
Cytokines and the junction restructuring events during
spermatogenesis in the testis: An emerging new concept of
regulation

Michelle W. M. Li1, Dolores D. Mruk1, Will M. Lee2, and C. Yan Cheng1,3
1Center for Biomedical Research, Population Council, 1230 York Avenue, New York, NY 10065
2School of Biological Sciences, University of Hong Kong, Hong Kong, China.

Abstract
During spermatogenesis in mammalian testes, junction restructuring takes place at the Sertoli-Sertoli
and Sertoli-germ cell interface, which is coupled with the development, such as cell cycle
progression, and translocation of the germ cell in the seminiferous epithelium. In the rat testis, the
restructuring of the blood-testis barrier (BTB) formed between Sertoli cells near the basal region and
the disruption of the apical ectoplasmic specialization (apical ES) between Sertoli cells and fully
developed spermatids (spermatozoa) at the luminal edge of the seminiferous epithelium occur
concurrently at stage VIII of the seminiferous epithelial cycle of spermatogenesis. These two
processes are essential for the translocation of primary spermatocytes from the basal to the apical
compartment to prepare for meiosis, and the release of spermatozoa to the lumen of the seminiferous
epithelium at spermiation, respectively. Cytokines, such as TNFα and TGFβ3, are present at high
level in the microenvironment of the epithelium at this stage of the epithelial cycle. Since these
cytokines were shown to disrupt the BTB integrity and germ cell adhesion, it was proposed that some
cytokines released from germ cells particularly primary spermatocytes and Sertoli cells, would induce
the junction restructuring of the BTB and apical ES at stage VIII of the seminiferous epithelial cycle.
In this review, the intricate role of cytokines and testosterone to regulate the transit of primary
spermatocytes at the BTB and spermiation will be discussed. Possible regulators that mediate the
cytokine-induced junction restructuring, including the gap junction and extracellular matrix, will also
be discussed.
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1. The junction restructuring events in the seminiferous epithelium during
spermatogenesis

Haploid (1n) spermatids are male gamates developed from diploid (2n) spermatogonia in a
multi-step process known as spermatogenesis. Spermatogenesis is divided into four major
phases, namely (i) mitosis for the self renewal of spermatogonia, (ii) meiosis for the formation
of spermatids, (iii) spermiogenesis for the development of spermatids from step 1 through step
19 in rats, and (iv) spermiation for the detachment of mature spermatids (i.e., spermatozoa)
from the seminiferous epithelium with the residual bodies phagocytosed by the Sertoli cell.
These testicular spermatozoa can enter the epididymis for their eventual maturation.
Spermatogenesis occurs in the seminiferous epithelium of the mammalian testis, where Sertoli
cells and germ cells reside [1]. The Sertoli cell is responsible for nurturing and supporting the
development of germ cells and is also known as the ‘nursery’ cell in the testis.

Most events of spermatogenesis, namely meiosis, spermiogenesis and spermiation, take place
in a unique microenvironment behind the blood-testis barrier (BTB), which is created between
adjacent Sertoli cells near the basement membrane of the seminiferous tubule. The BTB thus
segregates the seminiferous epithelium into the basal and the apical (or adluminal)
compartment, with the spermatogonial renewal (via mitosis) takes place in the basal
compartment (Fig. 1). The BTB is responsible for conferring polarity to the Sertoli cell and
regulating the paracellular diffusion of water, electrolytes, nutrients and biomolecules from
the systemic circulation in the interstitium to the developing germ cells. It also confers an
immunological barrier to segregate all the post-meiotic germ cell development from the host
immune system because of the appearance, most transiently, of spermatid antigens during
spermiogenesis. However, until the release of elongated spermatids into the lumen of the
seminiferous tubule at spermiation, germ cells at different stages of their development remain
adhered to Sertoli cells. Thus, it is conceivable that junctions formed between Sertoli cells and
between Sertoli and germ cells must be restructured continuously to accommodate the
translocation and morphological transformation of germ cells during their development.

During spermatogenesis, the seminiferous epithelial cycle refers to the unique cellular
association between Sertoli cells and developing germ cells, most notably spermatids, at
different stages of their development (steps 1 to 19 in rats), found in a given area of the
seminiferous epithelium [2,3]. The duration and number of stages in each cycle of
spermatogenesis vary in different animals. In adult rats, each cycle consists of 14 stages and
completes in ∼12.9 days while only twelve and six stages are found in mice and humans,
respectively.

Extensive junction restructuring occurs at stage VIII of the seminiferous epithelial cycle in rats
or mice. At this stage, spermiation takes place at the luminal edge of the apical compartment
of the epithelium to release mature elongated spermatids (i.e., spermatozoa) into the lumen of
the seminiferous tubule [4]. The restructuring of the BTB occurs at the same stage to facilitate
the transit of primary preleptotene spermatocytes from the basal to the apical compartment but
the BTB integrity has to be maintained at the same time (Fig. 1). During their transit at the
BTB, preleptotene spermatocytes have to differentiate into leptotene and zygotene
spermatocytes to prepare for the metaphase I of meiosis, such as duplication and condensation
of genetic materials. Recent studies have shown that various signaling pathways, including the
integrin-laminin network to be discussed below, are probably involved in regulating the
concurrent junction restructuring at the BTB and apical ES. Cytokines, especially tumor
necrosis factor α (TNFα) and transforming growth factor-β3 (TGF-β3), are postulated to be
the signals released by germ cells and to work in concert with androgens, such as testosterone,
released from Leydig cells, to trigger these events based on recent studies in the adult rat testis
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and primary Sertoli cell cultures with established tight junction (TJ)-permeability barrier that
mimics the BTB in vivo.

2. Overview of the junction complexes in the seminiferous epithelium
Various junction complexes can be found between Sertoli cells and between Sertoli and germ
cells in the seminiferous epithelium, which include TJ, anchoring junctions and communicating
gap junctions (see Table 1). Most of these junction complexes are formed in a tightly regulated
spatiotemporal manner. The cell-cell anchoring junctions include the actin-based testis-specific
atypical adherens junction named ectoplasmic specialization (ES), the intermediate filament-
based desmosome-like junction, and the tubulobulbar complex (TBC). The intermediate
filament-based hemidesmosome is the only cell-matrix anchoring junction known in the
seminiferous epithelium since the actin-based focal contact has not been described [4,5].

Between adjacent Sertoli cells, there is a specialized ultrastructure close to the basement
membrane known as the BTB, which is constituted mostly by TJ and the atypical adherens
junction complex between Sertoli cells known as the basal ES [4,6,7] (Fig. 1). The ES is
characterized by the hexagonally packed actin filament bundles sandwiched between the
Sertoli cell plasma membrane and the endoplasmic reticulum [8-10]. Besides the TJ and the
basal ES, the desmosome-like junction and gap junction are also the integral components of
the BTB [11-14]. The BTB is the only site where functional TJ are found in the seminiferous
epithelium [4]. However, some proteins known to be restricted to TJ in other epithelia, such
as coxsackievirus and adenovirus receptor (CAR) and JAM-C, were also detected in germ cells
at the apical ES apart from the BTB [15-17].

The junction complexes at the Sertoli-germ cell interface depend on the stage of development
of germ cells. For instance, desmosome-like junctions are formed between primary
spermatocytes or round spermatids and Sertoli cells [4,6]. When round spermatids start to
elongate in step 8, all the anchoring junction would be replaced by the apical ES, which forms
along the head of elongating or elongated spermatids. The apical ES differs from the basal ES
as the typical ES ultrastructure can only be observed on the Sertoli cell side whereas the ES
ultrastructure is present on both sides of the Sertoli cells at the basal ES in the BTB [7,8]. While
the ultrastructure of the actin-based cell-matrix junction type known as the focal contact or
focal adhesion complex in other epithelia are absent in the testis, components of focal contact
were found at the apical ES, including the integrin, laminin, focal adhesion kinase, paxillin,
and vinculin [5,18]. The apical TBC is also detected on the concave side of elongated
spermatids a few hours before spermiation at stage VIII of the seminiferous epithelial cycle
and it is mutually exclusive with the apical ES [19,20].

3. The effects of cytokines on the junction dynamics in the seminiferous
epithelium
3.1. TNFα and TGFβs

The effects of TNFα and TGF-β3 on the junction dynamics were the most studied in the
seminiferous epithelium of rat testes. TNFα is secreted predominantly by germ cells (namely
pachytene spermatocytes and round spermatids) and macrophages in the interstitium instead
of Sertoli cells in the testes [21-23]. Its receptors, tumor necrosis factor receptor 1 (TNFR1)
and TNFR2, however, are mainly expressed by Sertoli cells [21,23]. TGF-βs are expressed by
both Sertoli cells, spermatocytes and round spermatids in the seminiferous epithelium and its
receptor can be found on both Sertoli cells and germ cells [24]. Both cytokines were expressed
at relatively high level at stage VIII of the seminiferous epithelial cycle and were shown to
disrupt the BTB integrity in vivo and in vitro and induce germ cell loss in vivo [21,22,24-27].
The restructuring of the BTB and apical ES takes place at the same stage of the epithelial cycle
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and both cytokines are secreted by germ cells [21,22]. It was therefore postulated that cytokines,
such as TNFα and TGFβ3, are secreted by germ cells, most likely primary spermatocytes, to
induce junction restructuring at the BTB and apical ES at stage VIII of the epithelial cycle.

After local administration of recombinant cytokines to the testis at a concentration comparable
to the steady-state level of either TNFα or TGF-β3 in the testis, the BTB became reversibly
disrupted [21,22]. For instance, after the cytokine treatment, the BTB became permeable to a
small fluorescence tracer (e.g., FITC or inulin-FITC) which was administered into the systemic
circulation via the jugular vein. The tracer was detected in the apical compartment, illustrating
that the BTB has been disrupted. However, in normal testis, the BTB was able to limit the
tracer at or near the basement membrane [21,22]. These findings thus indicate that TNFα and
TGFβ3 were capable of disrupting the BTB integrity in vivo. This cytokine-induced junction
disruption also led to a loss of germ cell from the epithelium. The disruption of the BTB and
loss of germ cell adhesion were caused, at least in part, by a decline in the steady-state levels
of integral membrane proteins and their redistribution at the BTB and Sertoli-germ cell
interface [21,25].

Recent in vitro studies using primary Sertoli cell cultures, with the establishment of a functional
TJ-barrier that mimics the BTB in vivo, have shown that treatment of the Sertoli cell epithelium
with TNFα, TGF-β3 orTGF-β2 caused a rapid disruption of TJ and anchoring junction at the
cell-cell interface through an increase in the kinetics of protein endocytosis [22,28]. The
accelerated endocytosis of junction proteins, such as occludin, JAM-A and N-cadherin, is
mediated by clathrin and dynamin-2 and -3 as shown in studies with the use of inhibitor and
RNAi [22]. The endocytosed proteins from the cell surface would then undergo endosome-
mediated degradation as occludin was shown to bind more with the late endosome marker Rab9
after TGF-β2 treatment [28]. These studies indicate that besides lowering the steady-state levels
of junction proteins in Sertoli cells, these cytokines are able to induce the BTB restructuring
rapidly through reducing the bioavailability of junction proteins on the cell surface.

3.2. Interleukin-1α
Interleukin-1α (IL-1α) is another cytokine that was shown to be involved in the regulation of
junction dynamics during spermatogenesis. It was recently shown to increase the BTB
permeability after local administration to adult rat testes [29]. IL-1α was expressed by
pachytene spermatocytes in immature rats [30] and Sertoli cells [31,32]. Its secretion by Sertoli
cells depends on the presence of germ cells as IL-1α was absent in the testis during busfulan-
induced azoospermia or following fetal irradiation to knock-down germ cells [31]. IL-1α was
expressed in the seminiferous epithelium at all stages of the seminiferous epithelial cycle except
at stage VII when it was expressed at a very low level [31,33]. This is in contrast to the high
level of TNFα and TGFβ3 detected at stages VII-VIII of the seminiferous epithelial cycle.
IL-1α exerts its biological effects via its coupling with its receptor interleukin-1 receptor which
is localized in both Sertoli and germ cells [34].

3.3. Differential actions of cytokines on junction restructuring in the testis
Besides the expression profile, the mechanisms that mediate the BTB disruption induced by
IL-1α appears to be different from that by TNFα and TGF-β3. IL-1α exerted its effect on the
actin cytoskeleton network without affecting the steady-state levels of junction proteins [29]
whereas TNFα and TGF-β3 were able to lower the steady-state levels and disrupt the
localization of TJ and basal ES junction proteins at the BTB besides disrupting the actin
filament network [21,25]. The spermatogenic arrest caused by IL-1α was gradual and did not
recover even after 90 days following its administration directly to the testis [29]. On the other
hand, the TNFα- and TGF-β3-induced spermatogenic arrest was transient and rapid. Its

Li et al. Page 4

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



disruptive effect on the BTB integrity and junction protein localization was reversed after 14
days of the administration [21,22,25].

Furthermore, IL-1α and TGF-β2 was shown recently to have opposing effect on the
transcriptional control of JAM-B in the mouse Sertoli cell line MSC [35]. The former one
activated the expression of JAM-B whilst the later one repressed its transcription. This
difference on the transcriptional control of JAM-B was suggested to match the stage-specific
expression of JAM-B. A low level of IL-1α together with a high level of TGF-β2 would
probably promote a prolonged reduction of JAM-B that is probably needed for the junction
restructuring during stage VIII-IX. The difference in the expression profile and effects on the
junction dynamics thus imply that IL-1α and TNFα/TGF-βs may have differential roles in the
regulation of junction dynamics during spermatogenesis in the testis.

4. Physiological role of cytokines and their interplay with testosterone in the
regulation of the junction dynamics during spermatogenesis
4.1. Physiological role of cytokines in junction restructuring during spermatogenesis

Ever since the studies of the putative role of TNFα and TGF-βs on the junction dynamics in
Sertoli cells in vitro [27,36], they have been postulated to have a physiological role in the
junction restructuring events at the BTB and apical ES during stage VIII of the seminiferous
epithelial cycle (Figs. 1 and 2). The high level of TNFα and TGF-β3 detected at stage VIII
[25,36] coincides with the extensive junction restructuring at the BTB and apical ES.
Subsequent studies with the use of recombinant proteins of cytokines at levels that are possibly
attainable in the microenvironment of the BTB indicated that both cytokines can induce rapid
and reversible disruption of the BTB integrity [21,25]. These data led to the postulation that
some cytokines are secreted by germ cells and/or Sertoli cells as paracrine factors to induce
the junction restructuring at the BTB and apical ES.

Recent studies to examine the effect of cytokines on the kinetics of endocytosis of integral
membrane proteins at the BTB using Sertoli cells cultured in vitro that mimics the in vivo
barrier further supports the physiological role of these two cytokines. Cytokines, namely
TNFα, TGF-β2 and TGF-β3, were shown to enhance the rate of endocytosis of junction
proteins, including tight junction proteins occludin and JAM-A, and basal ES protein N-
cadherin, from the cell surface [22,28]. In addition, the germ cell-conditioned medium collected
from total germ cells without elongating or elongated spermatids could also enhance the rate
of endocytosis of cell surface proteins [22]. These studies thus strengthen the postulate that
TNFα and TGF-β2 or -3 are secreted by germ cells into the BTB microenvironment to regulate
the junction dynamics during spermatogenesis.

4.2. The interplay of cytokines and testosterone in the regulation of the junction dynamics
As the integrity of the immunological barrier conferred by the BTB cannot be compromised,
even transiently, during the transit of preleptotene spermatocytes at the BTB, it was postulated
previously that the level of cytokines and their receptors might be tightly regulated to permit
a localized disruption of junction integrity [37]. A recent study has suggested that cytokines,
such as TNFα, TGF-β2 and TGF-β3, may act in concert with testosterone [28], which has been
known to promote the junction integrity at the BTB [38,39]. Their combined action may be
responsible for mediating the junction restructuring at the BTB for the passage of preleptotene
spermatocytes at the BTB while maintaining the immunological barrier integrity at the same
time (Fig. 1).

In primary Sertoli cell cultures with established TJ-permeability barrier, treatment of these
cultures with testosterone were shown to enhance the rate of endocytosis of integral membrane
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proteins at the BTB similar to TNFα, TGF-β2 or TGF-β3 [28]. While the endocytosed proteins
induced by TNFα, TGF-β2 or TGF-β3 were predominantly destined for endosome-mediated
degradation, testosterone was shown to promote the recycling of the endocytosed proteins back
to the cell surface [28]. It thus indicates that both the cytokines and testosterone could promote
the junction restructuring process at the BTB but resulting in the junction disruption and
assembly, respectively. It has been postulated that the cytokines would favor the “old” TJ-
fibrils’ disruption, likely those at the apical side of the spermatocyte in transit, whereas
testosterone would favor the assembly of “new” TJ-fibrils at the basal side of the translocating
spermatocyte [28]. The combination of these two actions induced by cytokines and testosterone
thus maintains the immunological barrier while permitting the transit of primary spermatocytes
at the BTB (see Fig. 1).

The interplay of cytokines and testosterone in regulating the junction integrity in the testis,
such as the BTB, is strengthened by the effects of cytokines on the production of testosterone
[40-43] and the expression of its receptor, the androgen receptor (AR), in the testis [44].
Cytokines have been reported to modulate the AR expression in the Sertoli cell, and
steroidogenesis in the Leydig cell which is the major producer of testosterone in the testis.
TNFα and IL-1α were demonstrated to increase the basal level of testosterone production in
primary Leydig cell cultures and cultures of dispersed testicular cells from adult rats [40].
Additionally, cytokines were reported to modulate the production of testosterone by Leydig
cells with other steroidogenesis regulatory factors, such as cAMP [41,42] and human chrionic
gonadotropin (hCG) [40]. TNFα and IL-1α were capable of stimulating the hCG-induced
testosterone secretion by Leydig cells illustrating their additive effects on Leydig cell androgen
production. Interestingly, in studies using primary cultures of Leydig cells from 60-70 day-old
mice, both cytokines inhibited the cAMP-induced testosterone production [41,42], illustrating
there is a species-dependent and/or age-related response to the cytokine treatment. Nonetheless,
these studies demonstrated unequivocally the effects of cytokines on the testosterone
production by Leydig cells. Cytokines were shown to regulate steroidogenesis through the
expression of steroidogenesis-related enzymes, such as steroidogenic-acute regulatory protein,
steroid 17α-hydroxylase/17,20 lyase, 3b-hydroxysteroid dehydrogenase, and P450c17 [41,
42,45,46]. On the other hand, the expression of the androgen receptor in primary Sertoli cells
was shown to be stimulated following the TNFα treatment [44]. In short, these findings
illustrate the stimulatory effects of cytokines on the testosterone induced-junction restructuring
in the seminiferous epithelium even though cytokines and androgen alone has opposing effects
on the BTB and junction complex integrity in the seminiferous epithelium.

Taking collectively, these data suggest that TNFα is working in concert with testosterone to
promote the assembly of TJ-fibrils behind the primary spermatocyte in transit at the BTB prior
to the TNFα-induced disruption of established TJ-fibrils overlying the apical end of the
migrating spermatocyte. The integrity of the immunological barrier hence can be maintained
while allowing the translocation of spermatocytes at the same time (Fig . 1).

5. Mediators of the cytokine-induced junction restructuring
As discussed above, germ cell development in the seminiferous epithelium is synchronous at
different stages of the seminiferous epithelial cycle. To synchronize the restructuring of the
BTB and apical ES at the stage VIII-IX, it is conceivable that intercellular communication
between germ cells and Sertoli cells must exist. The communication between the same stages
of germ cells can be mediated through the intercellular bridge, which is possibly resulted from
incomplete cytokinesis [47,48]. Even though cytokines like TNFα secreted by germ cells could
serve as paracrine factors for inducing junction restructuring on Sertoli cells, intercellular
communication between Sertoli cells may also be required. There are indeed evidence that
cytokines, despite capable of eliciting paracrine actions, still require some other signaling
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pathways for the mediation of its widespread responses. For instance, apoptosis induced by
TNFα in the prostate cancer cell line LNCaP is mediated by Cx43, a constituent of gap junction
[49]. The overexpression of Cx43 was shown to increase gap junction communication and
potentiated the TNFα-induced apoptosis. However, this effect was not observed when Cx43
was co-overexpressed with its dominant-negative form [49], illustrating the importance of the
functional gap communication to elicit TNFα-induced apoptosis. The putative roles of gap
junction and components of the extracellular matrix in the mediation of the cytokine-induced
junction restructuring based on recent findings in the field are to be discussed below.

6. Is cytokine-induced junction restructuring mediated by gap junctions?
6.1. Overview of gap junction

Gap junction channels allow the chemical communication between neighboring cells [50,51].
Connexins are the basic building blocks of the gap junction. Six connexins can form a
homotypic or heterotypic connexon while connexons on adjacent cells can interact
homotypically or heterotypically to form gap junction channels. These gap junction channels
allow the passage of molecules smaller than 1.2 kDa, including cAMP and ATP [50,52,53],
between neighboring cells. These channels have different selectivity on the chemicals that can
pass through. The selectivity depends on the connexins comprising the connexons and is named
permselectivity [50]. The gap junction channel can be opened or closed through
phosphorylation of connexins to regulate gap junction permeability rapidly [54]. Uncoupled
connexons are named hemichannels, which can facilitate the release of ATP, NAD+ and
glutamate into the extracellular spaces [50,55,56]. These molecules possibly serve as paracrine
messengers to regulate epithelial cell functions. The release of ATP through hemichannels into
the extracellular space was indeed reported to propagate the calcium wave [55,56].

6.2. Connexins and the junction dynamics in the seminiferous epithelium
In the testis, the expression of various connexins has been reported, including Cx26, Cx32,
Cx33, Cx36, Cx37, Cx40, Cx 43, Cx45, Cx46, Cx50 and Cx57 [13,57,58]. Gap junction
communication has been detected between Sertoli cells as well as between Sertoli and germ
cells, excluding steps 8-19 spermatids. Due to the difference in permselectivity, it was shown
that the signal that pass from germ cells to Sertoli cells differs from that between Sertoli cells
and from Sertoli cells to germ cells [58-60].

Connexins in the testis can be components of the desmosome-like junction (also called
desmosome-gap junction), and the gap junction. An ultrastructural study of the desmosome-
like junction in the seminiferous epithelium showed that it has the properties of both the
desmosome junction and gap junction [11]. A recent study of Cx43, a major connexin in the
seminiferous tubule, has shown that Cx43 alone is not essential for the maintenance of the tight
junction and anchoring junction in Sertoli cell cultures with an established TJ-permeability
barrier [61]. For instance, a knockdown of Cx43 alone in these Sertoli cell cultures by RNAi
did not affect the integrity of the TJ-permeability barrier. Interestingly, when the expression
of Cx43 and the desmosomal adaptor protein plakophilin-2 (PKP2) were simultaneously
knocked down by RNAi, the junction integrity was nonetheless adversely affected. A decline
in the integrity of the TJ-permeability barrier and a redistribution of junction proteins from the
cell-cell interface to cell cytosol were detected. This thus prompts us to speculate that Cx43
and PKP2 in the desmosome-like junction and/or gap junction may participate in the regulation
of the BTB dynamics (Fig. 2). These findings are significant since they illustrate the
physiological significance for the coexistence of the desmosome-like junction and/or gap
junction with TJ and basal ES at the BTB. It is likely that junction complexes of desmosome-
like junctions and gap junctions, such as Cx43-PKP2, could serve as signal and/or regulatory
proteins to coordinate the intricate events of BTB restructuring during spermatogenesis (see
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Fig. 2). It remains to be investigated if cytokines and/or testosterone would impede the
expression of Cx43 and/or PKP2 at the BTB, so that these molecules maybe working in concert
to regulate BTB restructuring during spermatogenesis.

In addition, a reduction and/or a change in localization of Cx43 in the seminiferous epithelium
was often observed in studies when the cell adhesion and junction integrity in the testis was
adversely affected, such as by environmental toxicants or drugs [60-64]. When Sertoli cells in
vitro were treated with environmental toxicants including cadmium chloride, bisphenol A and
DDT, the level of Cx43 was reduced along with tight junction protein occludin and basal ES
protein N-cadherin [62,63]. In the transient loss of germ cells induced by adjudin, a potential
male contraceptive known to induce extensive anchoring junction restructuring leading to germ
cell loss from the seminiferous epithelium, there was also a drastic decline of Cx43 in the
seminiferous epithelium [61]. These studies hence support the notion regarding the possible
involvement of Cx43 in the regulation of junction dynamics.

6.3. Possible involvement of connexins in the cytokine-induced junction restructuring
Studies in other epithelia have indicated that gap junctions are sometimes required for the
mediation of cytokine actions (see Table 2). For instance, it was demonstrated that Cx43 and
gap junction communication are essential for TNFα-induced inflammatory responses [65].
TNFα failed to induce the leukocyte adhesion and transmigration when applied to cell cultures
with gap junction blockers or endothelial-specific Cx43 knock-out mice. Nonetheless, the role
of gap junction in the cytokine-induced junction restructuring events in the seminiferous
epithelium during spermatogenesis remains elusive even though cytokine treatment has been
shown to affect the gap junction in Sertoli cells. In the Sertoli cell line 42GPA9, treatment of
these cells with IL-1α was shown to reduce the level of Cx43 and increase the level of Cx33
[64], which was earlier shown to be a negative regulator of Cx43 by enhancing its endocytosis
[66,67]. In short, much work is needed to delineate the role of gap junctions, particularly Cx43,
in mediating the cytokine-induced junction restructuring.

7. Extracellular matrix and metalloproteases in the cytokine-induced junction
restructuring in the seminiferous epithelium during spermatogenesis
7.1. Extracellular matrix and its proteolysis

The basement membrane at the periphery of the seminiferous tubule is a modified form of the
extracellular matrix (ECM) [2,68,69]. The basement membrane, together with the underlying
type I collagen layer, encircling the seminiferous epithelium which also constitutes the acellular
zone of the tunica propria (Fig. 2). The basement membrane is in direct contact with Sertoli
cells and niches of spermatogonia in particular spermatogonial stem cells (e.g., Asingle) and
undifferentiated type A spermatogonia. Its major component includes laminin, type IV
collagen, heparin sulfate proteoglycan [68] and entactin [70]. The remodeling of ECM is
important for tissue transmigration during development, inflammation and cancer metastasis
and is involved in the junction restructuring during the spermatogenesis [69,71,72]. The ECM
remodeling can be achieved through various processes including synthesis, contraction and
proteolysis [72]. Proteolytic fragments of the ECM components are produced when ECM is
degraded by metalloproteases and other serine proteases. The degradation of ECM is
determined by the equilibrium of these proteases and their corresponding inhibitors. Integrins
are the best studied receptors for these ECM components and their proteolytic fragments
[71-73].

Metalloproteases, including matrix metalloproteases (MMPs) and a disintegrin and
metalloproteases (ADAMs), were reported to be involved in the junction dynamics in the testis
[69]. There are currently more than twenty known members of MMPs and they are capable to

Li et al. Page 8

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



degrade different ECM components [73]. MMPs are produced in their proactive form. Upon
activation, their pro-peptide domain will be cleaved and MMPs are then conferred with the
proteolytic activity. There are also membrane-type MMPs as well as the commonly known
secretory forms, and they usually bind with MMPs in order to unleash their proteolytic activity.
The activity of the MMP can be inhibited by the tissue inhibitors of metalloprotease (TIMP)
[73,74] and all TIMP-1 to -4 are found in the testis [74,75].

ADAMs, on the other hand, have both metalloprotease domains and adhesion domains. Many
of its members are testis-specific or predominantly expressed in the testis [76-78]. Earlier
studies of ADAMs were mostly focused on their role in the interaction of spermatozoa and
oocytes during the fertilization [78,79] while their physiological significance in
spermatogenesis and junction restructuring events in the seminiferous epithelium remains
uncertain. But the ADAM can serve as sheddase, which can cleave the ectodomain of the
membrane bound growth factors and cytokines, such as TNFα, TGFβs and IL-1β, to release
their biologically active forms from the latent forms [77,78,80]. This suggests that ADAMs
may have a role in the regulation of the cytokine-mediated junction restructuring during the
spermatogenesis via their effects to release the biologically active cytokines in the
microenvironment of the BTB and/or apical ES. This possibility must be vigorously
investigated in future studies.

7.2. The degradation of ECM components and the junction dynamics in the seminiferous
epithelium

A disruption of the basement membrane may disrupt the Sertoli cell adhesion directly by
affecting its anchorage [27,81] as demonstrated in studies by using an anti-collagen antibody
[27]. Recent studies have demonstrated that proteolytic fragments of ECM components, such
as laminins [82], are also capable of eliciting junction restructuring in the seminiferous
epithelium. Apart from being ECM components of the basement membrane, laminins, namely
laminins α3β3γ3, are detected at the apical ES site and are restricted to the elongated spermatids
that form a bona fide complex with α6β1-integrin restricted to Sertoli cells [18,82]. It was
recently reported that laminin fragments, besides regulating the BTB integrity by modulating
the steady-state levels of integral membrane proteins at the BTB, such as occludin, could
modulate the BTB integrity indirectly via integrins restricted to hemidesmosome at the Sertoli
cell-basement membrane interface. For instance, the overexpression of specific fragments of
laminins or the introduction of recombinant laminin fragments was shown to induce a decline
of the TJ integrity and disruption of junctions in primary Sertoli cell cultures [82]. It is plausible
that the proteolytic fragments generated by ECM degradation could serve as mediators of the
cytokine-induced junction restructuring (Fig. 2).

Upon TNFα treatment in primary Sertoli cell cultures, an induction in the level and activation
of MMP-9, but not MMP-2, was reported [27]. MMP-9 and MMP-2 are also known as
gelatinases [69,73], whose putative substrates include type IV collagen (one of the major
components of the basement membrane) and gelatin. The activation of MMP-9 induced by
TNFα would thus induce degradation of the collagen network in the basement membrane and
compromise the BTB integrity to facilitate, at least in part, the transmigration of preleptotene
spermatocytes across the BTB [27,69]. When the type IV collagen is cleaved by the activated
MMP-9, the active collagen NC1 domain would be released and it could then bind to the
integrin receptor. It remains unclear if the collagen NC1 domain or other collagen fragments
would function similarly as the laminin fragments to regulate the junction restructuring in the
seminiferous epithelium (Fig. 2). There are indeed reports in the literature that fragments of
collagens could regulate the anchoring junction function and cell migration. For instance, type
I collagen fragments were shown to induce rapid disassembly of focal adhesion complex via
the integrin-dependent cleavage of FAK, paxillin, and talin at focal contacts [83]. Peptides
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from the NC1 domain of type IV collagen were shown to promote the cell adhesion while a
peptide from the disrupted helical fragment of type IV collagen promoted the cell migration
in the primary culture of rabbit corneal epithelial cells [84].

It is conceivable that the activation of proteases to induce the release of biologically active
ECM components can serve as paracrine factors to regulate junction dynamics at the BTB,
such as fragments from laminin chains and the NC1 domain of collagens (Fig. 2). The ECM
remodeling hence could be partly responsible for the mediation of the cytokine-induced
restructuring of the BTB and apical ES at about stage VIII of the seminiferous epithelial cycle.
These findings thus demonstrate the presence of a local regulatory functional axis that links
the apical ES, the BTB, and the basement membrane with or without the hemidesmosome and
designated the apical ES-BTB-basement membrane functional axis.

8. Concluding remarks and future perspectives
As briefly discussed herein, it is obvious that cytokines (e.g., TNFα, TGF-β2, TGF-β3) exert
their effects in concert with testosterone, possibility mediated by components of the
desmosome-like and gap junction proteins (e.g., the Cx43/PKP-2 protein complex), to facilitate
the transit of the primary preleptotene spermatocytes at the BTB at stage VIII of the
seminiferous epithelial cycle as shown in Fig. 3. It is through this unique mechanism in which
testosterone and TNFα induce the assembly of “new” TJ-fibrils behind the primary
spermatocyte in transit whereas other cytokines (e.g., TGF-β2, TGF-β3) promote the disruption
of the “old” TJ-fibrils above the migrating primary spermatocyte via their differential effects
on the endocytosis, endosome-mediated degradation and/or recycling/transcytosis of integral
membrane proteins so that the immunological barrier can be maintained (Fig. 1). These effects
are also regulated by other components of the basement membrane and/or hemidesmosome
(e.g., biologically active collagen fragments, integrins), and the apical ES (e.g., biologically
active laminin chains) (see Fig. 2). While the model depicted in Fig. 2 will be updated as more
data are available in the upcoming years, it will serve as a framework for investigators in the
field to design functional experiments to understand the regulation and coordination of the
junction restructuring that occur in the seminiferous epithelium during different stages of the
seminiferous epithelial cycle. A thorough understanding of these events will allow us to better
understand the spermatogenesis. This information will help us to understand the mechanism
(s) by which environmental toxicants, such as cadmium, induce reproductive dysfunction
[85].
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Figure 1. Schematic drawing of the interplay of testosterone and cytokines including TNFα and
TGFβs in the regulation of junction dynamics in the seminiferous epithelium during
spermatogenesis
The seminiferous epithelium of the testis is segregated by the BTB into the apical and basal
compartment (A). Preleptotene spermatocytes are in transit at the BTB at stages VIII-IX of the
seminiferous epithelial cycle to continue the germ cell development in the apical compartment.
As discussed in the text, there are reports illustrating the effects of testosterone and cytokines
on the trafficking of integral membrane proteins to regulate the junction dynamics at the BTB.
Both testosterone and cytokines were shown to accelerate the endocytosis of integral junction
proteins at the BTB. But they have opposing effects on the BTB integrity. Testosterone would
promote the recycling of the endocytosed protein while cytokines would induce the degradation
of the endocytosed protein. Hence, testosterone may promote the junction assembly on the
basal side of a spermatocyte in transit (B). The junction complexes on the apical side of the
spermatocyte would be disrupted as induced by cytokines such as TNFα and TGFβs to
accommodate the spermatocyte movement across the BTB (C). The preleptotene spermatocyte
could then pass through the BTB without affecting its integrity concurrently.
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Figure 2. A schematic drawing illustrated cytokine (e.g., TNFα) and basement membrane
component-induced junction restructuring of the BTB and apical ES during stage VIII of the
seminiferous epithelial cycle
At stage VIII of the seminiferous epithelial cycle, the high level of TNFα was proposed to
induce the junction restructuring at the BTB and apical ES. This was to facilitate the
translocation of preleptotene spermatocytes across the BTB to continue its development in the
apical compartment, and spermiation so that spermatozoa can be released into the tubule lumen,
respectively. TNFα was shown to disrupt the BTB such as via the endocytosis and degradation
of the integral membrane proteins at the Sertoli-Sertoli cell interface. To induce the junction
disassembly during spermiation, cytokines (e.g.,TNFα) may activate the MMPs present at the
apical ES site, possibly MMP2 or MT1-MMP, to degrade the apical ES adhesion protein
complexes (e.g., α6β1-integrin/laminin-333) between the Sertoli cell and elongated spermatid.
Laminin would be degraded to produce biologically active laminins fragments, which were
shown to signal the disruption of the BTB and apical ES (see text for details). Apart from the
junction disruption, TNFα was also reported to promote junction assembly such as by inducing
androgen receptor since testosterone is known to promote junction complex assembly and BTB
integrity (see text for details). This may serve as a negative feedback mechanism to limit the
TNFα-induced junction disruption or to promote the junction assembly on the basal side of the
translocating spermatocyte so as to maintain the BTB integrity. Altered gap junction
communication and proteolytic fragments of collagen may also serve to mediate the TNFα
induced junction restructuring.
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Table 2
The mediation of cytokine-induced responses by connexins

Phenotypes observed after modulation of connexins or gap
junction channels

Cytokine(s) that
elicits the
responses

Affected/modulated
connexin(s)

Cell or tissue

A reduction in the transmigration of monocytes across the in vitro blood-
brain barrier model; a reduction in the stimulated secretion of MMP2
after blockage of gap junction channels [92]

TNFα and IFN-γ Gap junction channels Human monocytes

A reduction in the transmigration and adhesion of leukocytes [65] TNFα Connexin 43 and/or gap
junction channels

Venule in the cremaster muscle of
endothelium-specific connexin 43
null mice or microcirculation in
hamster cheek pouch

An increase in the apoptosis of prostate cancer cells induced by TNFα
after overexpression of connexin 43 but not for overexpression of the
dominant-negative connexin 43 [49]

TNFα Connexin 43 LNCaP (Protstate cell line)

The abolishment of mural cell differentiation in Cx43-/- cells in which only
latent TGF-β was detected; the differentiation was restored with the
overexpression of Cx43 in the Cx43-/- cells or treatment of exogenous
TGF-β1 [93]

TGF-β1 Connexin 43 Cultured mesenchymal
progenitors
from Cx43 knockout mice
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