This
seems to suggest that the presence of these cytokines could perturb
the Sertoli cell TJ-barrier formation. The inclusion of recombinant
TGF-B3 or TNFa in the primary Sertoli cell culture was shown to
perturb the TJ-barrier dose-dependently and reversibly [15,16].
Subsequent in vitro and in vivo studies using specific inhibitors of
signal transducers downstream of TGF have shown that TGF-f3
mediates its effects on the inter-Sertoli cell TJ barrier via the p38
MAPK signal transduction pathway [17-19]. These studies thus
demonstrated for the first time that the BTB integrity could be regu-
lated biochemically by cytokines.

© 2008 Bentham Science Publishers Ltd.
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Table 1. Effects of Cytokines on Different Blood-Tissue Barriers in Mammalian Tissues and Organs*
Blood-tissue barrier Cytokine Biological effect(s) Action mediator(s) References
Blood-brain barrier TNFa, IL-1B Increase in barrier permeability Nitric oxide [5,67-71]
CCL2 Redistribution and decline of ZO-1 and occludin ERK signal transduction pathway
Redistribution of ZO-2 and claudin-5 Loss of caveolin-1
Blood-retina barrier TGFB Increase in BRB permeability n.k. [72,73]
VEGF Increase in MMP-9
Decline in occludin level
TJ-barrier in small intestine TNFa, IFNy Increase in TJ barrier permeability Myosin light chain kinase [4,74-78]
Internalization of junctional integral membrane proteins NF-kB; independent of apoptosis
TGFB Redistribution of JAM4 via endocytosis Ligand-of-Numb protein X1 [79]
TJ-barrier in lung TNFa Disassembly and redistribution of JAM-A n.k. [80,81]
from intercellular junctions
TJ-barrier in heart TGFBs Decline in paracellular adhesion Rho GTPase [82]
Redistribution of p-catenin and E-cadherin
TJ-barrier in skin TNFa, IL-1B Increase in MMP-9 Tyrosine phosphorylation [41,83,84]
TNFa Reduction of vascular permeability
Redistribution of VE-cadherin

*This Table is not intended to be exhaustive, the examples listed here represent selected studies illustrating the pivotal role of cytokines on tight junction barrier function in different
mammalian organs and tissues. Many important references are not listed due to space limitations. n.k., not known.

In the earlier in vivo study, results were obtained using an cad-
mium chloride animal model which compromised germ cell adhe-
sion, thereby leading to massive loss of germ cells from the epithe-
lium [19,20]. We thus sought to investigate if TGF-B3 would also
perturb Sertoli-germ cell adhesion using the Adjudin animal model.
In this animal model, germ cells become depleted from the epithe-
lium due to the disruption of Sertoli-germ cell anchoring junctions
whilst the integrity of the BTB remains unaffected, at least during
the time of anchoring junction restructuring [9]. Using this model, it
was shown that TGF-f3 indeed is involved in AJ dynamics via the
ERK signal transduction pathway [21].

Subsequent studies have shown that TGF-f3 can selectively
activate p38 MAPK and ERK signal transduction pathways through
its differential interaction with two upstream signal transducers,
TAB1 and CD2AP, respectively. It was known that when TGF-f33
associated with its receptor TBR1, this protein complex would be-
come activated to elicit downstream signaling. If this activated
TGF-B3/TBR1 protein complex associated with both TAB1 and
CD2AP, then p38 and ERK MAP kinases were activated, leading to
a disruption of the BTB and Sertoli-germ cell AJ [22]. However,
when the activated TGF-B3/TBR1 protein complex associated with
CD2AP selectively, only Sertoli-germ cell AJ were compromised
without perturbing the BTB integrity [22].

Obviously, one can argue that the amount of cytokine adminis-
tered to adult rat testes locally to elicit changes in BTB and Sertoli-
germ cell adhesion [22,23] represents a physiological level that can
be reached in the BTB microenvironment during the seminiferous
epithelial cycle. Using a solid-phase immunoblot-based assay, the
endogenous level of TNFa in the adult rat testis (~1.6 gm/testis)
was shown to be ~0.5 £ 0.15 pg [23]. This illustrates that the
amount of TNFa administered (2 pg per testis) to induce reversible
BTB disruption [23] was likely attainable at the BTB microenvi-
ronment when preleptotene spermatocytes traverse the barrier at
stage VIII of the seminiferous epithelial cycle. Furthermore, we
have shown unequivocally that TNFa ca increase BTB permeabil-
ity transiently and reversibly using a functional test of the BTB
integrity, which assesses the diffusion of fluorescein isothiocyanate
(FITC, Mr 389), a small fluorescent molecular probe. When admin-
istered to adult rats via the jugular vein in normal adult rat testes,
FITC was restricted from the adluminal compartment by the BTB.
A surge in the TNFa level via local administration led to the diffu-
sion of FITC across the BTB into the adluminal compartment, indi-
cating a loss of BTB integrity. FITC became restricted to the basal

compartment again when the BTB was resealed after the metabolic
clearance of the cytokine [23]. This indicates that cytokines can
induce a transient loss of BTB integrity. Hence, any changes in the
function of junctions resulted from cytokine injection were unlikely
the result of cytotoxicity.

Collectively, these findings suggest that througout spermato-
genesis, except at stage VIII of the seminiferous epithelial cycle,
the TBRI receptor, when activated by TGF3, recruits only CD2AP
to selectively disrupt AJ to facilitate germ cell migration via the
ERK signal transduction pathway. On the other hand, the elevated
TGFp3 level at stage VIII triggers the TRRI receptor to recruits
both TAB1 and CD2AP, which in turn activate the p38 and ERK
signal transduction pathways to increase the BTB permeability and
perturb the Sertoli-germ cell adhesion. However, it remains to be
determined how T@RI can recruit and activate signal transducers in
a stage-specific manner since TBRI is expressed constitutively on
Sertoli cells.

COORDINATION OF SIGNALING EVENTS BETWEEN
THE BTB AND APICAL ES DURING CYTOKINE-
INDUCED JUNCTION RESTRUCTURING

Due to their pleiotropic nature, cytokines are capable of activat-
ing different signaling pathways to elicit different physiological
responses. However, studies on the signal transduction pathway
involved in junction restructuring were limited to few selected cy-
tokines. During the reversible BTB damage induced by TNFa [23]
and TGFP3 [22] in the seminiferous epithelium, the ERK and p38
MAPK signal transduction pathways are activated. These two sig-
naling pathways are responsible for the loss of junction integrity at
the apical ES and the BTB, respectively [22]. However, it is likely
that other signal transduction pathways are involved in the cyto-
kine-induced junction restructuring. For instance, TBRII has been
demonstrated to mediate the loss of tight junction integrity via Par6,
a protein involved in the formation and maintenance of cell polarity
(for a review, see [24]). A comprehensive investigation of signal
transduction pathways involved in cytokine-mediated junction re-
structuring is urgently needed to identify all players in this cellular
event.

As discussed above, cytokines can mediate disruption of junc-
tion integrity at the apical ES, as well as at the BTB, which are
located at the opposite ends of the columnar Sertoli cells in the
seminiferous epithelium in vivo. Thus, it is hypothesized that there
is crosstalk between the apical ES and the BTB. The receptors for
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TNF reside basally on Sertoli cells [16]. It is noteworthy that intrat-
esticular administration of TNFa induces not only the disruption of
the BTB integrity reversibly, but also of the apical ES, leading to a
transient germ cell loss from the epithelium [23]. This indicates the
presence of crosstalk between the apical ES and the BTB to coordi-
nate cytokine-induced junction restructuring.

While the precise signaling pathway(s) responsible for the
cross-talk between the apical ES and the BTB is unclear, this plau-
sibly involves the integrin-laminin protein complex. Using the ad-
judin model, it was reported that the toxicant-induced increase in
the TGF-B3 level that led to the disruption of germ cell adhesion
was associated with a surge in integrin-p1 [21], a major integral
membrane component of the apical ES (for reviews, see [25-27]).
Integrin is tightly linked to downstream signaling molecules, such
as integrin-linked kinase (ILK) and phosphoinositide 3-kinase (Pl
3-K), which are crucial for regulating junction restructuring in the
testis [28,29]. It is thus likely that activation of the integrin-laminin
protein complex at the apical ES can transduce signals to the BTB
or vice versa so as to coordinate the simultaneous occurrence of
spermiation and BTB restructuring at stage V111 of the seminiferous
epithelial cycle.

CELLULAR MECHANISM

Even though it has been established that cytokines can down-
regulate the steady-state levels of integral membrane proteins to
affect junction dynamics [7,22,23], the cellular mechanisms which
mediate these effects remain to be elucidated. It is possible that
cytokines act at multiple levels, including the assembly of a func-
tional protein complex and the maintenance of junction integrity.
The latter can be affected by a number of different factors which
lead to changes in protein-protein interactions [9,23,30]. In the
following sections, the regulation of junction integrity by cytokines
is introduced. These hypotheses are made based on the effects of
cytokines in other endothelia or epithelia and are likely to be modi-
fied following future studies.

ENZYME HOMEOSTASIS OF UBIQUITIN LIGASES,
PROTEASES AND PROTEASE INHIBITORS, AND
PROTEIN KINASES AND PHOSPHATASES

Different groups of enzymes, namely proteases, protein kinases
and E3 ubiquitin ligases, have been reported to participate in junc-
tion restructuring [6,31,32]. Cytokines have been postulated to
regulate the homeostasis of these enzymes to mediate junction re-
structuring at the BTB and apical ES.

The basement membrane is a modified form of the extracellular
matrix (ECM) in the seminiferous tubule, and proteolysis of the
ECM serves as an important mechanism for cell migration. It has
been demonstrated previously that BTB integrity can be regulated
in part by an interplay of proteases and their corresponding inhibi-
tors (for reviews, see [6,33]). For instance, cleavage of the collagen
network in the ECM promoted by TNFa is mediated through ma-
trix metalloprotease-9 (MMP-9), and this in turn leads to junction
disassembly in the BTB. Interestingly, there is a concomitant surge
in the level of tissue inhibitor of metalloproteases-1, the inhibitor of
MMP-9 [16]. This may serve as a negative feedback to compensate
for the loss of collagen in the ECM. This negative feedback mecha-
nism induced by TNFa strengthens the postulate that cytokines
play an important role in junction restructuring.

Furthermore, phosphorylation of junctional proteins is one of
the post-translational modifications responsible for regulating cell
adhesion (for reviews, see [31,34-36]). For instance, adherens pro-
teins such as cadherin are destabilized upon tyrosine phosphoryla-
tion at specific site(s). Thus, any change in the kinetics of protein
tyrosine kinases (PTK) and protein tyrosine phosphatases would
affect cell-cell adhesion ([29]; for reviews, see [31,36]). Cytokines
are generally able to activate a humber of PTKs [37-40]. For in-
stance, Src kinase family, which belongs to the PTK families, can
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be activated by TNFa to induce a surge in transendothelial perme-
ability. On the other hands, tyrosine phosphorylation and subse-
quent endocytosis of vascular endothelial cadherin (VE cadherin)
[41] have been shown to be mediated by Fyn, a non-receptor mem-
ber of the Src family. This leads to a decline in the VE cadherin
level at the cell-cell interface and an increase in permeability [42].
Therefore, cytokines may regulate cell adhesion by affecting the
phosphorylation state of junctional proteins.

Furthermore, ubiquitination has been suggested to play a sig-
nificant role in junction restructuring [32]. Ubiquitination of pro-
teins can either lead to proteasomal degradation, lysosomal degra-
dation or protein trafficking. The ubiquitin tag on a protein can be
removed by the deubiquitinating enzyme to rescue the protein from
degradation or to recycle it to its original subcellular location
[43,44]. Cytokines can regulate junction integrity via the ubiquiti-
nation of signal transducers involved in junction restructuring. The
ubiquitination of RhoA induced by TGF-B3 was shown to mediate
the disruption of occludin [24]. As such, it is possible that cytokines
can induce the ubiquitination of junctional proteins to affect their
availability at the cell-cell interface and hence junction integrity.
For instance, it was recently shown that ltch is responsible for the
proteasomal degradation of occludin [45].

TRANSCRIPTIONAL CONTROL

Cytokines regulate junction dynamics via their effects on the de
novo synthesis of integral membrane proteins, peripheral adaptors
and signaling proteins (e.g., kinases). For instance, the expression
of occludin, an integral membrane TJ protein, is down-regulated by
TNFa and IFNy [46]. As the turnover rate of junctional proteins is
high, a decrease in the synthesis of nascent occludin would cause a
drastic decline in its level at the cell-cell interface, possibly leading
to the disruption of TJ integrity.

It should be noted that the Smad pathway is not activated dur-
ing TGF-B3-induced perturbation of the BTB and apical ES [21].
However, it is possible that TGF-B3 may exert its effect on the
transcriptional level independent of the Smad pathway. Through
mediation of TGFf stimulated factor 1 in pituitary derived GH3
cells, TGF-B3 can stimulate the transcription of C-type natriuretic
peptide (CNP) [47], a peptide recently shown to affect BTB dynam-
ics in adult rat testes [48].

Besides disrupting junction integrity, transcription regulation is
important in junction assembly. The nuclear expression of NF-kB,
an important signal transducer of TNFa, is higher during stages | to
VII of the seminiferous epithelial cycle, which coincides with the
stage specificity of TNFa. This leads to the postulate that NF-kB
may mediate the transcriptional control of TNFa in testis [49]. In-
deed, TNFa, with the help of NF-kB, induces expression of the
androgen receptor in Sertoli cell [50], whereas testosterone has
been shown to rescue the BTB damage induced by cadmium chlo-
ride [51]. Moreover, NF-kB was shown to mediate the proteasomal
degradation of histone deacetylase 1 by various cytokines [49],
suggesting that transcriptional control occurs through histone acety-
lation and deacetylation. Taken collectively, these observations
suggest that cytokines regulate both junction disassembly and as-
sembly via transcriptional control.

PROTEIN TRAFFICKING AND INTERNALIZATION

Integral membrane proteins at the Sertoli-Sertoli and/or Sertoli-
germ cell interface are not static. Instead, there is constant move-
ment of junction proteins to and from the plasma membrane
[32,52,53]. Hence, the trafficking of proteins would change the
bioavailability of junctional proteins at the cell-cell interface. Re-
cent studies have demonstrated that junction disassembly at the
BTB can be mediated by endocytosis of junctional proteins [48].
However, it is still unclear if cytokines can affect protein trafficking
to regulate the junction integrity.
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Fig. (1). A schematic diagram illustrating different cellular events regulated by cytokines for junction restructuring in the seminiferous epithelium
during spermatogenesis. Upon coupling with cytokines such as TGFB3 and TNFa, the corresponding receptors become activated. Various signal transducers
are then recruited to the ligand-receptor complex to be followed by their activation. A number of cellular events have been shown to become up-regulated by
signal transducers in junction restructuring during spermatogenesis. These include (1) a disruption of junction complexes at the cell-cell interface via changes
in the phosphorylation of junctional proteins, (2) transcriptional regulation on the production of cytokines and other regulatory proteins; which in turn (3)

regulates the homeostasis of kinases, phosphatases, proteases and/or protease inhibitors; (4) besides, an enhanced endocytosis of integral membrane proteins at
the cell-cell interface can also occur; all these contribute to (5) a reorganization of the cytoskeleton.

Cytokines may affect the assembly of functional junction com-
plexes at the cell-cell interface to facilitate passage of germ cells.
The significance of cell adhesion molecules in junction assembly
has been reported previously [54-56]. For instance, E-cadherin has
been suggested to recruit occludin and other junctional proteins
along the cytoskeleton to the cell-cell interface for junction assem-
bly [55]. When junction disassembly was induced by TNFa and

TGF-B3 in the seminiferous epithelium, a significant decline in the
level of N-cadherin [22,23]. This decline in N-cadherin may con-
tribute to a decrease and a delay in the assembly of the junctional
protein complex in germ cells. This decrease may facilitate the
migration of germ cells towards the lumen of the seminiferous epi-
thelium.
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Fig. (2). A schematic diagram showing the dynamic changes occurring at the cell-cell interface during spermatogenesis in the seminiferous epithelium
of adult rat testes. The middle panel in the upper part of the figure shows a general view of the cross-section of the seminiferous epithelium. The panel on the
left represents junction restructuring during the migration of developing germ cells throughout spermatogenesis, except for stage VIII of the seminiferous
epithelial cycle. The low level of cytokines present at the BTB microenvironment activates the TBRI complex to recruit CD2AP only, which then activates the
ERK signal transduction pathway. The BTB remains intact during these stages while there are constant engagement and disengagement of adherens junctions to
mediate the movement of germ cells across the seminiferous epithelium. The panel on the right represents junction restructuring that occurs during stage V111 of
the seminiferous epithelial cycle. The high level of cytokines present at the BTB microenvironment activates the TBRI complex to recruit both CD2AP and
TAB1, which activates the ERK and p38 MAPK signal transduction pathways. Adherens junctions are disrupted to mediate the migration of germ cells. Func-
tional junction complexes at the BTB above preleptotene/leptotene spermatocytes become disengaged to mediate the translocation of these spermatocytes. At
the same time, junctions are assembled beneath these spermatocytes in order to maintain the integrity of the BTB. This figure was prepared based on a recent
study from our laboratory [22]. However, it should be noted that the mechanism(s) responsible for the differential association of the signal transducers, such as
CD2AP and TABL1 with the activated TGF-B3/TBR1 protein complex, is entirely unknown. The lower part of the figure shows a magnified view of the region
near the migrating preleptotene spermatocyte at stage VIII of the seminiferous epithelial cycle. Above the migrating spermatocyte (the left hand side of this
figure), TJ disengage to allow the migration of germ cells, whereas TJs are formed simultaneously between Sertoli cells beneath the migrating spermatocyte for
the maintenance of the BTB integrity. It is speculated that the localized production of cytokines and/or their receptors, as well as the level of activated signal

transducers, are needed for junction restructuring.
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Interestingly, some cytokines have been found to mediate the
translocation of cells without the loss of tight junction integrity.
During the movement of germ cells across the BTB, maintenance of
the integrity of the barrier is important to maintain other functions
of the BTB. At low concentration, IFNy can induce the transloca-
tion of E. coli through caveolin and lipid-raft mediated endocytosis
without loss of tight junction integrity [57]. Selected cytokines may
also facilitate the passage of germ cells across the BTB in a similar
manner.

CYTOSKELETAL NETWORK

Integral membrane proteins of TJ and ES are linked to the cy-
toskeletal network via adaptor proteins. The cytoskeletal network
contributes to the maintenance of junction integrity, as well as to
direct junctional proteins-containing intracellular vesicles to the
plasma membrane [9]. Transient disruption of the cytoskeleton or
detachment of peripheral membrane proteins from the network
would result in junction disassembly [9,25]. For instance, TNFa- or
TGFp3-induced junction disruption is accompanied by a disruption
of actin filament bundles at the apical ES and BTB [22,23]. How-
ever, it remains to be determined if damage to actin filament bun-
dles induced by cytokine treatment mediates junction disassembly
or is the result of this.

Actin is the major constituent of the actin-based cytoskeleton.
The dynamics between filamentous and globular actin are regulated
by polymerization and depolymerization. Enhanced depolymeriza-
tion of actin filaments would result in disruption of the cytoskeletal
network. It has been reported that TNFa can elicit reorganization of
the actin cytoskeleton [58-60]. For instance, in pulmonary artery
endothelial cells, TNFa-induced barrier disruption is accompanied
by the depolymerization of F-actin and a stimulation of actin syn-
thesis [61]. The PTK Fyn may also play a role in the actin reorgani-
zation in the testis during spermatogenesis since abnormal vesicular
structures were observed in Fyn-deficient adult mice [62]. As dis-
cussed above, Fyn can mediate the TNFa-induced increase in tran-
sendothelial permeability. Hence, TNFa may disrupt junction in-
tegrity partly through disruption of the cytoskeletal network.

HOW DOES CYTOKINE-INDUCED RESTRUCTURING IN
THE SEMINIFEROUS EPITHELIUM FIT INTO THE CUR-
RENT CONCEPT OF GERM CELL MOVEMENT DURING
SPERMATOGENESIS? AN EMERGING NEW CONCEPT

A number of theories were proposed to address the mechanism
of germ cell movement across the BTB during spermatogenesis (for
a review, see [9]). A widely accepted one is known as the zipper
theory (for reviews, see [9,10,63]). It states that at the BTB, existing
tight junctions above migrating preleptotene or leptotene spermato-
cytes break down while new tight junctions form beneath them.
This postulate accounts for the maintenance of the BTB integrity
throughout spermatogenesis and was supported by observations
with electron microscopy, in which preleptotene or leptotene sper-
matocytes were seen to be trapped in-between two tight junctions
[64,65].

The junction restructuring theory [9] was then proposed by our
research group to illustrate the junction restructuring based on re-
cent biochemical and molecular findings in the field. In this theory,
it was postulated that junctions are intricately regulated by different
junction-associated proteins (e.g. proteases/protease inhibitors and
kinases/phosphatases) and junction assembly and disassembly is
coordinated via different signal transduction pathways. Based on
available data as briefly reviewed above, we hypothesize that cyto-
kines elicit a localized signal for determining the state (either open
or closed) of the BTB. These signals are likely determined by the
relative ratio of available cytokines in the intercellular space and
their corresponding receptors on Sertoli cells (Fig. 2).

It is hypothesized that localized secretion of cytokines (e.g.,
TGF-p3 and TNFa) and perhaps CNP [22,23,48] by Sertoli and/or
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germ cells (most likely preleptotene spermatocytes) into the inter-
cellular space above migrating preleptotene spermatocytes may
trigger transient disruption of the TJ-barrier. On the other hand,
secretion of a relatively lower level of these molecules into the
intercellular space beneath migrating preleptotene spermatocytes
may stimulate the formation of TJ fibrils. Alternatively, this may be
achieved by redistributing cytokine receptors and/or CNP receptors
on Sertoli cells near migrating preleptotene spermatocytes. Collec-
tively, localized levels of cytokines and their receptors may lead to
a cascade of signals, which would either disassemble or reassemble
the TJ.

In addition, the cytoskeleton may mediate junction restructuring
induced by cytokines since it has been proposed to facilitate junc-
tion restructuring via various pathways, which includes the direc-
tional transport of internalized junctional proteins [66]. Because of
their ability to reorganize the cytoskeleton [58-60], cytokines could
possibly utilize the cytoskeleton for junction restructuring. Perhaps,
testosterone, follicle stimulating hormone (FSH), as well as other
yet-to-be identified molecule(s) that promote formation of the TJ-
barrier also participate in the assembly and maintenance of the TJ.

According to the zipper theory and the junction restructuring
theory, precise regulation of junctional complexes must exist to
coordinate the concurrent disassembly and assembly of Sertoli cell
junctions at opposite ends of migrating preleptotene and leptotene
spermatocytes. The hypothesis proposed herein attempts to explain
the role of cytokines in these events. Obviously, additional studies
by investigators in the field should be conducted in the years to
come to validate this emerging concept.

CONCLUDING REMARKS

The recent findings reviewed herein have opened up unprece-
dented opportunities for male contraceptive development since a
number of molecules could be potentially targeted to perturb sper-
matogenesis without affecting the hypothalamic-pituitary-testicular
axis. Cytokines themselves could not serve as targets for male con-
traception as these peptides have multiple physiological functions
in different organs and tissues. Thus, any disruption in the produc-
tion of cytokines by Sertoli and/or germ cells in adult testes would
lead to undesirable side effects. These include affecting the function
of Leydig cells, which can in turn result in a compromise of the
hypothalamic-pituitary-testicular axis.

Alternatively, effectors of activated cytokine/receptor protein
complexes, including the adaptors TAB1 and CD2AP, and associ-
ated protein kinases and phosphatases, can be potential targets for
disrupting the migration and adhesion of male germ cells. Affecting
these molecules may result in premature release of germ cells into
the lumen of the seminiferous tubule or stop the passage of migrat-
ing preleptotene and leptotene spermatocytes across the BTB. In
this way, spermatogenesis would be perturbed without affecting the
androgen microenvironment in the testis and the hypothalamic-
pituitary-testicular axis.

Finally additional research should be directed at understanding
how cytokines regulate the function of the BTB and apical ES.
These include determining the functional interaction of cytokines
with each other, as well as with other regulatory molecules such as
CNP, but more importantly the existence of crosstalk between the
apical ES and BTB. This information will be instrumental in identi-
fying suitable molecule(s) for arresting spermatogenesis, which can
then be expanded to develop new male contraceptives.
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ABBREVIATIONS

Al = Adherens junction

BTB = Blood-testis barrier

BRB = Blood-retina barrier

CCL2 = Chemokine (C-C motif) ligand 2

CD2AP = Cluster of differentiation 2 associated protein

CNP = C-type natriuretic peptide

ECM = Extracellular matrix

ERK = Extracellular signal-regulated kinase

ES = Ectoplasmic specialization

FITC = Fluorescein isothiocyanate

FSH = Follicle stimulating hormone

IFN = Interferon

IL = Interleukin

ILK = Integrin-linked kinase

JAM = Junctional adhesion molecule

MMP-9 = Matrix metalloprotease-9

Mr = Molecular weight

NF-xB = Nuclear factor-xB

p38 MAPK = p38 mitogen-activated protein kinase

PI 3-K = Phosphoinositide 3-kinase

PTK = Protein tyrosine kinase

TAB1 = Transforming growth factor-f activated kinase

(TAK) 1 binding protein 1

TBR = Transforming growth factor {3 receptor

TGF-p3 = Transforming growth factor-f33

TJ = Tight junction

TNFa = Tumor necrosis factor o

VE-cadherin = Vascular endothelial-cadherin

VEGF = Vascular endothelial growth factor

Z0 = Zonula occludens
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