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Abstract
In multicellular organisms, cell-cell interactions are mediated in part by cell junctions, which
underlie tissue architecture. Throughout spermatogenesis, for instance, preleptotene leptotene
spermatocytes residing in the basal compartment of the seminiferous epithelium must traverse the
blood-testis barrier to enter the adluminal compartment for continued development. At the same
time, germ cells must also remain attached to Sertoli cells, and numerous studies have reported
extensive restructuring at the Sertoli-Sertoli and Sertoli-germ cell interface during germ cell
movement across the seminiferous epithelium. Furthermore, the proteins and signaling cascades
that regulate adhesion between testicular cells have been largely delineated. These findings have
unveiled a number of potential “druggable” targets that can be used to induce premature release of
germ cells from the seminiferous epithelium, resulting in transient infertility. Herein, we discuss a
novel approach with the aim of developing a nonhormonal male contraceptive for future human
use, one that involves perturbing adhesion between Sertoli and germ cells in the testis.

I. Introduction
In mammals, cells are adhered together, forming either an epithelium or an endothelium, by
anchoring junctions near the apical portion of two adjacent cells, just behind the tight
junctions. Desmosomes, in turn, are located behind the anchoring junctions; collectively,
they are referred to as junctional complexes (Alberts et al., 1994). However, junctions at the
cell-cell interface, in particular anchoring junctions (including cell-cell actin-based adherens
junctions and cell-matrix intermediate filament-based desmosomes), undergo extensive
restructuring during development (e.g., embryogenesis and postnatal tissue and/or organ
maturation), maintenance of normal tissue function (e.g., inflammatory responses in tissues,
replacement of epidermis in skin), and under pathological conditions (e.g., tumorigenesis).
During spermatogenesis in adult mammalian testes, such as the rat, type A spermatogonia in
the basal compartment of the seminiferous epithelium undergo mitotic division to give rise
to type B spermatogonia, which subsequently undergo meiosis and differentiate into
zygotene, preleptotene, and leptotene spermatocytes. Leptotene spermatocytes are the germ
cells that traverse the blood-testis barrier to enter the adluminal compartment for further
development (Hess, 1990; Russell, 1993b; Vogl et al., 1993, 2000). Once these cells enter
the adluminal compartment, they differentiate into haploid round spermatids and undergo
spermiogenesis, typified by the condensation of nuclear material in the head, formation of
the acrosome, and elongation of the tail (de Kretser and Kerr, 1998). These spermatids then
traverse the seminiferous epithelium while developing into mature elongated spermatids
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(e.g., spermatozoa) that are eventually released into the tubule lumen at spermiation. Studies
spanning the past decade or so have demonstrated that these cellular events involve
disassembly and reassembly of Sertoligerm cell junctions (Cheng and Mruk, 2002; Mruk
and Cheng, 2004b). As such, germ cell movement during spermatogenesis occurs via cycles
of anchoring junction restructuring. However, the mechanism(s) that regulates this event at
the Sertoli-Sertoli and Sertoli-germ cell interface during spermatogenesis has remained
largely unknown until recent years. In this review, we focus our discussion on recent
advances in the field regarding the biology and regulation of anchoring junctions between
testicular cells in the seminiferous epithelium of the testis. These findings have also
provided some insights into developing novel contraceptives for men.

Major advances in developing hormonal male contraceptives have been made in recent years
(Anderson and Baird, 2002; Lopez et al., 2005; Amory et al., 2006), and a hormonal
contraceptive is anticipated to reach the consumer market sometime in the foreseeable future
because phase III clinical trials are now under way in different countries, including the
United States (Amory et al., 2006). Much research effort has also been placed on
nonhormonal contraceptive approaches for men, which would provide an attractive
alternative to hormone-based contraceptives for several reasons. First, it can take several
weeks for a hormonal male contraceptive, such as those based on testosterone or a
testosterone-progestin combination, to induce male infertility. This is because it takes this
long to suppress systemic and testicular endogenous androgen levels, thereby interrupting
spermatogenesis and leading to azoospermia (Amory et al., 2006). Second, the use of
hormones to suppress spermatogenesis may elicit systemic side effects because the testis is
not the only target organ of androgens. Because nonhormonal contraceptives would not
interfere (that is, if they could exert their effects locally inside the seminiferous epithelium)
with the hypothalamic-pituitary-testicular axis, serum follicle-stimulating hormone (FSH),1
luteinizing hormone (LH), and testosterone levels would not be affected. Therefore, the
functions of androgen-dependent organs and structures such as prostate, muscle, skin, hair
follicles, and bone would not be likely to be compromised after administration. Examples of
this would be contraceptives that exerted their effects in the seminiferous epithelium, such
as those perturbing the adhesion of germ cells to Sertoli cells. Finally, long-term use of
hormone-based male contraceptives might have other adverse effects similar to those
reported previously for female oral contraceptives, including elevated risks of cancer and
cardiovascular disease (Lech and Ostrowaska, 2006; Birrell et al., 2007; Lurie et al., 2007;
Princemail et al., 2007).

It is noteworthy that several potential nonhormonal contraceptives, such as CDB-4022 and
adjudin (formerly called AF-2364), have been shown to exert their effects, at least in part,
on Sertoli-germ cell anchoring junctions, leading to depletion of germ cells from the
seminiferous epithelium and reversible infertility (Cheng et al., 2001; Grima et al., 2001;
Hild et al., 2007, 2001). This approach of male contraception is associated with minimal
side effects, because its effects are exerted at the site of Sertoligerm cell contact. Equally
important, if adhesion between Sertoli cells and spermatogonia remains largely unaffected
after treatment, fertility is regained, as is the case with adjudin (Cheng et al., 2001, 2005a;

1Abbreviations: FSH, follicle-stimulating hormone; LH, luteinizing hormone; CDB-4022, [4aS,5R,9bS]-2-ethyl-2,3,4,4a,5,9b-
hexahydro-8-iodo-7-methyl-5-[4-carbomethoxyphenyl]-1H-indeno[1,2-c]pyridinehydrochloride; adjudin, 1-(2,4-chlorobenzyl)-1H-
indazole-3-carbohydrazide; ZO-1, zonula occludens-1; ARVCF, Armadillo repeat gene deleted in velo-cardio-facial syndrome;
WASP, Wiskott-Aldrich syndrome protein; ADIP, afadin dilute domain-interacting protein; APC, adenomatous polyposis coli; PDZ,
postsynaptic density 95/disc-large/zona occludens; BP, bullous pemphigoid; ILK, integrin-linked kinase; FAK, focal adhesion kinase;
ECM, extracellular matrix; ERK, extracellular signal-regulated kinase; MAP, mitogen-activated protein; TNF-α, tumor necrosis
factor-α; TGF-β, transforming growth factor-β; IL-1β, interleukin-1β; MDCK, Madin-Darby canine kidney; HGF, hepatocyte growth
factor; CD2AP, CD2-associated protein; GEF, GDP/GTP exchange factor; GAP, GTPase-activating protein; IQGAP, IQ motif
containing GTPase-activating protein; ADAM, A disintegrin and a metalloprotease domain; PTD, protein transduction domain.
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Grima et al., 2001). Thus, it is critical that we understand the molecular architecture and the
regulatory mechanisms underlying Sertoligerm cell adhesion, given its importance in
spermatogenesis and in the development of nonhormonal male contraceptives. In this
review, we discuss recent advances in the field of cell adhesion with the hope that this
information will help us better understand the mechanisms of action of contraceptive drugs
that affect Sertoli-germ cell adhesion. As such, our goals are to provide a critical overview
of current advances in the field and to discuss new insights in translation of findings from
the laboratory bench to product development, and perhaps the consumer market.

II. General Review of Anchoring Junctions
In broad terms, anchoring junctions are categorized as follows: those that connect two cells
(e.g., adherens junction and desmosomes) or those that connect cells to the substratum or
extracellular matrix (e.g., focal contacts and hemidesmosomes). Another obvious distinction
between junction types is that adherens junctions and focal contacts link indirectly to actin
filaments in the cytoplasm, whereas the other two junction types attach to intermediate
filaments. In this review, we limit our discussion to anchoring junctions, as well as to
ectoplasmic specializations, because recent studies have reported anchoring junction
proteins to be targets of selected compounds for male contraception. The ultimate goal is to
understand the biology of anchoring junctions in the testis because this may lead to the
development of safe, effective, and reversible nonhormonal male contraceptives.

A. Cell-Cell Actin-Based Adherens Junctions
1. Cadherin-Catenin Multiprotein Complex
a. Classic cadherins: The cadherin superfamily of cell adhesion molecules, which includes
classic cadherins, protocadherins, and atypical cadherins, is composed of more than 100
members involved in many aspects of tissue morphogenesis (Fig. 1). In this section, we
briefly highlight recent findings relating to classic cadherins, particularly E- and N-
cadherins, with emphasis on the testis. For additional background information, we refer
readers to several excellent reviews in the field (Gumbiner, 1988;Kemler,
1993;Herrenknecht, 1996;Yap et al., 1997;Steinberg and McNutt, 1999;Vleminckx and
Kemler, 1999;Xu et al., 2001;Wheelock and Johnson, 2003;Halbleib and Nelson, 2006;Weis
and Nelson, 2006;Nejsum and Nelson, 2007;Pokutta and Weis, 2007;Takeichi, 2007).

There exists presently an enormous amount of research on the regulation of E-cadherin
function in different epithelia. So far, it is known that E-cadherin can be regulated by 1)
changes in protein-protein interactions, particularly those between E-cadherin and catenin/
p120 catenin, as well as those between α-catenin and the actin cytoskeleton; 2) tyrosine
phosphorylation; 3) small GTPases such as Rac, Rho, and Cdc42; 4) proteolytic cleavage;
and 5) endocytosis (Halbleib and Nelson, 2006). Loss of E-cadherin-mediated cell adhesion
can also occur through down-regulation of E-cadherin expression via promoter
hypermethylation and transcriptional repression (Halbleib and Nelson, 2006). For instance,
the transcription factors Snail, Slug, ZEB, basic helix-loop-helix, and Twist are all known
repressors of E-cadherin expression (Bolós et al., 2003; Conacci-Sorrell et al., 2003;
Peinado et al., 2004, 2007; Yang et al., 2004; Vesuna et al., 2008). In addition, important
functional and regulatory differences between E- and N-cadherin have been noted. First, N-
cadherin-mediated cell adhesion has been shown to be weaker than E-cadherin-mediated
adhesion (Chu et al., 2004; Panorchan et al., 2006). Second, E- and N-cadherins seem to
bind different isoforms of p120 catenin, an Armadillo-related protein known to facilitate cell
adhesion. For instance, N-cadherin binds a larger phosphorylated isoform of p120 catenin,
whereas E-cadherin binds a smaller nonphosphorylated isoform (Seidel et al., 2004),
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suggesting that each cadherin may have other unique binding partners. This may also
contribute directly to their difference in mediating adhesive strength.

In the testis, Sertoli and germ cells have been shown to express both E- and N-cadherin (Wu
et al., 1993; Lee et al., 2003), but the expression of E-cadherin by germ cells was
considerably higher than that of N-cadherin (Lee et al., 2003, 2004). In addition, E-cadherin
expression in undifferentiated type A spermatogonia was recently demonstrated in the
mouse testis (Tokuda et al., 2007), which clearly illustrates that spermatogonia use this cell
adhesion protein predominantly to adhere to Sertoli cells. On the other hand, N-cadherin
localization was restricted to the basal ectoplasmic specialization present between adjacent
Sertoli cells in all stages of the epithelial cycle (Lee et al., 2003, 2004; Xia and Cheng, 2005;
Xia et al., 2005b) but in stages V to VI, it was also found to localize to the apical
ectoplasmic specialization by immunofluorescent microscopy (Johnson and Boekelheide,
2002; Lee et al., 2004). The extent of cross-talk between these two pools of N-cadherin in
the testis—one at the basal, and the other at the apical ectoplasmic specialization—is not yet
known, but it certainly does pose an intriguing question as to how they communicate with
each other. It is noteworthy that N-cadherin and occludin (a structural tight junction protein)
colocalization was evident at the blood-testis barrier, and these two proteins were shown to
associate with each other via the peripheral membrane adaptors catenin and zonula
occludens-1 [ZO-1, a tight junction-associated protein] (Yan and Cheng, 2005) (Fig. 1).
Given the uniqueness of the blood-testis barrier, which is composed largely of tight
junctions and ectoplasmic specializations, additional testis-unique linker proteins that would
connect these two important multiprotein complexes are very likely to exist. In addition,
cross-talk between nectin-afadin and occludin-ZO-1 complexes has not yet been reported,
clearly revealing that additional research is required.

Data has emerged to indicate that the plus-ends of microtubules interact with proteins of the
adherens junction, as well as regulate its assembly and disassembly (Bacallao et al., 1989;
Ivanov et al., 2006; Stehbens et al., 2006; Ligon and Holzbaur, 2007). This seemingly
suggests that the plus-ends of microtubules are rich in biochemical interactions. For
example, kinesin [a microtubule plus-end directed motor protein that was recently found in
the testis at the apical ectoplasmic specialization (Vaid et al., 2007)] has been shown to
associate with p120 catenin (Chen et al., 2003a), dynein (a microtubule minus-end directed
motor protein) with β-catenin (Ligon et al., 2001) and KIF3 kinesin with N-cadherin (Teng
et al., 2005) (Fig. 1). Ligon and Holzbaur (2007) illustrated the importance of dynein in
junction assembly in an elegant study showing that disruption of dynein function inhibited
the formation of junctions. In addition, initiation of cell-cell contact reportedly stabilized
microtubule plus-ends (Waterman-Storer et al., 2000), illustrating that cadherins regulate
microtubule dynamics. The reverse also seems to be true. Important functional studies have
shown that adversely affecting microtubules, which resulted in their depolymerization,
perturbed the ability of cells to accumulate E-cadherin at cell contacts (Stehbens et al.,
2006). Likewise, treatment with nocodazole, an agent that affects microtubule plusend
dynamics, adversely affected the localization of catenin at sites of cell-cell contact in lung
epithelial cells (Waterman-Storer et al., 2000). Equally important, the trafficking of N-
cadherin to the cell surface in fibroblasts required not only the microtubule network but also
the active participation of kinesin (Mary et al., 2002). Testicular E- and N-cadherin were
also shown to interact indirectly with intermediate filaments (Johnson and Boekelheide,
2002; Lee et al., 2003, 2004) (Fig. 1). Taken collectively, these studies reveal that
microtubules are important regulators of cell adhesion. Although complementary functional
studies in the testis are clearly lacking, it is important that future studies be expanded to
include the role of microtubules in the regulation of other types of junctions such as the
ectoplasmic specialization and desmosome. However, note that microtubules in the Sertoli
cell are not organized as they would be in a typical epithelial cell, with plus-ends projecting
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toward the cell periphery, and that the microtubule-organizing center has not yet been
identified (Vogl et al., 1993).

b. Other cadherin family members: Protocadherins form the largest subfamily within the
cadherin superfamily, consisting of more than 80 members, including α-, β- and γ-
protocadherins (Gumbiner, 2005; Redies et al., 2005; Halbleib and Nelson, 2006; Morishita
and Yagi, 2007; Takeichi, 2007), yet little is known regarding their function and regulation.
They differ from classic cadherins in two important aspects. First, protocadherins have six or
more conserved cadherin repeats in their extracellular domains, the role of which is to
mediate adhesion between adjacent cells. Protocadherin 15, for example, possesses 11
conserved cadherin repeats (Ahmed et al., 2003; El-Amraoui and Petit, 2005). Second,
although many protocadherins exhibit weak homophilic adhesion in cell aggregation assays
(Chen and Gumbiner, 2006), and selected members have been shown to localize to cell
contacts in vitro, it is not entirely clear at present whether they have a direct role in cell
adhesion. Moreover, protocadherins do not seem to interact directly with cytoskeletal
proteins (Angst et al., 2001; Halbleib and Nelson, 2006; Takeichi, 2007), and little is known
regarding their cytoplasmic binding partners, which would provide critical information on
their possible functions. Even though relatively little protocadherin-related research has been
performed in the testis, protocadherins are known to be expressed abundantly in this organ
(Johnson et al., 2000, 2004). For example, protocadherin α3 was shown to localize to the
spermatid acrosome, intercellular bridge, and flagellum but not to the classic cadherin-based
adhesion junction nor the ectoplasmic specialization (Johnson et al., 2004). These
observations illustrate that protocadherins are unique in their functions and are likely to have
other physiological properties in addition to (or instead of) cell adhesion.

Atypical cadherins comprise a subfamily of proteins, namely Dachsous, Flamingo, and Fat,
primarily involved in planar cell polarity (Fanto and McNeill, 2004; Jones and Chen, 2007).
Atypical cadherins also seem to have roles in cell adhesion, but these are presently not well
defined. For instance, Flamingo was shown to mediate cell adhesion in vitro when it was
expressed in Drosophila melanogaster S2 cells (Usui et al., 1999). In addition, Fat1, a
mammalian homolog of D. melanogaster Fat, has been reported to bind and recruit Ena/
VASP proteins (a family of proteins known to regulate actin dynamics), as well as to
localize to the leading edge of lamellipodia and filopodia (Moeller et al., 2004). Fat1 also
localized to intercellular junctions in epithelial NRK-52E and neuronal HN33 cells (Moeller
et al., 2004), but its distribution was different from that of E-cadherin (Moeller et al., 2004),
suggesting that Fat function is independent of the cadherin-catenin complex. Besides
mammalian Fat1, other Fat proteins (e.g., Fat2, Fat3, and Fat-J) have also been reported to
exist (Tanoue and Takeichi, 2004). On the other hand, Celsr is the mammalian homolog of
D. melanogaster Flamingo. Three Celsr proteins have been identified (Celsr 1–3), all of
which are present in the testis (Beall et al., 2005). Specifically, Celsr1 and Celsr 2
expression was detected in Sertoli cells, whereas Celsr3 was a germ cell (elongating
spermatid) product (Beall et al., 2005). However, Celsr2 and Celsr3 failed to colocalize with
classic cadherins and catenins in the testis (Beall et al., 2005), similar to findings previously
reported for Fat1 in NRK-52E and HN33 cells. In addition, Celsr2 and Celsr3
immunoreactivity was detected at neither the ectoplasmic specialization nor desmosome-like
junction in the testis (Beall et al., 2005). As is the case for the protocadherin subfamily,
these results are suggestive of distinct roles for Celsr proteins outside of cell adhesion. For
instance, Celsr proteins such as Celsr3 may contribute to maintaining germ cell polarity and
orientation during spermiogenesis, similar to that described previously for its homolog
Flamingo. Orientation of elongating/elongated spermatids within the epithelium is critical to
the maintenance of spermatogenesis, and the Sertoli cell apical ectoplasmic specialization
and germ cell acrosome have been postulated to contribute collectively to spermatid polarity
(Russell, 1980, 1983; Russell and Peterson, 1985; Mruk and Cheng, 2004b). As such,
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additional research effort is needed to determine the precise role of Celsr proteins in the
testis because these findings are likely to provide new insights on important cellular events
that underlie spermatogenesis and fertility.

c. Classic catenins: Catenins comprise a family of well studied proteins that support
adherens junction function in different epithelia (Perez-Moreno and Fuchs, 2006; Scott and
Yap, 2006) including the testis (Chen et al., 2003b; Lee et al., 2003; Lee et al., 2004; Lee
and Cheng, 2005). Catenins have long been regarded as proteins that link cadherins to the
actin cytoskeleton either directly or indirectly (Fig. 1), but they can also participate in signal
transduction events, as is the case for β-catenin (Nelson and Nusse, 2004; Bienz, 2005;
Harris and Peifer, 2005) and γ-catenin (Simcha et al., 1998; Miravet et al., 2002; Maeda et
al., 2004). Generally speaking, α-catenin mediates cell adhesion and tissue organization by
existing in a multiprotein complex consisting of cadherin, β-catenin, p120 catenin, and actin.
However, this concept was recently revised by findings demonstrating that α-catenin cannot
bind β-catenin and actin simultaneously (Drees et al., 2005; Yamada et al., 2005b) (Fig. 1),
suggesting that α-catenin is in a dynamic relationship with cadherin–β-catenin–p120 catenin
instead of a stable one. This observation raised new and important questions, the most
important one being how α-catenin interacts with the actin cytoskeleton to regulate adherens
junction dynamics. Interestingly, α-catenin associates with an array of proteins known to
regulate actin dynamics. For instance, α-catenin can interact with formin-1 to regulate actin
polymerization (Kobielak et al., 2004), as well as bind other actin-associated proteins, such
as vinculin (Watabe-Uchida et al., 1998; Weiss et al., 1998), ZO-1 (Imamura et al., 1999),
and afadin (Mandai et al., 1997) (Fig. 1), which in turn may regulate actin dynamics.
Moreover, three distinct α-catenins are known to exist (i.e., αE-, αN-, and αT-catenin)
(Herrenknecht et al., 1991; Hirano et al., 1992; Janssens et al., 2001). Of these, αT-catenin is
expressed highly in the testis, where it localized to elongating spermatids at stages II to VIII
of the seminiferous epithelial cycle (Goossens et al., 2007b). On the other hand, β- and/or γ-
catenin were shown to interact with a unique list of proteins in the testis, including soluble
guanylate cyclase (Sarkar et al., 2006), nitric-oxide synthase (Lee et al., 2005), c-Src
(normal cellular Rous sarcoma virus, which is the counterpart of viral sarcoma, v-Src), and
casein kinase 2 (Lee and Cheng, 2005) (Fig. 1), demonstrating that catenins recruit a diverse
array of proteins to regulate cadherin-based cell adhesion. This is likely to contribute to the
unique nature of cell junctions in the testis.

d. p120 catenin family: Several p120 catenin subfamily members are known to exist in
mammals: 1) p120 catenin, 2) Armadillo repeat gene deleted in velo-cardio-facial syndrome
(ARVCF), 3) p0071, 4) plakophilins 1, 2, 3, and 5) δ-catenin, all of which bind classic
cadherins (Anastasiadis, 2007; McCrea and Park, 2007; Reynolds, 2007). In this section, we
select two of these proteins, namely p120 catenin and ARCVF, for further discussion.
Discussions on p0071 and the plakophilins are also included in this review (see B., 2.
Armadillo Proteins, below), but δ-catenin (also known as neural plakophilin-related arm
protein, NPRAP) is not because it is expressed specifically by neurons.

p120 Catenin is a multifunctional protein that is structurally related to β-catenin. It has a
structural as well as a signaling role, and this is reflected in its cytoplasmic and nuclear
localization (Daniel, 2007; Reynolds, 2007; Xiao et al., 2007). In terms of its cytoplasmic
function, p120 catenin promotes the lateral clustering of cadherins, which form the adhesive
bond (Yap et al., 1998; Thoreson et al., 2000), and is required for turnover and stabilization
of cadherin-mediated cell contacts (Ireton et al., 2002; Davis et al., 2003; Xiao et al., 2003).
In the absence of p120 catenin, cadherin is internalized and degraded (Ireton et al., 2002;
Davis et al., 2003), indicating that p120 catenin is critical to adherens junction function.
However, the reverse does not seem to be true, because the stability of p120 catenin was
unaffected in the absence of cadherin (Van Hengel et al., 1999). In addition, p120 regulates
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cadherin-actin interactions by 1) binding and inhibiting RhoA (Anastasiadis and Reynolds,
2001; Castaño et al., 2007) or 2) activating Rac1 and Cdc42 via Vav2 (Noren et al., 2000). It
is noteworthy that only cadherins can target p120 catenin to the plasma membrane
(Thoreson et al., 2000), and membrane localization of p120 catenin is sufficient to induce its
phosphorylation (Xia et al., 2006b). Deletion of p120 catenin in Caenorhabditis elegans
resulted in germline cytokinesis defects and sterility (Pettitt et al., 2003; Skop et al., 2004),
whereas a loss-of-function study in D. melanogaster, which only contain p120 catenin and
not other members of this protein family, showed that p120 catenin is not an essential
component of the adherens junction (Myster et al., 2003). As discussed above, this is in
sharp contrast to studies in mammals, which suggest that p120 is indispensable for adhesive
function. Several interesting and potentially important p120 catenin protein interactions have
been demonstrated in addition to those previously reported for cadherin (Reynolds et al.,
1994) and Rho (Magie et al., 2002). These include kinases [e.g., Fer, Fyn, and Yes are all
members of the nonreceptor tyrosine kinase Src family (Kim and Wong, 1995; Piedra et al.,
2003; Xu et al., 2004)] and phosphatases [e.g., PTPµ, DEP1 and SHP-1 (Zondag and
Moolenaar, 1997; Keilhack et al., 2000; Mariner et al., 2001; Holsinger et al., 2002)], as
well as associations with Kaiso [a zinc finger transcriptional repressor (Daniel and
Reynolds, 1999; Prokhortchouk et al., 2001; Daniel, 2007)], Gli-similar 2 [Glis2, a Kruppel-
like transcriptional repressor (Hosking et al., 2007)], Functional regulator of Dishevelled in
ontogenesis [Frodo, a regulator of the Wnt pathway (Park et al., 2006a)], Nanos1 [a zinc
finger protein that functions in germ cell development (Strumane et al., 2006)], and cortactin
(Boguslavsky et al., 2007). In the testis, p120 catenin was shown to structurally interact with
the adaptor proteins axin, zyxin, and Wiskott-Aldrich syndrome protein [WASP (Lee et al.,
2004)], as well as with soluble guanylate cyclase (Sarkar et al., 2006) (Fig. 1), suggesting
that p120 catenin sequesters different molecules to regulate cadherin-based cell adhesion
during spermatogenesis. For example, WASP, a known regulator of actin dynamics, recruits
actin-related protein 2/3 and profilin to induce actin reorganization (Caron, 2002; Takenawa
and Suetsugu, 2007). In this way, p120 catenin may function as a signaling platform by
recruiting other molecules to regulate actin dynamics and Sertoligerm cell adhesion. As
discussed above, p120 catenin also binds to kinesin (Fig. 1) to facilitate the movement of
cadherin along microtubules and to regulate microtubule dynamics (Chen et al., 2003a;
Franz and Ridley, 2004; Yanagisawa et al., 2004; Ichii and Takeichi, 2007). An
inflammatory role for p120 catenin in the epidermis was described previously (Perez-
Moreno et al., 2006). Taken collectively, these results illustrate the importance of p120
catenin in adherens junction function.

ARVCF is homologous to p120 catenin (Sirotkin et al., 1997), and it can bind to cadherin
(Kaufmann et al., 2000; Mariner et al., 2000; Waibler et al., 2001), but the function of
ARVCF in cell adhesion seems to be different from that of p120 catenin. For instance,
ARVCF has been shown to interact with ZO-1 and ZO-2 (Kausalya et al., 2004), as well as
with erbin [a PDZ domain-containing protein and tumor suppressor (Laura et al., 2002)], but
similar protein associations were not reported for p120 catenin. Moreover, ARVCF can
localize to the nucleus (Mariner et al., 2000), and ZO-2 has been proposed by Kausalya et al.
(2004) to play a key role in AFVCF’s nuclear localization, but the relevance of these
findings is presently unknown. The consensus is that ARVCF does not have a structural role
in cell junctions because its level is so low compared with that of p120 catenin (Mariner et
al., 2000). ARVCF and p120 catenin are known to compete for binding to E-cadherin
(Mariner et al., 2000), and localization of ARVCF to the plasma membrane is required for
stable cell adhesion (Kausalya et al., 2004). Although ARVCF expression seems to be
ubiquitous (Mariner et al., 2000), its presence in the testis remains to be reported. In light of
these significant findings, the function of ARVCF in the testis should be carefully examined,
in particular its signaling role in cadherin-mediated Sertoli-germ cell adhesion.
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2. Nectin-Afadin Multiprotein Complex—Nectins comprise a relatively small family of
Ca2+-independent immunoglobulin-like adhesion molecules involved in homophilic and
heterophilic interactions (Takai and Nakanishi, 2003; Sakisaka et al., 2007; Rikitake and
Takai, 2008) (Fig. 1). By comparison, nectin heterophilic trans-interactions are stronger than
homophilic trans-interactions [nectin-3 + nectin-1 versus nectin-3 + nectin-3, respectively
(Satoh-Horikawa et al., 2000; Irie et al., 2004; Martinez-Rico et al., 2005; Ogita and Takai,
2006)]. Moreover, nectin trans-interactions seem to be more stable and robust than cadherin
trans-interactions (Satoh-Horikawa et al., 2000). Nevertheless, the role of nectin in cell
adhesion is to initiate the formation of adherens junctions, and this is followed by the
recruitment of cadherins (Takai and Nakanishi, 2003). Recruitment of cadherins has been
shown to be mediated by nectin-induced activation of Rac, Cdc42 and Rap1 through c-Src,
leading to reorganization of the actin cytoskeleton (Sakisaka and Takai, 2004; Ogita and
Takai, 2006). After sequestration of cadherins at the adherens junction, nectins continue to
regulate cadherin function by (i) inhibiting the endocytosis of cadherin and (ii) affecting the
conformation of cadherin extracellular domains to facilitate trans-interactions (Hoshino et
al., 2005; Sato et al., 2006). Nectins also regulate cytoskeletal dynamics via F-actin binding
proteins that interact directly with nectin [e.g., afadin, α-catenin, α-actinin, vinculin, annexin
II and IQGAP (Ogita and Takai, 2006; Miyoshi and Takai, 2007)] (Fig. 1), and
establishment of nectin-based adherens junctions required annexin II and IQGAP in MDCK
cells (Katata et al., 2003; Yamada et al., 2005a, 2006a). Furthermore, nectin-afadin can also
recruit tight junction proteins such as claudin, occludin, JAM-A, and ZO-1 to the junctional
complex (Yokoyama et al., 2001; Fukuhara et al., 2002; Takai and Nakanishi, 2003; Sato et
al., 2006), suggesting the existence of cross talk between different junction types. In
addition, nectin-1 and nectin-3 have been shown to bind directly to Par-3 (Takekuni et al.,
2003), a cell polarity protein, but Par-3 was not required for nectin-based cell adhesion
(Ooshio et al., 2007). Instead, Par-3 was needed for colocalization of nectin with afadin
(Ooshio et al., 2007).

Afadin is a well studied nectin-binding protein that connects nectin to the actin cytoskeleton
(Fig. 1). It has two splice variants, l-afadin and s-afadin, but only the larger splice variant (l-
afadin) can bind to actin (Mandai et al., 1997). s-Afadin (also known as AF-6), on the other
hand, can localize to both the plasma membrane and nucleus (Buchert et al., 2007) and has
also been reported to form a complex with and serve as a substrate for Fam [a
deubiquitinating enzyme (Taya et al., 1998)]. This implies that proteolytic degradation of
AF-6 occurs via the ubiquitin-proteasome pathway.

Of special interest are recent studies showing cross-talk between nectin-afadin and cadherin-
catenin multiprotein complexes. Initial studies demonstrated that cross-talk between these
two multiprotein complexes was mediated by interactions between: 1) l-afadin and α-catenin
(Pokutta et al., 2002), 2) ponsin [binds to afadin and vinculin (Mandai et al., 1999)] and
vinculin [binds to F-actin and α-catenin (Jockusch and Isenberg, 1981; Menkel et al., 1994;
Weiss et al., 1998)], and/or 3) afadin dilute domain-interacting protein [ADIP (Asada et al.,
2003)] and α-actinin [binds to α-catenin (Knudsen et al., 1995)]. Note that ADIP localization
was not only restricted to the adherens junction, where it was proposed to function in the
organization of the actin cytoskeleton (Asada et al., 2003). ADIP was also found to localize
to the perinuclear region, specifically the Golgi complex, and bind to β′-COP in vitro and in
vivo (Asada et al., 2004), a subunit protein of the coatomer complex involved in protein
trafficking events (Schekman and Orci, 1996). The fourth and most recently described type
of cross-talk involves LIM domain only 7, an l-afadin and α-actinin binding protein that
connects the two multiprotein complexes via α-actinin (Ooshio et al., 2004). Specifically,
LIM domain only 7 associated with both nectin-afadin and cadherin-catenin adhesion
complexes by immunoprecipitation (Ooshio et al., 2004) and failed to localize to the
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desmosome and tight junction by immunofluorescence and immunoelectron microscopy
(Ooshio et al., 2004).

Nectin is critical for spermatogenesis. Mice lacking either nectin-2 [expressed by Sertoli and
germ cells (Bouchard et al., 2000; Ozaki-Kuroda et al., 2002; Takai and Nakanishi, 2003)]
or nection-3 [expressed exclusively by spermatids (Ozaki-Kuroda et al., 2002; Takai and
Nakanishi, 2003)] were infertile, resulting from malformations in the head and midpiece of
elongated spermatids (Mueller et al., 2003; Inagaki et al., 2006). In addition, nectin-like
molecule-2 [TSLC1, also known as IGSF4 (Wakayama et al., 2003)], a member of the
nectin family of cell adhesion proteins and a germ cell product, was shown to be equally
important for spermatogenesis and fertility (Wakayama et al., 2003; Fujita et al., 2006;
Surace et al.,2006; Yamada et al., 2006b). It is noteworthy that TSLC1 did not bind afadin
or recruit E-cadherin to the adherens junction. Instead, it associated with other proteins such
as Pals2 (Shingai et al., 2003), a tight junction-associated adaptor protein involved in cell
polarity, suggestive of cross-talk between nectin-based adherens and tight junctions.

B. Cell-Cell Intermediate Filament-Based Desmosome Junctions
Desmosomes are anchoring junctions present between adjacent cells that mediate strong
adhesion (Kowalczyk et al., 1999; Green and Gaudry, 2000; Jamora and Fuchs, 2002;
Holthöfer et al., 2007). From an ultrastructural perspective, they appear as highly
symmetrical, electron-dense plasma membrane domains associating with intermediate
filaments (Fig. 2). Desmosomes are generally found in tissues that are subjected to
mechanical stress (e.g., skin and heart), but their presence in other organs, such as the testis,
has also been reported (Russell, 1977a, 1993b; Ren and Russell, 1992) (Fig. 2). The
physiological importance of desmosomes has been exemplified best by studies examining
the clinical manifestations of human diseases in which desmosomal proteins were affected
by mutations or the presence of autoimmune antibodies (Cheng et al., 2005b; Kottke et al.,
2006; Uitto et al., 2007). It is noteworthy that the ability of cells to assemble stable
desmosomes is dependent on the presence of functional adherens junctions (Huber, 2003;
Yin and Green, 2004). Similar to adherens junctions, desmosomes are composed of proteins
from three major gene families: 1) desmosomal cadherins, 2) armadillo proteins, and 3)
plakins. These are discussed below.

1. Desmosomal Cadherins—Desmosomal cadherins, transmembrane proteins that
mediate Ca2+-dependent cell adhesion, are composed of two protein subfamilies: 1)
desmogleins (desmogleins 1–4) and 2) desmocollins (desmocollins 1–3) (Fig. 2). Both
desmogleins and desmocollins show significant sequence homology to classical cadherins
and a similar organization of their ectodomains (Dusek et al., 2007). Among the
desmosomal cadherins, desmoglein 2 and desmocollin 2 are the only proteins that are
expressed ubiquitously in all desmosome-containing cells and tissues (Schäfer et al.,
1994;Nuber et al., 1995), whereas the others have a unique tissue distribution. For example,
desmoglein 4 expression was highest in the testis (Whittock and Bower, 2003), but little is
known about its functional significance in spermatogenesis and fertility. It is noteworthy that
both desmoglein- and desmocollin-specific peptides were needed to perturb desmosomal
adhesion (Tselepis et al., 1998), illustrating that desmosomal cadherins favor heterotypic
interactions to facilitate cell adhesion.

2. Armadillo Proteins—Plakoglobin, plakophilins, and p0071 are all examples of
armadillo proteins (Fig. 2). The function of plakoglobin (also known as γ-catenin), a close
relative of β-catenin (Butz et al., 1992), is to facilitate the lateral clustering of desmosomal
cadherins (Bornslaeger et al., 2001;Koeser et al., 2003), thereby mediating strong adhesion.
Plakoglobin is an important protein for many other reasons as well. First, plakoglobin is
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present at both desmosomes and adherens junctions (Cowin et al., 1986), although its
binding affinity for desmosomal cadherins was reported to be five times stronger that that
for classic cadherins (Chitaev et al., 1996). Second, plakoglobin was shown to be required
for stable cell adhesion in L-fibroblasts expressing desmoglein 1 and desmocollin 2
(Marcozzi et al., 1998), and its loss resulted in the mixing of desmosomes and adherens
junctions (Ruiz et al., 1996). This seems to suggest that plakoglobin functions in the
segregation of desmosomal and adherens junction proteins (Koeser et al., 2003) and also in
their cross-talk, because plakoglobin was found to localize to both cell structures. Third,
desmosome assembly required that plakoglobin associate with E-cadherin (Lewis et al.,
1997) because free plakoglobin (non–junction-associated) interacted with the ubiquitin
ligase β-TrCP and was subsequently degraded by the proteosome (Sadot et al., 2000).
Binding of plakoglobin to desmoglein also prevented plakoglobin from interacting with α-
catenin (Sacco et al., 1995;Witcher et al., 1996). In the testis, studies have confirmed the
association of plakoglobin with cadherin- (Lee et al., 2003) and desmosome-based (D.D.M.
and C.Y.C., unpublished observations) cell adhesion complexes. Taken collectively, these
results illustrate the importance of plakoglobin in desmosome and adherens junction
dynamics.

In addition to its role in cell junction dynamics, plakoglobin was also found to localize to the
nucleus (Zhurinsky et al., 2000). Similar to β-catenin, plakoglobin can activate the Wnt
signaling pathway, transduce signals to the nucleus, and activate lymphoid enhancer binding
factor/T cell factor-dependent transcription (Simcha et al., 1998; Miravet et al., 2002; Maeda
et al., 2004; Shimizu et al., 2008). It is noteworthy that plakoglobin, as well as E-cadherin,
increased after Wnt-1 expression in PC-12 cells, and this strengthened cell-cell contacts
(Bradley et al., 1993). Plakoglobin also forms a complex with adenomatous polyposis coli
(APC) and glycogen synthase kinase 3β (Rubinfeld et al., 1993, 1995, 1996; Hülsken et al.,
1994), which are other members of the Wnt signaling cascade.

Three plakophilins (plakophilins 1–3) have been identified, and all three have been shown to
localize to desmosomes (Fig. 2) as well as to the nucleus of different cell types (Hatzfeld,
2007). Of these, plakophilin 2 displays the broadest expression pattern (Hatzfeld, 2007), and
plakophilins in general have been reported to interact with many proteins including
desmogleins, desmocollins, desmoplakins, plakoglobin, β-catenin, keratin, tubulin, and actin
(Hatzfeld et al., 2000;Hatzfeld, 2007). Plakophilins function as scaffolding proteins by
recruiting and stabilizing proteins at the desmosome (Hatzfeld et al., 2000;South et al.,
2003), thereby regulating the number of desmosomes present, as well as their size. For
example, lack of plakophilin 1 reduced desmosome stability and increased the migratory
activity of keratinocytes (South et al., 2003). In intercalated discs of cardiomyocytes,
plakophilin 2 and desmoplakin (a plakin; see 3. Plakins, below) colocalization was evident
in both desmosomes and adherens junctions (Franke et al., 2006). In this same in vivo
system, plakophilin 2 interacted specifically with αT-catenin (Goossens et al., 2007a),
seemingly suggesting that desmosomes and adherens junctions are mixed in cardiac
intercalated discs. Surprisingly, plakoglobin, which supposedly functions in the segregation
of desmosomes and adherens junctions, was present in the heart (Cowin et al., 1986) and
shown to be essential for its function (Ruiz et al., 1996).

p0071, the final member of the armadillo superfamily, is referred to occasionally as
plakophilin 4 because of its striking resemblance to the three bona fide plakophilins. Similar
to plakoglobin and plakophilin 2, p0071 interacts with both classic and desmosomal
cadherins (Hatzfeld and Nachtsheim, 1996; Hatzfeld et al., 2003), revealing that it has dual
functions—one at the adherens junction, and the other at the desmosome—depending on the
cell type studied. In addition, Hatzfeld et al. (2003) reported that the C-terminal head
domain of p0071 localized to the nucleus when it was ectopically expressed in MCF-7 cells.
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In this context, it is of interest to note that p0071 is essential for cell division (Wolf et al.,
2006; Keil et al., 2007) because both knockdown and overexpression of p0071 adversely
affected cytokinesis, resulting in the formation of multinucleated cells and the induction of
apoptosis (Wolf et al., 2006). In terms of protein-protein interactions, p0071 has been shown
to associate with desmocollin 3a (Hatzfeld et al., 2003), desmoplakin (Calkins et al., 2003),
plakoglobin (Hatzfeld et al., 2003), and cadherin (Calkins et al., 2003; Hatzfeld et al., 2003).
p0071 also interacts with erbin (Izawa et al., 2002; Jaulin-Bastard et al., 2002) and
plakophilin-related armadillo repeat protein-interacting PDZ protein [papin (Deguchi et al.,
2000; Ohno et al., 2002)], two PDZ-domain containing proteins that play roles in cell
junction dynamics.

3. Plakins—Two isoforms of desmoplakin exist, desmoplakin I and desmoplakin II, and
both are abundant in all types of epithelia (Ruhrberg and Watt, 1997; Jefferson et al., 2004;
Sonnenberg and Liem, 2007). Desmoplakin’s function is to link intermediate filaments to
the plasma membrane (Bornslaeger et al., 1996) (Fig. 2), but it also has additional roles in
desmosome assembly and the maintenance of desmosome stability (Gallicano et al., 1998).
Similar to plakoglobin, desmoplakin seems to function in the segregation of desmosome and
adherens junction proteins (Bornslaeger et al., 1996). This is because expression of
dominant-negative desmoplakin resulted in the formation of adhesive contacts that
contained components of both cell junction types (Bornslaeger et al., 1996). Desmoplakin
has also been implicated in the dynamics of the microtubule cytoskeleton during epidermal
differentiation (Lechler and Fuchs, 2007), suggesting that it may have yet another function
that is not directly related to cell adhesion.

Plectin, another member of the plakin family, has a critical function in mediating
cytoskeletal interactions and is known to associate with actin, microtubules, and
intermediate filaments (Foisner et al., 1988; Seifert et al., 1992; Nikolic et al., 1996;
Svitkina et al., 1996). It is present in both desmosomes and hemidesmosomes (Wiche et al.,
1983; Hieda et al., 1992; Okumura et al., 1999), and its presence in Sertoli cells has been
previously reported (Guttman et al., 1999). In particular, plectin acts as a linker to stabilize
cells and tissues as was exemplified in plectin-deficient mice when the connection between
intermediate filaments and hemidesmosomal proteins was severed (Andrä et al., 1998).
Plectin also serves as a scaffolding platform for signaling molecules. For instance, plectin
was shown to bind and sequester receptor for activated C kinase, a protein kinase C binding
partner (Ron et al., 1994), to the cytoskeleton, thereby affecting the protein kinase C
signaling pathway (Osmanagic-Myers and Wiche, 2004). Plectin also interacts with other
proteins such as desmoplakin (Eger et al., 1997), fodrin (Herrmann and Wiche, 1987; Eger
et al., 1997), β4 integrin (Rezniczek et al., 1998), spectrin (Herrmann and Wiche, 1987), Fer
kinase (Lunter and Wiche, 2002), AMP-activated protein kinase (Gregor et al., 2006), lamin
B (Foisner et al., 1991), nesprin-3 [an outer nuclear envelope protein (Wilhelmsen et al.,
2005; Ketema et al., 2007)], and seven in absentia homolog [Siah, an ubiquitin E3 ligase
(House et al., 2003)]. The interaction between plectin and Siah may suggest that plectin
facilitates the degradation of cytoplasmic proteins such as β-catenin (Liu et al., 2001;
Matsuzawa and Reed, 2001; Park et al., 2006b).

In this section, we have summarized recent findings in the field regarding the physiological
significance of desmosomes, as well as several desmosome proteins in epithelia. The goal in
the near future is not to simply repeat these findings in the testis. Instead, functional studies
should be performed to determine the role of desmosome-like junctions in the seminiferous
epithelium during spermatogenesis and whether there exists a testis-specific desmosomal
protein that may become a “druggable” target for male contraception. For instance, would
ablation of a desmosomal protein impair the function of Sertoli cell tight junctions because
these junctions are known to coexist with desmosome-like junctions at the blood-testis
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barrier (Fig. 3)? Would the same be true for ectoplasmic specializations, which also
associate intimately with desmosome-like junctions at the blood-testis barrier (Fig. 3)?
Morphological studies in the testis have illustrated that the desmosome is the major type of
anchoring junction in that it confers Sertoli-Sertoli and Sertoli-germ cell adhesion before the
formation of the apical ectoplasmic specialization, which occurs in step 8 elongating
spermatids. Thus, future studies are likely to provide new and interesting findings on
desmosome dynamics in the testis.

C. Cell-Matrix Intermediate Filament-Based Hemidesmosomes
Hemidesmosomes are cell junctions that morphologically resemble desmosomes, but they
are biochemically and functionally distinct. Their function is to connect intermediate
filaments of cells to the underlying basement membrane (Borradori and Sonnenberg, 1999;
Litjens et al., 2006). Thus far, hemidesmosome function has been shown to be conferred by
at least five distinct proteins: α6β4 integrin, bullous pemphigoid antigen 180 (BP180),
BP230, tetraspanin CD151, and plectin (Jones et al., 1998; Borradori and Sonnenberg,
1999). Of these, α6β4 integrin seems to be the most important in that it has both structural
and signaling roles (Giancotti, 1996; Borradori and Sonnenberg, 1999), and its interaction
with plectin was required for hemidesmosome integrity (Geerts et al., 1999; Koster et al.,
2001). Moreover, this is the only integrin family member known to attach to intermediate
filaments; other integrins have been shown to connect to actin and function in cell migration
at focal contacts, a type of cell-matrix actin-based anchoring junction (Mercurio et al., 2001;
Delon and Brown, 2007).

In the testis, the existence of hemidesmosomes on the basal surface of Sertoli cells was first
reported by Connell (1977). Unlike those present in other organs, such as the skin,
hemidesmosomes do not seem to be well developed structurally, but they are still readily
distinguishable as such by electron microscopy (Mruk and Cheng, 2004b). Nevertheless, it is
interesting to note that there are no reported cases of hemidesmosome disassembly in the
testis, suggestive of stable and robust adhesion. Moreover, α6β1 integrin does not seem to
localize to the intermediate filament-based hemidesmosome in the testis but apparently to
the actin-based basal ectoplasmic specialization (Chapin et al., 2001; Mulholland et al.,
2001). In addition, except for a single report published nearly 2 decades ago that described
the presence of an uncharacterized 120-kDa protein in the testis referred to as 1–2B7B
(Zhang et al., 1991), there has been no advancement in the biology of the hemidesmosome
in this organ. However, it is especially important that future studies address the possibility of
cross-talk between hemidesmosomes and the blood-testis barrier, given their physical
proximity. For instance, identification of a testis-specific hemidesmosomal protein would be
a welcomed break-through in the field and would probably provide additional insight on the
regulation of the blood-testis barrier. Finally, hemidesmosomes have also been demonstrated
to exist between type A spermatogonia and the basement membrane (Russell, 1993b).

D. Cell-Matrix Actin-Based Focal Contacts
Focal contacts are cell adhesions that attach cells to their substrate. This connection is
facilitated by integrins, different adaptor proteins, the actin cytoskeleton within cells, and
collagens and laminins in the extracellular matrix (Burridge and Fath, 1989; Lo, 2006).
Generally speaking, numerous studies have linked focal contact function to cell spreading
and migration. Although the existence of focal contacts in the testis has never been
described, several studies from different laboratories have reported the presence of putative
focal contact proteins in this organ, including α6β1 integrin (Salanova et al., 1995, 1998;
Mulholland et al., 2001), integrin-linked kinase [ILK (Mulholland et al., 2001)], focal
adhesion kinase [FAK (Siu et al., 2003)], c-Src (Lee and Cheng, 2005; Wong et al., 2005;
Zhang et al., 2005), vinculin (Grove et al., 1990; Pfeiffer and Vogl, 1991), profilin III
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(Braun et al., 2002), talin (Santoro et al., 2000), paxillin (Wine and Chapin, 1999), zyxin
(Lee et al., 2004), fimbrin (Grove and Vogl, 1989), and laminin (Koch et al., 1999; Siu and
Cheng, 2004a; Yan and Cheng, 2006). It is noteworthy that many of these focal contact
proteins were shown to localize to the ectoplasmic specialization rather than at the Sertoli
cell-basement membrane interface, as expected. The ectoplasmic specialization is a
specialized type of anchoring junction that is found in the testis at two distinct sites: 1) either
basally between Sertoli cells at the blood-testis barrier or 2) apically between Sertoli cells
and elongating/elongated spermatids [see III., C. The Ectoplasmic Specialization, a Testis-
Specific Anchoring Junction, below (Russell, 1993b; Vogl et al., 1993)]. The fact that focal
contact proteins function in ectoplasmic specialization dynamics is interesting, revealing that
the ectoplasmic specialization has a hybrid-like character, which is needed for the regulation
of germ cell movement during spermatogenesis. In other words, the ectoplasmic
specialization is a mixed type of junction representing a unique category of its own because
it adopts features from one of the most effective cell adhesive structures known to facilitate
cell movement: the focal contact. On a final note, focal contact proteins (e.g., FAK and
paxillin) have also been shown to regulate cadherin-based cell adhesion in HeLa cells (Yano
et al., 2004).

III. Review of Anchoring Junctions in the Testis and Their Regulation
A. Cellular Organization of the Seminiferous Epithelium in the Testis

The organization of cells in the seminiferous epithelium of the adult mammalian testis is
extremely complex (Fig. 4). All cells (Sertoli and germ cells) in the epithelium sit on top of
the tunica propria, which is composed of the following two zones: 1) an acellular zone
(basement membrane and a layer of type I collagen) and 2) a cellular zone [peritubular
myoid cells and the lymphatic endothelium (Dym, 1994;Mruk and Cheng, 2004b)].
However, direct contact with the basement membrane is made only with Sertoli cells and
different types of spermatogonia (Fig. 4). In rodents, spermatogonia can be distinguished
microscopically by determining whether heterochromatin is present in the nucleus and by
examining its distribution. The different types of spermatogonia are 1) undifferentiated type
A spermatogonia [Asingle (also known as spermatogonial stem cells), Apaired, and Aaligned],
2) differentiated type A spermatogonia (A1, A2, A3 and A4), 3) intermediate spermatogonia,
and 4) type B spermatogonia, which subsequently give rise to preleptotene spermatocytes
(de Rooij and Russell, 2000;Hess, 1990). Besides spermatogonia, preleptotene
spermatocytes are the only other class of germ cells that reside in the basal compartment
outside the blood-testis barrier. Preleptotene spermatocytes differentiate into leptotene and
then zygotene spermatocytes, and these are the germ cells that traverse the blood-testis
barrier at stages VIII to XI of the seminiferous epithelial cycle during spermatogenesis in
adult rat testes (Russell, 1977b,1980). Behind the blood-testis barrier, primary and
secondary spermatocytes constitute the next layers of developing germ cells, followed by
spermatids and spermatozoa. In brief, spermatocytes give rise to spermatids via two meiotic
divisions at stage XIV of the epithelial cycle in adult rats, and round spermatids undergo
spermiogenesis and differentiate from step 1 to 19 elongating/elongated spermatids.
Spermatozoa are the germ cells that are released into the tubule lumen at spermiation, and
they collect in the rete testis in preparation for transit to the epididymis for further
maturation. In light of the intimate association between cells in the seminiferous epithelium
and those in the tunica propria, cross-talk between these two compartments is likely to exist.
For instance, peritubular myoid cells are likely to regulate the adhesion of Sertoli cells and
spermatogonia to the basement membrane, but studies addressing this area of research have
yet to be performed.

Early morphological investigations using cross-sections of seminiferous tubules from adult
rats and mice stained with periodic acid-Schiff reaction have shown that germ cells in a
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particular phase of development associate with one another and with Sertoli cells in a unique
pattern (LeBlond and Clermont, 1952; de Kretser and Kerr, 1988). These cell associations,
known as stages of the seminiferous epithelial cycle (Fig. 5), are defined most accurately by
the morphology of developing spermatid heads and acrosomes, as well as by the relative
position of spermatids and primary spermatocytes within the seminiferous epithelium during
spermiogenesis (LeBlond and Clermont, 1952; Parvinen, 1982; Hess et al., 1990). Fourteen
stages have been assigned in the rat testis with one complete cycle lasting approximately
12.9 days (Fig. 5), whereas there are only 6 and 12 stages in the human and mouse,
respectively. However, germ cells are not the only cells known to contribute to the
seminiferous epithelial cycle and spermatogenesis. Studies have illustrated that Sertoli cells,
the somatic constituents of the seminiferous epithelium, also contribute to the epithelial
cycle. For instance, Sertoli cells have been shown to assume various shapes throughout
different stages of the epithelial cycle (Russell, 1993c; Vogl et al., 1993; Hess and Franca,
2005). In fact, it has been reported that as much as ~40% of the Sertoli cell surface is in
contact with elongated spermatids alone (Russell et al., 1986; de França et al., 1993),
illustrating that the interaction between the Sertoli cell and this germ cell type is enormous.
Indeed, a single Sertoli cell is known to support ~30–40 germ cells at different stages of
development (Weber et al., 1983; Wong and Russell, 1983).

Spermatogenesis is the process by which germ cells develop into mature spermatids under
the influence of FSH, testosterone, LH, and estrogen (Steinberger, 1971; de Kretser and
Kerr, 1988; Hess et al., 2001; Hess, 2003; Carreau et al., 2008). Throughout
spermatogenesis, germ cells traverse the seminiferous epithelium, and this process
associates with extensive restructuring of Sertoli-Sertoli and Sertoli-germ cell junctions. In
the testis, three types of cell junctions have been identified (Russell, 1993b; Vogl et al.,
1993; Cheng and Mruk, 2002; Mruk and Cheng, 2004b), and they are similar functionally to
those found in other epithelia (Shin et al., 2006; Holthöfer et al., 2007; Meçse et al., 2007;
Pokutta and Weis, 2007). These are tight, anchoring, and gap junctions. Two additional
types of testis-specific junctions are also present: ectoplasmic specializations and
tubulobulbar complexes. Both are believed to have specialized functions related to
spermatogenesis.

B. Concept of the Blood-Testis Barrier
The blood-testis barrier, a blood-tissue barrier present between adjacent Sertoli cells in the
testis (Fig. 3), is one of the tightest blood-tissue barriers known to exist because it was
shown to restrict the diffusion of small molecules (e.g., dyes) from blood vessels present in
the interstitium into the seminiferous epithelium (Goldman, 1909;Fawcett et al.,
1970;Fawcett, 1975). Its functions are to 1) create a specialized environment for postmeiotic
germ cell development, 2) regulate the passage of molecules into and out of the seminiferous
epithelium, 3) serve as an immunological barrier, and 4) confer cell polarity (Dym and
Fawcett, 1970;Setchell and Waites, 1975). Herein, we discuss briefly the biology of the
blood-testis barrier as it relates to spermatogenesis and fertility. This information, if
adequately expanded in future studies, should shed insight on how compounds such as
adjudin and CDB-4022 traverse the blood-testis barrier to affect spermatogenesis because
this tissue barrier poses an obstacle in the delivery of contraceptives that target cells in the
seminiferous epithelium.

The blood-testis barrier is different from blood-tissue barriers present in other organs such as
the brain. First, the blood-testis barrier physically separates the seminiferous epithelium into
two compartments: 1) the basal compartment in which spermatogonia and early primary
spermatocytes reside and 2) the adluminal compartment in which late primary and
secondary spermatocytes and spermatids are sequestered from the systemic circulation and
allowed to complete meiosis and differentiation (Dym and Fawcett, 1970; Setchell, 1980;
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Pelletier and Byers, 1992) (Fig. 4). This is a unique characteristic of the blood-testis barrier
because in no other organ does a blood-tissue barrier create two functionally distinct yet
interdependent compartments within an epithelium. Second, the blood-testis barrier must
open (or restructure) transiently to allow leptotene spermatocytes to enter the adluminal
compartment without significantly affecting the homeostasis of the epithelium. The opening/
restructuring of the blood-testis barrier has been shown to roughly span stages VIII to XI of
the epithelial cycle, revealing that it would be opened for approximately one tenth of the
12.9-day epithelial cycle in the rat (Fig. 5). Third, blood-tissue barriers are known to be
constituted largely by tight junctions, but in some organs, such as the intestine, adherens
junctions are known to be spatially intermixed and to cofunction with tight junctions. In the
testis, the tight junction is a primary component of the blood-testis barrier, but the classic
adherens junction seems to be replaced by the ectoplasmic specialization (Russell and
Peterson, 1985). Desmosome junctions, as well as gap junctions and tubulobulbar
complexes (the tubulobulbar complex is a testis-specific type of cell junction known to
internalize intact cell junctions after restructuring of the blood-testis barrier, as well as
during sperm release), also contribute to blood-testis barrier function (Fig. 3), making this
barrier unique from other blood-tissue barriers. Finally, the relative location of the tight
junction in Sertoli cells of the testis is different; it is situated approximately one-two germ
cells away from the basal lamina, whereas in other epithelial cells it occupies the apical
portion of cells.

The regulation of tight junctions in the testis is understood poorly compared with other
epithelia. Although this seems to be due to the lack of suitable models that can be used to
study tight junction assembly and disassembly, in reality several excellent experimental
models are available. In essence, these include 1) culturing Sertoli cells at high density in the
presence of calcium to initiate junction assembly, 2) calcium and ATP depletion and
repletion experiments, 3) culturing cells in the presence of various factors such as growth
factors and cytokines, and 4) detachment of cells from their substrate/extracellular matrix
(Denker and Nigam, 1998; Grima et al., 1998; Ben-Shaul and Ophir, 2001; Siu and Cheng,
2004b; Xia et al., 2005a). However, only a few of these in vitro systems have been used
successfully to study tight junction dynamics in the testis (Byers et al., 1986; Janecki et al.,
1991; Grima et al., 1992). For instance, cultures of Sertoli cells have proved to be a useful
system to study tight junction dynamics in the testis because a very good picture has evolved
regarding the biochemical architecture of this cellular structure. We know that the proteins
that constitute the tight junction in the testis are not different from those found in other
organs such as the brain, kidney, or small intestine. However, this in vitro system is not
ideal. For example, tight junctions between Sertoli cells (isolated from 20-day-old rat testes)
were considerably less tight than those between keratinocytes and MDCK cells when
assessed by TER [<100 Ω · cm2 versus >1000 Ω · cm2, respectively] (Gumbiner and
Simons, 1986; Janecki et al., 1991; Grima et al., 1992). Although Sertoli cell tight junctions
seem to be “leaky” in vitro, this is not an accurate representation of the situation in vivo,
because when dye was injected into the vasculature, most tissues were labeled except the
brain, testis, and placenta (Goldman, 1909). At this point, it is not entirely clear whether
some crucial factor(s) are missing from Sertoli cell cultures in vitro. For example, germ
cells, especially preleptotene and leptotene spermatocytes, which associate intimately with
the blood-testis barrier, are absent from this in vitro system. Yet, we speculate that they play
an important role in the restructuring of the blood-testis barrier at stages VIII to XI of the
epithelial cycle. Moreover, peritubular myoid cells, which are known to contribute to the
making of the extracellular matrix (Fig. 3), have been reported to serve as a selective barrier
in the rat in vivo similar to the one present between adjacent Sertoli cells (Setchell, 1978;
Plöen and Setchell, 1992). Because peritubular myoid cells encircle seminiferous tubules,
this barrier would provide the first line of protection by prohibiting the entry of harmful
substances into the seminiferous epithelium. Yet peritubular myoid cells do not seem to
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possess tight junctions because these cells were not immunoreactive for tight junction
proteins such as occludin and ZO-1 (Mruk and Cheng, 2004b). It is also not known why this
barrier-like property of peritubular myoid cells is restricted to rodents only. Nevertheless, it
should be noted that no in vitro or in vivo studies in the literature address the role of germ or
peritubular myoid cells in the assembly and/or disassembly of Sertoli cell tight junctions.
Thus, although Sertoli cell cultures have proved to be important for assessing many
physiological and toxicological parameters, results obtained from the use of this in vitro
model should be interpreted with some degree of caution.

In this section, we have described several in vitro models that can be used to successfully
study blood-testis barrier dynamics. Through the use of these models in the past, much
information has been acquired relating to the regulation of Sertoli cell junctions, because the
blood-testis barrier is constituted exclusively by Sertoli cells (Fig. 3). After decades of
morphological and biochemical studies, we know that Sertoli cells isolated from rat testes
become polarized and establish functional junctions when they are plated on a reconstituted
basement membrane such as Matrigel at high cell density (~0.5–1.0 × 106 cells/cm2) in a
two-dimensional environment (Chung et al., 1999;Grima and Cheng, 2000;Wong et al.,
2000;Chung and Cheng, 2001;Lee et al., 2003). We also know that Sertoli cells cultured
under these conditions are functionally similar to those found in the testis in vivo, because
they secrete transferrin, androgen binding protein (ABP), testin, and α2-macroglobulin in a
polarized fashion (Grima et al., 1992). Furthermore, the ultrastructural features of basal
ectoplasmic specializations and tight junctions found in these two-dimensional cultures are
indistinguishable from those observed in vivo by electron microscopy (Siu et al., 2005). The
three-dimensional culture system has recently sparked added interest among investigators. In
this model, cells are grown embedded within a three-dimensional extracellular matrix
(ECM), and they form tubule-like structures characterized by a lumen (Fischbach et al.,
2007;Pampaloni et al., 2007;Yamada and Cukierman, 2007). The primary advantage of
using the three-dimensional culture model over the two-dimensional system lies in the fact
that cell junctions seem to be more extensively developed in the former in vitro system, and
this is especially important in processes such as wound healing, tumor migration, and
metastasis, which depend largely on the directed movement of cells. While studies from our
laboratory and others have not yet reported findings using Sertoli cells cultured in a three-
dimensional environment, preliminary findings have shown that Sertoli cells formed tubule-
like structures when cultured under these conditions (D.R.M. and C.Y.C., unpublished
observations).

C. The Ectoplasmic Specialization, a Testis-Specific Anchoring Junction
In the past several decades, the Sertoli cell has received considerable attention, largely
because a unique arrangement of actin filaments was found to exist in two distinct areas of
this cell known as the apical and basal ectoplasmic specialization, a testis-specific type of
anchoring junction (Russell, 1977c; Vogl et al., 1993, 2000) (Fig. 6). At the ectoplasmic
specialization, actin filaments are not arranged as they would be in a typical epithelial cell
but in hexagonal bundles with unipolar orientation (Russell, 1977c, 1993b; Grove and Vogl,
1989; Mruk and Cheng, 2004a). Another notable feature of actin filaments at the
ectoplasmic specialization is that they are noncontractile in nature (Vogl and Soucy, 1985),
suggesting that this structure is not likely to facilitate the movement of germ cells. Despite
this observation, actin filaments at the ectoplasmic specialization are in a continuous state of
disassembly and reassembly (e.g., depolymerization and polymerization), especially during
the different stages of the epithelial cycle (Russell, 1993a,c). It should also be noted that
actin filaments are scattered diffusely throughout the Sertoli cell, but at the ectoplasmic
specialization, they are most well organized and their density is the greatest (Russell, 1977c,
1993b; Vogl et al., 1993) (Fig. 6).
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The primary function of the apical ectoplasmic specialization is to prevent premature release
of spermatids into the tubule lumen because no other type of junction is present between
Sertoli cells and elongating/elongated spermatids from steps 8 to 19 (Russell, 1993b) (Fig.
6). In an interesting study, which quantified the physical adhesive strength of the apical
ectoplasmic specialization present between Sertoli cells and step 8 spermatids, it was found
that a greater force was required to disrupt the apical ectoplasmic specialization versus the
desmosome-like junction present between Sertoli cells and pre–step-8 spermatids (Wolski et
al., 2005). Although these results reveal that the apical ectoplasmic specialization confers
stable and robust cell adhesion, this structure was the primary target of adjudin because its
function was compromised before that of the desmosome-like junction. These findings
illustrate that the testis-specific ectoplasmic specialization is an ideal target for male
contraceptive development. On the other hand, the primary function of the basal ectoplasmic
specialization, which is present between adjacent Sertoli cells, is to contribute to the
integrity of the blood-testis barrier (Setchell, 1980, 1998; Russell, 1993b) (Fig. 3).

So far, a growing list of proteins has been shown to underlie ectoplasmic specialization
function including α6β1 integrin (Palombi et al., 1992; Salanova et al., 1995; Mulholland et
al., 2001), laminin (Yan and Cheng, 2006), actin (Vogl et al., 1993), α-actinin (Russell and
Goh, 1988), myosin VIIA (Hasson et al., 1997), fimbrin (Grove and Vogl, 1989), espin
(Bartles et al., 1996), vinculin (Grove et al., 1990; Pfeiffer and Vogl, 1991), phosphorylated
c-Src (Wong et al., 2005), paxillin (Mulholland et al., 2001), gelsolin (Guttman et al., 2002),
cadherin (Lee et al., 2004), ILK (Mulholland et al., 2001), phosphorylated FAK (Siu et al.,
2003), testin (Grima et al., 1998), and Keap1 (Itoh et al., 1999; Velichkova et al., 2002) (Fig.
1). As previously discussed, many of these proteins, such as vinculin, paxillin and ILK, are
constituents of the focal contact (Brown and Turner, 2004; Legate et al., 2006; Lo, 2006;
Ziegler et al., 2006). This property makes the ectoplasmic specialization unique and an
excellent target for male contraceptive research, especially because focal contacts have
never been identified in the testis. It should also be noted that many of these proteins
localize to both the basal and apical ectoplasmic specialization but some are restricted to (or
predominantly located at) either the apical (e.g., β1 integrin, nectin-3, phosphorylated Src-
Tyr416, and phosphorylated FAK-Tyr397) or basal ectoplasmic specialization [e.g., N-
cadherin, β-catenin, c-Src, and FAK] (Ozaki-Kuroda et al., 2002; Siu et al., 2003; Mruk and
Cheng, 2004b; Lee and Cheng, 2005; Wong et al., 2005).

1. Integrin-Laminin Multiprotein Complex—In addition to the cadherin-catenin and
nectin-afadin multiprotein complexes previously discussed, the integrin-laminin complex
also mediates cell adhesion in the seminiferous epithelium. For example, the α6β1 integrin-
laminin-333 (also known as laminin α3β3γ3) complex is generally found between cells and
the extracellular matrix, but in the testis it is present between Sertoli and elongating/
elongated spermatids at the apical ectoplasmic specialization (Salanova et al., 1995, 1998;
Siu and Cheng, 2004b; Yan and Cheng, 2006; Yan et al., 2007) (Fig. 1). This is the only
multiprotein complex that is unique to the apical ectoplasmic specialization because
cadherin-catenin and nectin-afadin multiprotein complexes are also found at the basal
ectoplasmic specialization. For this reason, it is very important that the biology and
regulation of the integrin-laminin complex be better understood in light of the fact that it
seems to be an excellent “druggable” target for male contraceptive development. In
particular, α6β1 integrin was restricted to Sertoli cells, whereas laminin-333 was present on
the surface of elongating/elongated spermatids (Yan and Cheng, 2006). Associated with this
adhesion complex in the testis is a list of adaptor and signaling proteins. They include
vinculin (Grove et al., 1990; Pfeiffer and Vogl, 1991), espin (Bartles et al., 1996), c-Src (Siu
et al., 2003; Yan and Cheng, 2006), FAK, phosphorylated FAK-Tyr397 (Siu et al., 2003),
paxillin, and ILK (Mulholland et al., 2001) (Fig. 1). However, the identity of the integral
membrane protein that physically anchors the laminin complex to elongating/elongated
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spermatids to mediate cell adhesion is not yet known because laminin does not have a
transmembrane domain. Moreover, except for c-Src, which was shown to
coimmunoprecipitate with laminin-333 (Yan and Cheng, 2006), the identities of the
cytoplasmic proteins that interact with laminin in elongating/elongated spermatids are not
known. It is noteworthy that a recent study showed that β3 integrin, which participates in the
formation of anchoring junctions, physically interacts with nectin-3 in NIH3T3 cells
(Sakamoto et al., 2006). Given that nectin-3 is present at the apical ectoplasmic
specialization and β3 integrin is expressed highly in the testis (Le Gat et al., 2003), the
integrin-laminin multiprotein complex may facilitate Sertoli-spermatid adhesion by
interacting with nectin-3. Thus far, there exists only a single report on the localization of β3
integrin in the testis, which seemed to be restricted to Leydig cells (Merono et al., 2002), but
this is an interesting possibility that should be examined further through well designed
functional studies.

Alternatively, adhesion conferred by the α6β1 integrin-laminin-333 complex may not be
mediated via a conventional mechanism of protein-protein interactions. It should be noted
that elongating/elongated spermatids are differentiated cells possessing densely packed
nuclear chromatin with virtually no transcriptional activity (de Kretser and Kerr, 1988).
Because of this, the level of laminin expression by elongating/elongated spermatids may not
be stoichiometrically equivalent to the level of α6β1 integrin expression by Sertoli cells,
even though these two proteins probably interact with each other as ligand and receptor. If
the expression levels of these two proteins are highly divergent, then they may not
contribute equally to integrin-laminin-mediated cell adhesion, which is essential for
spermatogenesis and fertility. We speculate cautiously that laminin-333 may be acting as a
“glue” to link integrin to the germ cell surface indirectly, in turn facilitating adhesion
between elongating/elongated spermatids and Sertoli cells. Moreover, the ability of
laminin-333 to mediate cell adhesion in a functional in vitro assay has never been
demonstrated even though the integrin-laminin complex is known to confer adhesion
between cells and the basement membrane in other epithelia. It is also possible that α6β1
integrin-laminin-333 association is needed for the recruitment of focal contact proteins such
as phosphorylated FAK-Tyr397, Src, and ILK to the apical ectoplasmic specialization (Yan
and Cheng, 2006) and, in this way, the integrin-laminin complex would participate in cell
adhesion indirectly. Thus, this would make the ectoplasmic specialization a unique type of
anchoring junction, one that has adopted features of the focal contact, which is known to
facilitate migration of cells on the extracellular matrix.

D. Regulation of Anchoring Junctions in the Testis
1. Phosphatases and Kinases—In mammalian cells such as Sertoli and germ cells,
~30% of proteins are phosphoproteins (Denu and Dixon, 1998). Kinases and phosphatases,
which either phosphorylate (activate) or dephosphorylate (deactivate) proteins, respectively,
regulate the overall phosphoprotein content within cells. This is critical to virtually all
cellular processes including differentiation, growth, development, apoptosis, tumorigenesis,
germ cell meiosis, and anchoring junction dynamics (Cheng and Mruk, 2002; Mruk and
Cheng, 2004b; Wolgemuth et al., 2004; Janssens et al., 2005; Stoker, 2005; Wong and
Cheng, 2005; Burridge et al., 2006; Wu, 2007).

A phosphatase is an enzyme that removes a phosphate group (PO4) from Tyr, Ser, Thr, and/
or His residues of a target protein by hydrolyzing phosphoric acid monoesters into a
phosphate ion to yield an amino acid residue with a free hydroxyl group. This action is the
opposite of a kinase, which attaches a phosphate group to either Tyr, Ser, Thr, and/or His
residues of a target protein by using ATP. Protein phosphatases are classified into different
types based on their substrate specificity: 1) Tyr-, 2) Ser/Thr-, 3) His-, and 4) dual-
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specificity (e.g., Tyr and Ser/Thr) phosphatases (Barford, 1996; Zhang, 2002). Ser/Thr-
specific phosphatases are further subdivided into 1) PP1; 2) PP2A, 2B, 2C; 3) PP4; and 4)
PP5. Likewise, protein kinases are defined as 1) Tyr-, 2) Ser/Thr-, 3) His-, 4) Asp/Glu-, and
5) mixed-specificity kinases, and these classifications describe the protein’s site of
phosphorylation. The best-studied kinases are protein tyrosine kinases, of which there are
two types: 1) receptor [e.g., Janus kinase (JAK)] and 2) nonreceptor [e.g., c-Src, FAK, and
extracellular signal-regulated kinase (ERK)].

The significance of phosphatases and kinases in anchoring junction dynamics in the testis
has only recently begun to be explored, and most of these studies have used specific
inhibitors against different phosphatases and kinases to understand ectoplasmic
specialization dynamics. For instance, Y-27632, a specific Rho kinase (ROCK, an effector
of Rho GTPase) inhibitor, was shown to delay and partially block adjudin-mediated germ
cell loss from the seminiferous epithelium (Lui et al., 2003), suggesting that the actin
cytoskeleton is one of the targets of adjudin in the testis. Additional studies have shown that
adhesion of germ cells in the seminiferous epithelium is also regulated by the ERK signaling
cascade (Xia and Cheng, 2005; Xia et al., 2006a). ERK, a nonreceptor protein tyrosine
kinase of the mitogen-activated protein (MAP) kinase family, was shown to associate
largely with Sertoli cells and spermatocytes in the basal compartment (Mizrak et al., 2007).
Weak ERK immunoreactivity was also detected at the apical ectoplasmic specialization
between Sertoli cells and early elongating spermatids, but phosphorylated ERK-Thr202/
Tyr204 localization was found predominantly between Sertoli cells and spermatids at stage 8
and beyond in the rat (Wong et al., 2005; Xia and Cheng, 2005). As such, phosphorylated
ERK has been hypothesized to mediate restructuring of the apical ectoplasmic
specialization, and to regulate spermatid movement and release. Note that the localization
patterns of ERK and phosphorylated ERK-Thr202/Tyr204 (Xia and Cheng, 2005; Mizrak et
al., 2007) are remarkably similar to the localization patterns of FAK and phosphorylated
FAK-Tyr397, because the immunoreactivity of FAK was also restricted largely to the blood-
testis barrier but that of phosphorylated FAK-Tyr397 was restricted to the apical ectoplasmic
specialization (Siu et al., 2003). These results seemingly suggest that two forms of a specific
protein kinase (i.e., phosphorylated and unphosphorylated) are needed to regulate closely
related cellular functions in Sertoli cells, such as junction restructuring that occurs at the
apical ectoplasmic specialization and blood-testis barrier, which are present at opposite ends
of the Sertoli cell.

In another series of complementary studies, an increase in Tyr phosphorylation of β-catenin
was detected after suppression of the intratesticular androgen level, which resulted in the
disassembly of anchoring junctions present between Sertoli cells and spermatids at step 8
and beyond. This was probably mediated by interactions between myotubularin-related
protein 2 (a phosphatidylinositol 3-phosphatase) and c-Src (Xia et al., 2005b; Zhang et al.,
2005). These findings are consistent with the general concept that phosphorylation of
transmembrane proteins (e.g., cadherins, nectins, and integrins), as well as their associated
adaptor proteins (e.g., catenins and afadin), leads to loss of cell adhesion (Gumbiner, 2000;
Kikyo et al., 2000; Mruk and Cheng, 2004b). This is because phosphorylated proteins move
away from anchoring junctions and relocate to the basolateral region of epithelial cells (Yap
et al., 1997; Denker and Nigam, 1998; Cheng and Mruk, 2002; Mruk and Cheng, 2004b). A
recent study reported that T-cadherin [an unusual member of the cadherin superfamily that is
anchored to the plasma membrane via a glycosyl phosphatidylinositol moiety (Vestal and
Ranscht, 1992)] is phosphorylated and that this phosphorylated form is subjected to
proteasomal degradation (Bai et al., 2007).

Src, a protein tyrosine kinase of the transforming gene of the Rous sarcoma virus, is
composed of the following family members: 1) c-Src, 2) Fyn, 3) c-Yes, 4) Fgr, 5) Lyn, 6)
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Hck, 7) Lck, 8) Blk, and 9) Yrk. The Src protein family is important largely in growth factor
signaling (Abram and Courtneidge, 2000), but selected members are also known to regulate
other aspects of cell function such as anchoring junction dynamics during spermatogenesis
(Bjorge et al., 2000; Courtneidge, 2002; Lee and Cheng, 2004; Abram and Lowell, 2007;
Kanda et al., 2007; Rivera and Olivera, 2007; Schenone et al., 2007). Studies have shown
that c-Src is expressed by both Sertoli and germ cells (Lee and Cheng, 2005) and that it
associates with the apical ectoplasmic specialization via 1) the integrin multiprotein complex
(Siu et al., 2005; Wong et al., 2005), 2) myotubularin-related protein 2 (Zhang et al., 2005),
and 3) laminin-333 (Yan and Cheng, 2006) (Fig. 1). c-Src also interacts with actin and
tubulin (Siu et al., 2005) and was recently reported to regulate actin-and tubulin-based
cytoskeleton dynamics (Head et al., 2006; Perez-Moreno and Fuchs, 2006; Tehrani et al.,
2007), thereby facilitating cell adhesion and movement. Furthermore, phosphorylated c-Src-
Tyr416 was shown to localize predominantly to the apical ectoplasmic specialization in early
stage VIII of the epithelial cycle before spermiation (Wong et al., 2005), suggesting that Src
is important in the restructuring of the ectoplasmic specialization that occurs before
spermiation. It would be interesting to determine in future studies whether cellular events
such as spermiation and germ cell movement can be affected when the function of this
important kinase is disrupted specifically in the testis and more importantly, whether this
can lead to infertility.

2. Cytokines and Growth Factors—The participation of cytokines in the restructuring
of tight junctions in different epithelia and endothelia including the testis has been studied
extensively (Walsh et al., 2000; Cheng and Mruk, 2002; Mruk and Cheng, 2004b; Xia et al.,
2005a). However, because this subject is outside the scope of this review, it is not discussed
in detail herein. In this section, we consider briefly how cytokines affect the dynamics of
anchoring junctions. The general consensus is that cytokines can affect the function of
anchoring junctions by several mechanisms: 1) down-regulation of expression
(transcriptional repression)/steady-state protein levels, 2) altering protein-protein
interactions, 3) affecting the localization of proteins, 4) protein phosphorylation 5)
restructuring actin and microtubule cytoskeletons, 6) internalization of integral membrane
proteins, and 7) proteolysis. Some of these cytokine-mediated mechanisms are discussed
below.

Cadherins are target proteins of tumor necrosis factor-α (TNF-α), transforming growth
factor-β (TGF-β), and interleukin-1β (IL-1β) in multiple epithelia and endothelia, and this
includes Sertoli cells in the testis (Karmakar and Das, 2004; Angelini et al., 2006; Li et al.,
2006; Ogata et al., 2007). These cytokines were shown to reduce cadherin steady-state
mRNA and/or protein levels, leading to adherens junction disassembly. Similar results were
recently published from our laboratory in which a decrease in N-cadherin after
intratesticular injection of TNF-α was reported (Li et al., 2006). Indeed, recent studies
illustrate that cytokines reduce cadherin expression via transcriptional regulation. For
example, TGFβ1-induced down-regulation of E-cadherin expression in lens epithelial cells
was shown to be mediated via the transcription factor Slug (Choi et al., 2007), whereas E-
cadherin function in TGF-β1-treated MDCK cells was regulated via Snail and lymphoid
enhancer binding factor 1 transcription factors (Peinado et al., 2003; Medici et al., 2006).
Proteolytic degradation of cell adhesion proteins that occurred after treatment of cells with
various cytokines has also been reported as a means to effectively reduce protein levels in
different cell types, thereby regulating cell adhesion. Treatment of tumor cells with
hepatocyte growth factor (HGF) increased the extracellular cleavage of E-cadherin and
reduced the level of E-cadherin (Lee et al., 2007). In addition, cytokines such as TGF-β have
also been shown to directly affect the production of proteases (Marcet-Palacios et al., 2007),
and this may affect cell adhesion indirectly. For instance, Sertoligerm cell junction
disassembly induced by cadmium chloride, an environmental toxicant, was associated with a
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surge in TGF-β2 and TGF-β3, as well as a concomitant increase in cathepsin L (Wong et al.,
2004). Besides cadherin, nectin was shown to be proteolytically cleaved in response to HGF
treatment in MDCK cells (Tanaka et al., 2002), but there exist no reports detailing the
transcriptional regulation of nectin after treatment with cytokines or growth factors.

Cytokines can also alter the phosphorylation status of cell adhesion proteins, and this often
leads to changes in protein localization (e.g., endocytosis) and/or protein-protein
interactions. For example, treatment of endothelial cells with TNF-α in vitro resulted in the
phosphorylation of VE-cadherin, β- and γ-catenin, and p120 catenin (Angelini et al., 2006).
Other cytokines, such as fibroblast growth factor, caused dissociation of the cadherin-β-
catenin complex and recruited β-catenin into the nucleus (Halama et al., 2001). Likewise,
the interaction between E-cadherin and β-catenin decreased after HGF treatment (Lee et al.,
2007). Numerous in vitro studies have also demonstrated that cytokines can cause integral
membrane proteins such as E-cadherin and integrin to be internalized into endocytic
vesicles, resulting in compromised cell adhesion. For instance, TGF-β-mediated
morphogenesis, which occurs during vertebrate gastrulation, resulted in cadherin
internalization (Ogata et al., 2007). In addition, a similar endocytic trafficking mechanism
was recently shown to exist in TGF-β2-treated Sertoli cells having functional cell junctions
(Yan et al., 2008), illustrating that this cytokine facilitates the disassembly of Sertoli cell
adherens junctions to enable germ cells to traverse the blood-testis barrier.

Finally, cytokines such as IL-1, TNF-α, and TGF-β can regulate the function of adherens
junctions by affecting the cytoskeleton directly. For example, TNF-α was shown to disrupt
actin microfilaments and microtubules (Domnina et al., 2002, 2004), whereas TGF-β1
affected microtubule dynamics in endothelial cells (Birukova et al., 2005). In this context, it
is interesting to note that intratesticular administration of IL-1α was shown to perturb Sertoli
cell actin dynamics without significantly affecting the steady-state levels of cadherin and
catenin, resulting in the depletion of germ cells from the seminiferous epithelium (Sarkar et
al., 2008). From these examples, it is clear that cytoskeletal integrity is required for
anchoring junction function. The next logical step would be to expand the latter study and to
investigate the mechanism underlying actin cytoskeleton reorganization.

Taken collectively, these studies illustrate that cytokines elicit a diverse range of effects to
affect different parameters of cell adhesion depending on the cytokine and cell system being
examined. This information may be helpful in the research and development of innovative
approaches for male contraception. For instance, studies have shown that TGF-β3 activates
p38 MAP kinase possibly to open the blood-testis barrier to facilitate the passage of
leptotene spermatocytes at stages VIII to XI of the seminiferous epithelial cycle (Lui et al.,
2001; Wong et al., 2004; Xia et al., 2006a). This cascade of events only takes place when
TGF-β receptor I (TβRI) binds simultaneously to two adaptors: 1) CD2-associated protein
(CD2AP) and 2) TAK1-binding protein 1 to form a multiprotein complex with TGF-β3 (Xia
et al., 2006a). On the other hand, if TGF-β3 and TβRI bind to CD2AP only, then ERK is
activated instead of p38 MAP kinase (Xia et al., 2006a). This compromises Sertoli-germ cell
adhesion without affecting blood-testis barrier dynamics. Moreover, the importance of ERK
in the testis is supported by another study, which demonstrated that testosterone can mediate
its effects on Sertoli-germ cell adhesion via the Src–ERK signaling cascade (Cheng et al.,
2007) instead of the classic androgen receptor-mediated pathway (Fix et al., 2004). Indeed,
testosterone is known to play a critical function in the regulation of the blood-testis barrier
and anchoring junctions in the testis (O’Donnell et al., 2000; Meng et al., 2005). Thus, a
specific inhibitor, antagonist or agonist that would prevent formation of the TGF-β3–TβRI–
CD2AP–TAK1-binding protein 1 multiprotein complex may be an interesting approach to
nonhormonal male contraceptive development. However, the major challenge of this
approach would be to specifically activate ERK in the testis and not in other organs, because
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ERK is a MAP kinase known to have numerous physiological functions (Helfand et al.,
2005; Wilkie, 2007; Wu, 2007).

3. Small GTPases—There are five major classes of small GTPases: 1) Rho, 2) Ras, 3)
Rab, 4) Arf, and 5) Ran. Each subfamily is functionally unique with important roles in
processes such as signal transduction, cell junction dynamics, cell polarity, cytoskeleton
dynamics, endocytosis/exocytosis, cell cycle, apoptosis, and protein transport (Etienne-
Manneville and Hall, 2002; Fransson et al., 2003; Mruk et al., 2005; Joseph, 2006; Bustelo
et al., 2007; Gillingham and Munro, 2007; Inoue and Randazzo, 2007). Generally speaking,
GTPases function as molecular switches by cycling between active (GTP-bound) and
inactive (GDP-bound) conformations. This cyclical activation and inactivation is facilitated
by three types of regulators: GDP/GTP exchange factor (GEF), GTPase-activating protein
(GAP), and GDP dissociation inhibitor. In their GTP-bound conformations, GTPases bind to
specific effector proteins that facilitate downstream signaling and cell function. For
additional background information on GTPases in general, readers are encouraged to refer to
the following reviews: Olkkonen and Stenmark (1997), Takai et al. (2001), Stork (2003),
Schwartz (2004), Bos (2005), DerMardirossian and Bokoch (2005), Mruk et al. (2005),
D’Souza-Schorey and Chavrier (2006), Grosshans et al. (2006), Joseph (2006), Sabe et al.
(2006), Buchsbaum (2007), Bustelo et al. (2007), and Stewart (2007). Readers are also
encouraged to refer to original research and review articles that discuss atypical Rho
GTPases, which are not discussed herein but are an area of recent interest for many
investigators (Fransson et al., 2003; Shutes et al., 2006; Aspenström et al., 2007; Chuang et
al., 2007).

Rac1, RhoA, and Cdc42 are the best-studied members of the Rho family, and we discuss
them in this review article because they play essential roles in regulating cell adhesion. Both
Rac1 and Cdc42 have been shown to localize to sites of cell contact, and disrupting cell
adhesion resulted in the translocation of Rac1 to the cytosol (Kuroda et al., 1997; Takaishi et
al., 1997; Nakagawa et al., 2001). In agreement with these results, overexpression of
dominant-active Rac1 in MDCK cells caused E-cadherin and β-catenin to concentrate at
sites of cell contact (Takaishi et al., 1997), clearly illustrating the importance of Rho
GTPases in adherens junction function. Nevertheless, both Rac1 and Cdc42 have been
reported to regulate E-cadherin activity through the effector IQGAP (Kuroda et al., 1998;
Fukata et al., 1999; Briggs and Sacks, 2003), and three IQGAP isoforms that differ in tissue
distribution and function have been identified in mammals (Brown and Sacks, 2006; Brandt
and Grosse, 2007; Wang et al., 2007). In addition to cadherin, nectin was also shown to be
involved in the localization of IQGAP at the adherens junction (Katata et al., 2003). In the
testis, IQGAP1 was found to be a negative regulator of Sertoli-germ but not Sertoli-Sertoli
cell adhesion. IQGAP1, the best-characterized member of the IQGAP family, is produced by
both Sertoli and germ cells (Lui et al., 2005). Transiently perturbing Sertoligerm cell
adhesion in vitro with the use of EGTA, for instance, resulted in IQGAP binding to β-
catenin. This, in turn, interfered with its ability to bind to N-cadherin and induced the loss of
cell adhesion (Lui et al., 2005). However, in cocultures with intact adherens junctions,
IQGAP associated with Cdc42 (Lui et al., 2005). All three IQGAP isoforms have previously
been reported to be present in the testis (Wang et al., 2007) (Fig. 1). Moreover, both Cdc42
and RhoB have been found to localize at the apical ectoplasmic specialization (Chapin et al.,
2001; Lui et al., 2003), illustrating that they are important regulators of Sertoli-spermatid
adhesion. Taken collectively, these results demonstrate that adhesion between Sertoli and
germ cells in the testis is regulated distinctly from adhesion between Sertoli cells. If these
differences in cell adhesion can be understood better, one can selectively perturb adhesion of
germ cells to Sertoli cells without significantly affecting adhesion between Sertoli cells.
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Rap is a Ras GTPase that has been shown to regulate actin dynamics, cell adhesion, junction
formation (but not maintenance) and cell polarity (Knox and Brown, 2002; Hogan et al.,
2004; Schwamborn and Puschel, 2004; Bos, 2005). For instance, Rap1 was shown to
regulate E-cadherin-based cell adhesion, and inhibition of Rap1 in MDCK cells resulted in
the loss of E-cadherin from the cell surface and disassembly of cell junctions (Hogan et al.,
2004; Price et al., 2004). There is also evidence to suggest the existence of cross talk
between Rap1 and Rho GTPases. Two separate studies have reported that Rap1 is required
for the activation of Rac (Maillet et al., 2003) and Cdc42 (Hogan et al., 2004). Rap1 was
also shown to interact directly with Vav2 and Tiam1 (Arthur et al., 2004), two Rac GEFs, as
well as with IQGAP (Jeong et al., 2007). In addition to these examples, Rap1 also interacts
with DOCK4 (Yajnik et al., 2003), as well as with C3G (Dupuy et al., 2005) and PDZ-
GEF1/PDZ-GEF2 (de Rooij et al., 1999; Kuiperij et al., 2003), Rap GEFs that associate
directly with cell adhesion proteins (Hogan et al., 2004; Sakurai et al., 2006). It is
noteworthy that RNA silencing of DOCK4 was shown to perturb cell adhesion (Yajnik et
al., 2003). Of these Rap1-interacting proteins, DOCK4 (Yajnik et al., 2003) and Tiam1, as
well as Tiam2 (Habets et al., 1995; Chiu et al., 1999), have been shown to be present in the
testis.

Rap1 is a critical regulator of integrin-based cell adhesion. Integrins that specifically
associate with actin seem to be regulated by Rap1, but not those that associate with
intermediate filaments (Bos et al., 2003; Enserink et al., 2004; Bos, 2005). The mechanism
underlying these interactions is not completely understood, but Rap1-GTP-interacting
adaptor molecule has been shown to play a critical role in linking Rap1 to integrins
(Lafuente et al., 2004). Rap1-GTP-interacting adaptor molecule also interacts with profilin
and Ena/VASP proteins (Lafuente et al., 2004), known regulators of actin dynamics (Krause
et al., 2003; Kwiatkowski et al., 2003; Witke, 2004). In short, additional studies are needed
in the future to elucidate the roles of GTPases, such as RhoA and Rap1, in spermatogenesis,
especially in light of the fact that transgenic mice expressing an inactive Rap1 mutant were
subfertile (Aivatiadou et al., 2007). Although experimental evidence is presently lacking in
the testis, these findings thus illustrate that it is possible that Rap1 is a key regulator of the
α6β1 integrin-laminin 333 multiprotein complex at the apical ectoplasmic specialization.

4. Proteases and Protease Inhibitors—Proteases are enzymes that participate in an
array of physiological processes, and they are classified into six broad groups based on their
catalytic mechanism of substrate hydrolysis: 1) serine, 2) cysteine, 3) threonine, 4) aspartic,
5) glutamic (not yet identified in mammals), and 6) metalloproteases. Their activity is under
the regulation of different signaling cascades and is tightly controlled (Turk, 2006). In this
section, we limit our discussion to a unique family of proteases with dual functions in
protein cleavage and cell adhesion, the members of which are expressed predominantly in
the testis (Seals and Courtneidge, 2003). Additional background information on proteases
can be found in the following review articles: Evans and Turner (2007), Stoka et al. (2007),
Ghersi (2008), Hildenbrand et al. (2008), and Ramsay et al. (2008).

A disintegrin and a metalloprotease domain (ADAM) comprises a family of unique
transmembrane proteins that function both as proteases and adhesion molecules (Primakoff
and Myles, 2000; Seals and Courtneidge, 2003; White, 2003; Blobel, 2005; Huovila et al.,
2005). The metalloprotease domain of ADAMs has been shown to induce ectodomain
shedding (a specialized type of limited proteolysis) of various membrane-bound proteins
(e.g., cytokines and growth factors, cytokine and growth factor receptors, and adhesion
molecules) in vitro and in vivo, whereas the disintegrin and cysteine-rich domains have
adhesive properties in that they interact with integrins on the opposing cell surface (Seals
and Courtneidge, 2003; White, 2003). Selected ADAM proteins have also been reported to
degrade ECM proteins (Millichip et al., 1998; Alfandari et al., 2001; Martin et al., 2002;
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White, 2003) to facilitate cell migration. On the other hand, the cytoplasmic tails are
divergent and contain several potential phosphorylation sites, as well as binding sites for Src
homology region 3 domain-containing proteins (Seals and Courtneidge, 2003), which may
ultimately regulate the ability of an ADAM to cleave a specific substrate. It is noteworthy
that ADAMs 9 (Weskamp et al., 1996), 12 (Kang et al., 2000; Suzuki et al., 2000), 13
(Cousin et al., 2000), and 15 (Poghosyan et al., 2002) associate with c-Src. ADAM activity
is limited by a family of protease inhibitors known as tissue inhibitor of metalloproteases
(Handsley and Edwards, 2005; Huovila et al., 2005; Malemud, 2006).

Surprisingly, 2 to 4% of cell surface proteins are subjected to ectodomain shedding, which
specifically results in the generation of two fragments: 1) a soluble extracellular fragment
containing homophilic binding sites and 2) a significantly shorter membrane-bound
fragment containing transmembrane and cytoplasmic domains. Ectodomain shedding
essentially disrupts cell adhesion and supports cell movement (Arribas and Borroto, 2002).
In terms of cell adhesion, E- and N-cadherin, γ-protocadherin, nectin-1 and -4, and
desmoglein-2 have all been shown to be cleaved specifically in their ectodomains by ADAM
proteins (Kim et al., 2002; Tanaka et al., 2002; Fabre-Lafay et al., 2005; Haas et al., 2005;
Maretzky et al., 2005; Reiss et al., 2005, 2006; Bech-Serra et al., 2006). Surprisingly,
integrins only serve as ligands for ADAMs (Seals and Courtneidge, 2003; White, 2003);
they have not been reported to be cleaved by members of the ADAM protein family.
Nevertheless, shedding of the cadherin ectodomain by ADAM10 has been reported to affect
the subcellular localization (Ito et al., 1999; Maretzky et al., 2005; Reiss et al., 2005), and
possibly the phosphorylation status, of β-catenin (Takahashi et al., 1997). Perhaps it is not
surprising that different studies have localized at least three separate ADAMs specifically to
the site of cell-cell contact. By immunofluorescence, ADAM10 was detected at the
basolateral plasma membrane in MDCK cells, colocalizing with β-catenin but not with ZO-1
(Wild-Bode et al., 2006). Likewise, ADAM15 colocalized with VE-cadherin in monolayer
cultures of human umbilical vein endothelial cells and Chinese hamster ovary cells (Ham et
al., 2002), and ADAM9 was shown to interact with E-cadherin in HT29 cells by
coimmunoprecipitation (Hirao et al., 2006). In this respect, it is interesting to mention that
overexpression of ADAM9 prevented degradation of the E-cadherin ectodomain and
apparently facilitated its recycling to the plasma membrane (Hirao et al., 2006).

In terms of protease research, this is an active area of research in the testis, and several
ADAMs are either exclusively or predominantly expressed in the testis (Cho et al., 1998;
Zhu et al., 1999; Evans, 2001; Seals and Courtneidge, 2003). One of the best-studied
ADAMs is fertilin, a heterodimer of fertilin α (ADAM1) and fertilin β (ADAM2) present on
the sperm surface (Evans, 2001). Fertilin has been shown to play an important role in
fertilization, especially in sperm-egg adhesive interactions (Evans, 2001). Although mice
lacking ADAM2 are viable and healthy, they were shown to be infertile (Cho et al., 1998).
Likewise, male mice lacking ADAM3 (cyritestin) were also infertile (Shamsadin et al.,
1999; Nishimura et al., 2001), illustrating that ADAMs are critical to spermatogenesis and
fertility.

IV. Targeting Anchoring Junctions in the Testis for Male Contraceptive
Development
A. Background

Adjudin, a potential nonhormonal male contraceptive, is a derivative of lonidamine [1-(2,4-
dichlorobenzyl)-1H-indazole-3-carboxylic acid], which was developed as an anticancer drug
(Silvestrini et al., 1984). Initial studies with lonidamine demonstrated that oral
administration to adult rats (50–200 mg/kg b.wt.) induced depletion of germ cells from the
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seminiferous epithelium, resulting in infertility (Lobl et al., 1979; De Martino et al., 1981;
Lobl et al., 1981). At the ultrastructural level, lonidamine was shown to noticeably cause
retraction of the apical cytoplasm in Sertoli cells (Lobl et al., 1979; De Martino et al., 1981;
Marcante et al., 1981; Malorni et al., 1992). Shortly thereafter, it became clear that this drug
targets Sertoli cell stress fibers by disrupting actin dynamics (Malorni et al., 1992), thereby
resulting in changes in Sertoli cell morphology, such as vacuolization and germ cell loss
from the seminiferous epithelium, instead of targeting dividing germ cells. Although the
antispermatogenic effects of lonidamine in the testis were interesting, it was not developed
into a male contraceptive because its effects in the testis were shown to be irreversible, and
its use was associated with hepatoand nephrotoxicity.

In an ardent attempt to identify novel and reversible antispermatogenetic agents having
minimal side-effects, adjudin, formerly known as Angelini Francesco (AF)-2364 or 1-(2,4)-
dichlorobenzyl-1H-indazole-3-carbohydrazide (Fig. 7), was identified and selected from
more than a dozen newly synthesized analogs of lonidamine. Similar to lonidamine, adjudin
was shown to perturb adhesion between Sertoli and germ cells (Cheng et al., 2001;Grima et
al., 2001). Note that cell adhesion was not compromised in other organs when this drug was
administered orally, or by intraperitoneal or intramuscular injection, perhaps because these
organs lack the apical ectoplasmic specialization and induced a significant surge in the
steady-state level of testin at the apical ectoplasmic specialization (Table 1) (Cheng et al.,
2005a). The effects of adjudin on the testis were shown to be relatively rapid. By ~6.5 h
after treatment, half of all tubules examined microscopically showed signs of damage,
namely the appearance of elongating/elongated spermatids in the seminiferous tubule lumen
(Chen et al., 2003b). This was followed by the detachment of round spermatids and
spermatocytes by 3 to 6 days after treatment (Chen et al., 2003b), and sloughed germ cells
were found in the epididymal lumen (Fig. 8). After detailed morphological analyses, adjudin
was ultimately shown to perturb adhesion between Sertoli and most, but not all, germ cells.
Adhesion between Sertoli cells and spermatogonia and between Sertoli cells and some
primary spermatocytes, however, was largely unaffected (Cheng et al., 2001;Grima et al.,
2001;Lee et al., 2004) (Fig. 9). Although it is not entirely clear whether adjudin’s initial
antispermatogenic effects in the testis are stage-dependent, it does seem that elongating/
elongated spermatids at stages VII to VIII are the first germ cells to deplete the seminiferous
epithelium. Nevertheless, once the epididymal sperm reserve was depleted (Fig. 8),
infertility was attained by ~30 days after administration of a single oral dose of adjudin at 50
mg/kg b.wt. (Cheng et al., 2005a). At this dose, neither kidney nor liver function was
compromised (Cheng et al., 2001;Grima et al., 2001). In addition, serum FSH, LH, and
testosterone levels were not significantly different from control rats, illustrating that the
hypothalamic-pituitarytesticular axis was not disrupted (Grima et al., 2001;Mruk and Cheng,
2004a). Other morphological manifestations of adjudin action in the testis include: 1)
retraction of the Sertoli cell cytoplasm, 2) formation of large vacuoles, 3) presence of
multinucleated germ cells, and 4) occasional relocation of Sertoli cell nuclei to a higher
position within the seminiferous epithelium (Cheng et al., 2001;Grima et al., 2001;Mruk et
al., 2006).

B. Adjudin Efficacy, Dosing, and Reversibility of Antifertility Effects
More than 20 different treatment regimens (including oral, intramuscular, and
intraperitoneal administration routes at different dosings) were tested in adult rats over the
course of a decade to illustrate the efficacy and reversibility of adjudin as a male
contraceptive (Cheng et al., 2001, 2005a; Grima et al., 2001). Based on these studies, there
are several important findings regarding the potential suitability of adjudin as a
nonhormonal male contraceptive. First, this drug perturbed Sertoligerm cell adhesion, which
resulted in the depletion of most germ cells except spermatogonia and some primary
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spermatocytes from the seminiferous epithelium without affecting epididymal sperm.
Second, elongating/elongated spermatids were the first germ cells to deplete the epithelium
after administration of a single dose of adjudin at 50 mg/kg b.wt., followed shortly thereafter
by round spermatids and spermatocytes (Chen et al., 2003b). This seemingly illustrates that
the apical ectoplasmic specialization is one of the primary targets of adjudin. However, it is
likely that desmosome-like and gap junctions were also affected. Third, adjudin-induced
infertility in adult rats was shown to be effective after administration of two consecutive
doses at 35–50 mg/kg b.wt. given 1 week apart by gavage or intraperitoneal or intramuscular
injection (Cheng et al., 2005a). Infertility was attained by ~4 weeks after treatment because
it took this long for the sperm reserve in the epididymis to be exhausted, as noted by
standard mating studies. By ~8 to 10 weeks, germ cells had gradually repopulated the
epithelium and complete fertility was restored by 12 weeks. This is consistent with the
amount of time needed for spermatogonia to divide and differentiate into spermatozoa,
which is 58 days in the rat (LeBlond and Clermont, 1952; de Kretser and Kerr, 1988;
Clermont et al., 1993). Fourth, all animals responded equally well to adjudin treatment and
absolutely no deaths were reported during the course of this study, including all the FDA-
mandated toxicity studies conducted by licensed toxicologists (Mruk et al., 2006). These
findings, taken together with repeated dosing studies (Cheng et al., 2005a), illustrate that the
antifertility effects of adjudin are effective and reversible in rats.

C. Bioavailability, Tissue Distribution, and Metabolic Clearance of Adjudin
Less than 10% of adjudin is absorbed by the gastrointestinal tract in adult rats after oral
administration, clearly revealing low bioavailability. For the relatively small percentage of
adjudin that is absorbed, it distributes equally among all organs examined, including the
testis, epididymis, prostate, liver, kidney, and brain (Cheng et al., 2005a). This illustrates
that adjudin was not specifically taken up by any particular organ. Moreover, when the
metabolic clearance of this compound was estimated in blood samples obtained from adult
rats after administration of [3H]adjudin via the jugular vein, it was estimated to be ~5.5 to 6
h (Fig. 10), revealing rapid clearance from the systemic circulation. This was consistent with
clearance data obtained after the administration of [3H]adjudin by gavage (Cheng et al.,
2005a).

D. Acute and Subchronic Toxicity
Licensed toxicologists have completed a battery of FDA-mandated toxicity studies for
adjudin, and these results are summarized in Table 2 (Mruk et al., 2006). Although acute
toxicity tests conducted in mice and rats, as well as standard mutagenicity and genotoxicity
tests performed in bacterial and eukaryotic cells, have shown adjudin to be safe for further
development (Mruk et al., 2006), the margin between safety and efficacy was narrow in
adult rats. For instance, treatment of adult rats (n = 10 for male rats and n = 10 for female
rats) with adjudin at 50 mg/kg b.wt. by gavage for 29 consecutive days showed signs of liver
inflammation and skeletal muscle atrophy in 3 of 10 male rats in a subchronic toxicity study
(Table 2), but no mortalities were detected in 20 animals. These results suggest that
prolonged use of adjudin by humans, which would span several decades, might result in
adverse affects. Note that these adverse effects were not detected in female animals [see
Supplemental Information: “Subchronic Toxicity Report” in Mruk et al. (2006)]. Although a
reason for this has yet to be determined, gender differences that are in part under hormonal
control can affect the ability of some organs, such as the liver, to metabolize certain drugs
(Morris et al., 2003). Taken collectively, these results illustrate that the margin between
safety and efficacy would have to be widened significantly in order for adjudin to become a
male contraceptive for human use.
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E. Mechanism of Adjudin Action in the Testis: The Current Model
The effects of adjudin on Sertoli-germ cell adhesion have been well documented in both in
vitro and in vivo studies (Cheng et al., 2001, 2005a; Grima et al., 2001; Chen et al., 2003b;
Lau and Mruk, 2003; Lee et al., 2003; Lui et al., 2003; Siu et al., 2003; Mruk et al., 2006;
Wolski et al., 2006) (Table 1), and these reports have shown that adjudin exerts its effects on
Sertoli-germ cell adhesion by activating two separate but related signaling cascades. It was
found that integrin and RhoB were activated within hours of adjudin treatment (Lui et al.,
2003; Siu et al., 2003). In the case of RhoB, this activated ROCK→LIMK1→cofilin, which
resulted in germ cell detachment (Lui et al., 2003). Other studies using adjudin, in
conjunction with inhibitors to block specific protein kinases or antibodies against signaling
molecules, have shown that ectoplasmic specialization dynamics are also regulated by the
integrin→pFAK→phosphatidylinositol 3-kinase→p130Cas→ERK MAP kinase signaling
pathway (Siu et al., 2003). These findings are significant because they illustrate for the first
time that defined signaling cascades regulate anchoring junctions in the testis. These reports,
taken together with additional ongoing studies from this laboratory, suggest essentially that
adjudin mediates its affects in the seminiferous epithelium in part by affecting actin
cytoskeleton dynamics in the Sertoli cell. However, other signaling pathways are also likely
to be involved, because blocking ROCK activity with a specific inhibitor, Y-27632, could
delay, but not completely prevent, adjudin-mediated germ cell loss from epithelium (Lui et
al., 2003).

Based on results summarized in Table 1, the primary cellular target of adjudin in the
seminiferous epithelium is the apical ectoplasmic specialization, because several constituent
proteins were induced after treatment. Although the precise molecular target(s) of adjudin at
this site is presently unknown, the integrin-laminin multiprotein complex seems to be a
likely candidate. Indeed, the argument exists that integrin and laminin are components of the
ECM; if this is the case, then adjudin should affect adhesion in all organs. In the testis,
however, the α6β1 integrin-laminin-333 complex is present specifically at the apical
ectoplasmic specialization. While the complete molecular architecture of this complex is not
yet known, it is likely to associate with key testis-specific proteins because the ectoplasmic
specialization is unique in structure, function, and regulation. This may explain the lack of
subchronic toxicity detected in female rats (Table 2) and the lack of cell detachment
observed in other organs, such as the kidney, liver, heart, and epididymis when adjudin was
used at a dose that effectively depleted germ cells from the seminiferous epithelium (Cheng
et al., 2001,2005a;Grima et al., 2001). In summary, we have come to better understand the
regulation of the apical ectoplasmic specialization in the testis through the use of adjudin as
an in vivo model to study anchoring junction dynamics. The reverse is also true; we have a
very good grasp of adjudin’s mechanism of action in the testis because we understand, at
least in part, the structure and regulation of the apical ectoplasmic specialization.

F. Current Status of Adjudin Research
As discussed previously, oral administration of adjudin for 29 consecutive days resulted in
adverse effects (e.g., liver inflammation and skeletal muscle atrophy) in a small subset of
male animals (Mruk et al., 2006). To bypass these effects, which would preclude adjudin
from being developed into a male contraceptive for human use, this drug would have to be
delivered directly to the testis. To achieve this, adjudin was conjugated to a recombinant
FSH mutant protein, which served as its “carrier” to the testis (Mruk et al., 2006), because
FSH receptors are restricted to Sertoli cells in the testis (Heckert and Griswold, 2002;
Walker and Cheng, 2005; Hermann and Heckert, 2007) (Fig. 11). It should be noted that
appropriate modifications were made in the FSH mutant to remove its hormonal activity by
mutating several of its glycosylation sites on the corresponding α and β subunits (Mruk et
al., 2006). These modifications did not affect its receptor binding ability. Using this
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approach, infertility was induced in rats when ~0.5 µg/kg b.wt. adjudin was administered
intraperitoneally (Mruk et al., 2006). These antifertility results, which were comparable with
animals receiving adjudin orally at 50 mg/kg b.wt. (50 µg/kg b. wt. adjudin-FSH conjugate),
represent a significant increase in efficacy when the two treatment regimens are compared
(Fig. 11).

Although the adjudin-FSH conjugate was shown to effectively induce infertility in adult rats,
its administration required injection, one of the least acceptable methods of contraceptive
drug administration for humans. Transdermal patches offer many advantages including
patient acceptability and ease of use. However, the use of transdermal patches for drug
delivery is extremely limited because this methodology does not allow large molecules to
pass through the skin’s barrier, which is on average ~10 µm thick. Indeed, permeation
enhancers (presently, two types exist: 1) small polar solvents and 2) amphiphilic compounds
containing a polar and a hydrophobic head) have increased the number of drugs that can be
delivered transdermally because they act on the epidermis to alter the composition of lipids
and decrease barrier resistance, thereby facilitating drug entry (Vávrová et al., 2005; Babita
et al., 2006). Permeation enhancers may also affect the dynamics of the desmosome, as well
as intermediate filament proteins such as keratin. However, due to the relatively large
molecular mass of FSH (40 kDa), transdermal patches are not likely to be useful in the
delivery of the adjudin-FSH conjugate to the testis unless a permeation enhancer can be
successfully incorporated into the formulation to facilitate the transport of the conjugate
across the skin. In addition, it is not yet clear whether the conformational folding of the FSH
mutant protein would prohibit its entry through the skin, even if a permeation enhancer was
successfully included in the formulation.

However, a modification of the transdermal patch technology may show clinical promise,
and this line of research is being pursued actively in our laboratory. It is known that
successful spermatogenesis requires that the temperature of the testis be ~2 to 3°C lower
than the temperature of the body at 35°C versus 37.8°C, respectively. To maintain this
homeostasis, heat carried to the testis by the arterial blood is efficiently cooled by
countercurrent heat exchange in the spermatic cord with testicular venous blood. Moreover,
blood within veins located on the surface of the testis is cooled by loss of heat through
scrotal skin, which is especially thin with little subcutaneous fat. Finally, the spermatic
artery becomes extensively coiled and branched once it leaves the inguinal canal, and this
increased surface area also contributes to efficient heat exchange (Setchell, 1978; Ohtsuka,
1984; Turner et al., 1996; Setchell and Breed, 2006). Given the unique microvasculature of
the testis and the sophisticated mechanism of heat exchange and loss, topical application of
an adjudin-permeation enhancer gel formulation may pass through the thin scrotal skin and
enter the underlying vasculature surrounding the testis to elicit antifertility effects locally
(Alberti et al., 2005). It is likely that adverse effects on the liver and muscle would be
reduced significantly because the testis would be the first-pass target organ.

Perhaps another promising approach to deliver the adjudin-FSH conjugate would be needle-
free injection. This recent methodology can be used to painlessly deliver a relatively small
volume of drug (usually 0.2–1 ml) within a few hundredths of a second either
subcutaneously, intramuscularly, or intradermally (Baxter and Mitragotri, 2006; Arora et al.,
2007). More importantly, needle-free injection offers more reliable depth of penetration and
more efficient use of the drug, thereby requiring the use of significantly less drug and
lowering costs.

Finally, protein transduction domains (PTDs) are cationic peptides that deliver molecular
cargo such as proteins and small molecules across the plasma membrane. PTDs enter cells
independently of receptors or transporter proteins, and they seem to be internalized by
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endocytosis rather than crossing the plasma membrane (Drin et al., 2003; Fuchs and Raines,
2004, 2006). For instance, Vectocell peptides (Diatos Pharmaceuticals, Paris, France) are a
family of cell-penetrating peptides originating from heparin binding proteins. They interact
with glycosaminoglycans present on the cell surface or the extracellular matrix and can
internalize proteins of up to 200 kDa. However, there are a number of important
disadvantages associated with this approach. First, PTDs generally penetrate tissues poorly,
although tissue penetration is improved when smaller peptides are used. Second, PTDs tend
to have short lifetimes in the circulation, and this can result in low tissue accumulation and
reduced drug-mediated effects. Insertion of a tissue-specific cleavage site between the PTD
and adjudin-FSH conjugate may lead to increased accumulation of the adjudin-FSH
conjugate in the testis. Third, entry of a protein into a cell would most likely require that this
protein be unfolded and then quickly refolded in the cytoplasm for activity, but this criterion
may not apply to the FSH mutant protein because the FSH receptor is known to internalize
its ligand via transcytosis (Vu Hai et al., 2004). Moreover, use of this drug delivery
technology requires injection, because PTDs cannot cross the skin’s barrier effectively.
Thus, linking the adjudin-FSH conjugate to a PTD such as Vectocell to deliver adjudin
specifically to the testis is not a viable option versus injection unless this formulation is
administered via nasal inhalation or some other feasible approach.

G. Additional Comments
As discussed previously, adjudin has poor bioavailability, and factors that may play a role in
adjudin’s low bioavailability include poor absorption from the gastrointestinal tract,
degradation or metabolism of the drug before absorption, and hepatic first-pass effect. In
addition, transporter proteins are known to function in tissue defense by regulating drug
absorption, distribution, and elimination from the body. For example, the low bioavailability
of some drugs, such as paclitaxel (an anticancer drug), has been linked to the presence of P-
glycoprotein (an ATP-dependent efflux transporter of the MDR/TAP subfamily, also known
as MDR1) in the apical membrane of epithelial cells in the intestine (Meerum Terwogt et al.,
1999; Stephens et al., 2002). P-glycoprotein functions essentially as a gatekeeper to limit or
prevent the entry of certain drugs past blood-tissue barriers, such as those present in the
brain, testis, and placenta, thereby reducing systemic blood levels of the drug (Thiebaut et
al., 1987; Cordon-Cardo et al., 1989). Its function in renal tubules and hepatocyte
canalicular membranes, on the other hand, is to rapidly clear drugs from the systemic
circulation. Although drug transporters such as P-glycoprotein have been shown to reduce
drug toxicity, they also decrease the efficacy of oral drugs, often requiring that the dose of
drug needed to reach a required effect be increased. In the testis, P-glycoprotein is expressed
abundantly by Sertoli cells and late spermatids but not by spermatocytes and spermatogonia
(Melaine et al., 2002; Bart et al., 2004), illustrating that the blood-testis barrier has the
ability to prevent drugs that would perturb postmeiotic germ cell development from entering
into the seminiferous epithelium.

Blood-tissue barriers also express different transporter proteins with basolateral localizations
such as multidrug resistance-associated protein 1 (MRP1), a member of the ATP-binding
cassette superfamily, but these transporters tend to pump drugs into cells, leading to
increased drug uptake and increased toxicity (Liang and Aszalos, 2006). It remains unknown
how adjudin enters cells; uptake of this drug was not restricted to any particular organ, so it
may simply diffuse through the lipid bilayer of plasma membranes because it is a small
hydrophobic molecule (molecular weight 335). In the testis, adjudin may also diffuse
through adjacent Sertoli cells and cross the blood-testis barrier to affect cell adhesion. Note
that besides P-glycoprotein, MRP1 and another drug transporter, known as Abcb8, were
shown to be present in the testis (Wijnholds et al., 1998; Bart et al., 2004; Melaine et al.,
2006), but whether they participate in the transport of adjudin into or out of (in the case of P-
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glycoprotein) Sertoli cells in the testis is unknown. In vitro and in vivo studies are now
under way to address these outstanding questions.

V. Concluding Remarks
Herein, we have discussed the biology, regulation, and physiological significance of
anchoring junctions in the testis. Throughout this review, we have attempted to stress that
loss of Sertoli-germ cell adhesion is a novel approach for male contraceptive development.
In this respect, we have highlighted several important areas of investigation that should be
pursued in future studies, because they seem particularly relevant to understanding Sertoli-
germ cell adhesion in the testis. The merging of scientific disciplines and the use of new
methods such as RNA silencing will greatly assist investigators in determining the
functional significance of many molecules critical to Sertoli-germ cell adhesion in the testis.
With any luck, these studies will also establish whether these molecules are “druggable”
targets for nonhormonal male contraceptive development in the future. In addition,
continued research and development relating to drug delivery in general should offer more
feasible options to specifically deliver compounds to the testis. Although in this review we
focused on Sertoli-germ cell adhesion as an approach to nonhormonal male contraceptive
development, other ongoing studies in the field should not be ignored. On this note, it is
important to point out that other contraceptive compounds that are known to induce germ
cell loss from the seminiferous epithelium of laboratory rats and primates have also been
actively investigated as potential male contraceptives. These compounds include CDB-4022,
whose antispermatogenic effects and mechanism of action in the testis seem to be very
similar to that of adjudin (Hild et al., 2001, 2004, 2007; Koduri et al., 2008). Nonetheless,
the studies summarized in this review should provide a good framework for investigators in
the field who may seek to examine whether Sertoli-germ cell adhesion is compromised by
other nonhormonal contraceptives in the future. Although it will take several years, if not
decades, for a safe, effective, and reversible nonhormonal male contraceptive to reach the
consumer market, the wait is worthwhile given the predicted increase in the world’s
population.
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FIG. 1.
Schematic drawing illustrating the molecular architecture of the apical ectoplasmic
specialization in the adult rat testis. Ectoplasmic specialization function is constituted by at
least four multiprotein complexes: 1) cadherin-catenin, 2) nectin-afadin, 3) integrin-laminin,
and 4) vezatin-myosin, and these link indirectly to the cytoskeleton. As discussed in this
review, germ cell adhesion to Sertoli cells is regulated by many molecules, including
phosphatases and kinases, cytokines, and GTPases. Recent studies have also suggested that
there is cross-talk between different multiprotein complexes at the anchoring junction,
which is likely to contribute significantly to the regulation of Sertoli-germ cell adhesion in
the testis. Thus, many of these proteins can become “druggable” targets for nonhormonal
male contraceptive development. This figure was prepared based on several recently
published original research and review articles in the field, and these are cited throughout
the text. Molecules that are seemingly important in cell adhesion but that have yet to be
studied in detail in the testis are denoted with a question mark.
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FIG. 2.
The desmosome-like junction in the adult rat testis. A, schematic illustration showing
constituent proteins of the desmosome junctions. The desmosome junction uses intermediate
filaments for cytoplasmic attachment. B, electron micrograph showing typical ultrastructural
features of the desmosome-like junction in the testis. This junction type is characterized by
the presence of electron dense material (see arrows) between two apposing Sertoli cell (SC)
plasma membranes. They were called desmosome-like junctions because they shared
properties of both desmosomes and gap junctions (Russell, 1977a). Bar in B, 0.25 µm.
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FIG. 3.
Blood-testis barrier in the adult rat testis. Electron micrograph of the blood-testis barrier
present between adjacent Sertoli cells (SC) near the basement membrane (bm, see arrow and
asterisks), which is a modified form of the ECM that appears as an amorphous substance.
Underneath this lies a layer of type I collagen, and cross-sectioned collagen bundles are
clearly visible. This is followed by peritubular myoid cells (pmc). The blood-testis barrier is
characterized largely by the coexistence of tight junctions (tj; see green bracket), basal
ectoplasmic specializations (es; see red bracket), and desmosome-like junctions (dj; see blue
brackets). The basal ectoplasmic specialization is typified by the presence of actin filament
bundles (see red asterisks) sandwiched between the endoplasmic reticulum (er) and the
Sertoli cell plasma membrane. Desmosomes are typified by electron dense material present
between two adjacent Sertoli cells, whereas tight junctions are characterized by “kisses,”
regions of close contact between two apposing Sertoli cell plasma membranes (see green
arrowheads). Bar, 0.75 µm. [Reproduced from Sarkar O, Mathur PP, Cheng CY, and Mruk
DD (2008) Interleukin-1 alpha (IL1A) is a novel regulator of the blood-testis barrier in the
rat. Biol Reprod 78:445–454. Copyright © 2008 Society for the Study of Reproduction.
Used with permission.]
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FIG. 4.
Cross-section of a seminiferous tubule illustrating the intimate relationship between Sertoli
and germ cells in the seminiferous epithelium of an adult rat testis. All cells in the
seminiferous epithelium sit on top of the tunica propria (tp). A Sertoli cell nucleus (SC) is
visualized in this micrograph and located basally within the seminiferous epithelium. It is
noteworthy that each Sertoli cell has the ability to support ~30 to 40 germ cells at various
stages of development, including spermatogonia (sg), pachytene spermatocytes (p.sp), round
(r.sp), and elongating (es) spermatids. During spermiation, elongated spermatids release into
the tubule lumen and then travel to the epididymis for further development. The blood-testis
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barrier (see Fig. 3), which is formed by adjacent Sertoli cells, physically divides the
seminiferous epithelium into basal and adluminal compartments. Bar, 12 µm.
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FIG. 5.
Stages of the seminiferous epithelial cycle in the adult rat testis. Each of the 14 stages shown
consists of three parts: 1) a cross-section of the seminiferous epithelium (paraffin-embedded
testes) stained with hematoxylin and eosin, 2) an illustration of the different types of germ
cells associating with that particular stage, and 3) the estimated length of each stage (in
hours). Stages II and III are the most difficult to distinguish correctly. Thus, the duration of
these two stages has been combined into a single time point. One complete seminiferous
epithelial cycle in the rat lasts for 12.9 days. Spermatogonial development is subdivided into
type A1–4, intermediate (Int), and type B (B). Spermiogenesis is subdivided into steps 1 to
19 to more accurately define the morphological changes that occur in spermatids during
development. In the figure, stages VIII to XI have been enclosed in red boxes to define the
approximate time when leptotene spermatocytes traverse the blood-testis barrier, entering
into the adluminal compartment for further development. P, pachytene spermatocyte; PL,
preleptotene spermatocyte; L, leptotene spermatocyte; Z, zygotene spermatocyte; D,
diplotene spermatocyte; SS, secondary spermatocyte; M1, meiosis I; M2, meiosis II.
[Prepared based on earlier reports in Stages 2.2, a graphical program designed by Drs. Rex
Hess and David Scott (University of Illinois, Urbana-Champaign, IL), and Russell et al.,
1990.]
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FIG. 6.
Apical ectoplasmic specialization in the adult rat testis. Electron micrograph of the apical
ectoplasmic specialization (es, see brackets) between a Sertoli cell (SC) and elongating
spermatid consisting of hexagonally arranged bundles of actin filaments (see arrowheads)
sandwiched between the Sertoli cell membrane and flattened cisternae of endoplasmic
reticulum (see asterisks). Also shown are microtubules (see arrows). Bar, 0.4 µm.
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FIG. 7.
Chemical structure of adjudin. Adjudin is a derivative of lonidamine [1-(2,4-
dichlorobenzyl)-1H-indazole-3-carboxylic acid], an anticancer drug (Silvestrini et al., 1984).
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FIG. 8.
A study to examine the effects of adjudin in the epididymis. A single oral dose of adjudin at
50 mg/kg b.wt. was administered to adult rats. On days 2, 4, and 8, epididymides were
removed, dissected into three segments [caput (initial segment), corpus (middle segment),
and cauda (final segment)] and processed for histological analysis after hematoxylin & eosin
staining using paraffin sections. By days 2 and 4 after treatment, immature germ cells such
as spermatocytes and early spermatids (see arrowheads in B) were detected in the caput (A–
C), but by day 8, these cells had depleted this segment of the epididymis (D). On days 2 and
4, normal epididymal spermatozoa were found in the corpus (E) and cauda (F), and
apparently their function was unaffected by adjudin, because all animals remained fertile
until the epididymis became devoid of all spermatozoa by ~30 days after treatment (Cheng
et al., 2005a). By day 8, however, immature germ cells were seen in the cauda mixed
together with normal epididymal spermatozoa (G). In addition, adjudin did not affect
adhesion between epididymal epithelial cells. Bars, A and C to G, 120 µm; B, 60 µm.
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FIG. 9.
Ultrastructural changes in the seminiferous epithelium of the adult rat testis after treatment
of animals with a single oral dose of adjudin at 50 mg/kg b.wt. This is an electron
micrograph of the seminiferous epithelium, and Sertoli and germ cells, namely
spermatogonia (sg), are seen lying on top of the tunica propria (tp). The blood-testis barrier
(see boxed area) appears to be normal 1 week after administration of adjudin. However,
many intercellular spaces (see asterisks) are seen between a pachytene spermatocyte (sp)
and a Sertoli cell, illustrating loss of adhesion. ld, lipid droplet; n, Sertoli cell nucleus. Bar, 6
µm.
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FIG. 10.
Estimation of the half-time of disappearance of [3H]adjudin in adult rats after i.v.
administration. The half-time of disappearance of adjudin was estimated in adult rats (~300
g b.wt., n = 3 per time point) after i.v. administration of [3H]adjudin. In brief, [3H]adjudin,
[indazole-5,7-3H(N)]-1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, was purchased
(PerkinElmer Life and Analytical Sciences, Waltham, MA). The purity of [3H]adjudin was
confirmed by 1) high-performance liquid chromatography using a Zorbax C18 reversed-
phase column, which had an identical retention time when both 3H-labeled and unlabeled
adjudin were injected onto the column simultaneously or separately with the eluents
monitored by UV absorbance at 210 nm or spectrophotometry using a β-counter, 2) mass
spectrometry, and 3) elemental analysis. The t1/2 of adjudin in the systemic circulation of
adult rats was estimated by injecting ~3 × 106 cpm of [3H]adjudin in a sample volume of 50
µl of phosphate-buffered saline via the jugular vein. An aliquot of blood was collected from
the tail vein from each rat in this experiment at 0.5, 1, 3.5, 7, 10, 24, 48, 76, and 120 h after
administration of [3H]adjudin and was allowed to clot. Serum was obtained by
centrifugation for radioactivity determination. The t1/2 was determined using nonlinear least-
squares curve-fitting techniques to fit [3H]adjudin levels in blood as a function of time to a
multiexponential function consisting of one to four terms of the following equation: Y(t) =
ΣAie−Bit, where Y(t) is the response variable (in this case, the level of [3H]adjudin obtained
in the blood sample). Data were fitted using a computer program based on code
implementing the Marquardt algorithm to minimize χ2 (Bevington, 1969). Because data
exhibited nonuniform variation, they were weighted as 1/σ2, where σ was determined from
samples of three different animals at each time point. The number of exponentials fitted to
experimental data was determined as the number that minimized χ2. Estimates were obtained
for the parameters σAi and σBi, as well as their uncertainties Ai and Bi, which were derived
from the diagonal terms in the error matrix generated during the fitting procedure. Note that
the estimates for the parameter uncertainties did not take into account covariance terms and,
as a result, tended to be underestimated. However, this analysis yielded the best estimate on
the disappearance of [3H]adjudin from the systemic circulation after i.v. administration.
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FIG. 11.
Effects of the adjudin-FSH mutant conjugate on the testis, kidney, liver, and small intestine.
Adjudin-FSH mutant conjugate (50 µg containing ~0.5 µg of adjudin/kg b.wt.) was
administered to adult rats (~300 g b.wt., n = 8 per time point) intraperitoneally via a 28-
gauge needle. Rats were sacrificed at 2, 4, 6, and 12 weeks thereafter for histological
analysis by hematoxylin & eosin staining. A, cross-section of the testis from normal rats
(control) without treatment. B, by 2 weeks after treatment, almost all elongating/elongated
spermatids were depleted from the seminiferous epithelium. C, by 4 weeks, ~98% of the
tubules examined were devoid of spermatids and spermatocytes, and the tubule diameter
was reduced by ~35%. D, magnified view of the boxed area in C, showing a tubule that
contained only Sertoli cells, spermatogonia, and a few spermatocytes. E, by 6 weeks, germ
cells began to repopulate the seminiferous epithelium. F, by 12 weeks, ~90% of tubules
were indistinguishable from those of the control testes. G to I, cross-sections of kidney (G),
liver (H), and small intestine (I) 4 weeks after treatment. No histological changes were
detected in these organs at this time or at 6 or 12 weeks after treatment versus control rats. In
addition, no histological changes were detected in skeletal muscle versus control rats at 4, 6,
or 12 weeks after treatment (data not shown). Bars in A to C and E to I, 150 µm; D, 40 µm.
J, changes in testes weights (organ pair) after treatment. K, summary of the fertility test (n =
4 rats) results. The fertility efficacy of control rats was arbitrarily set at 100%. [Reproduced
from Mruk DD, Wong CH, Silvestrini B, and Cheng CY (2006) A male contraceptive
targeting germ cell adhesion. Nat Med 12:1323–1328. Copyright © 2006 Nature Publishing
Group. Used with permission.]
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TABLE 2
Results of adjudin toxicity study

Results of standard toxicity studies on adjudin performed by licensed toxicologists according to FDA
guidelines. [Adapted and reproduced from Mruk DD, Wong CH, Silvestrini B, and Cheng CY (2006) A male
contraceptive targeting germ cell adhesion. Nat Med 12:1323–1328. Copyright © 2006 Nature Publishing
Group. Used with permission.]

Test Regimen and Dosing Administration Route Species Results

Acute toxicity study 100 mg/kg b.wt. (1 dose) Intraperitoneal Mouse; males (n = 3) Negative

1000 mg/kg b.wt. (1 dose) Intraperitoneal Mouse; males (n = 3) Negative

Acute toxicity study 2000 mg/kg b.wt. (1 dose) Oral Rat; males (n = 5) and
females (n = 5)

Negative

Bacterial mutation assay 0.586–18.8 µg/plate In vitro Salmonella typhimurium
andEscherichia coli

Negative in both
species

Mammalian erythrocyte
micronucleus test

500, 1000, and 2000 mg/kg
b.wt. (1 dose)

Oral Mouse; males (n = 5)
and females (n = 5)

Negative in all three
dosings

Mammalian chromosome
aberration test

6.25–100 µg/ml In vitro CHO cells Negative in inducing
numerical
chromosome
aberrations; positive
in inducing
structural
chromosome
aberrations

29-Day subchronic toxicity
study

50 mg/kg b.wt. every day for 29
days

Oral Rat; male (n = 10) and
female (n = 10)

Negative in female;
positive in male
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