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Cheng, C. Yan, and Dolores D. Mruk. Cell Junction Dynamics in the Testis: Sertoli-Germ Cell Interactions and
Male Contraceptive Development. Physiol Rev 32: 825-874. 2002: 11152 physrev (000K 2002 —Spermatogenesis s
an intriguing but complicated biological process. However, many studies since the 1960s have focused either on the
hormonal events of the hypothalamus-pituitary-testicular axis or morphological events that take place in the
seminiferous epithelium. Recent advances in biochemistry. cell biolegy. and molecular binlogy have shifted artention
to understanding some of the keyv events that regulate spermatogenesis. such as germ cell apoptosis. cell cvete
regulation. Sertoli-germ cell communication. and junction dynamics. In this review. we discuss the physiology and
biclogy of junction dynamics in the testis, in particular how these evenis affect interactions of Sennli and germ celis
in the seminiferous epithelium behind the blood-testis barrier. We also discuss how these events regulaie the
opening and closing of the blood-testis barrier to permit the timely passage of preleptotene and leptotene sper-
matocvtes across the blood-testis barrier. This is physiologically important since developing germ celix st
translocate across the blood-testis barrier as well as traverse the seminifercus epithelium during their deveinpmen:
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We also discuss several available in vitro and in vivo models that can be used to study Sertoli-germ cell anchoring
junctions and Sertoli-Sertoli tight junctions. An in-depth survey in this subject has also identified several potential
targets to be tackled to perturb spermatogenesis, which will likely lead 1o the development of novel male

contraceptives.

I. CHANGES IN SERTOLI-GERM CELL
INTERACTIONS AND JUNCTION DYNAMICS
DURING SPERMATOGENESIS: AN OVERVIEW

In mammals, the functional unit of the testis is the
seminiferous tubule. Each seminiferous tubule is about
1 m in length and 0.5 mm in diameter (for review, see Ref.
366). Figure 1 shows the cross-section of a typical semi-
niferous tubule from an adult rat testis. The close mor-
phological association between Sertoli cells and germ
cells at different stages of their development (such as
spermatogonia, spermatocytes, round spermatids, and
elongated spermatids) is clearly visible in the seminifer-
ous epithelium (Fig. 1). As a result of such morphological

intimacy between Sertoli and germ cells, it is conceivable
that extensive interactions and communications take
place between these cells throughout spermatogenesis
both at the biochemical and moelecular level. Indeed, mor-
phometric analysis of the adult rat testis has shown that
each Sertoli cell is associated with ~30-50 germ cells at
each stage of the spermatogenic cycle in the epithelium
(480, 497}, illustrating not only that germ cell develop-
ment relies heavily on the Sertoli cell but that extensive
communications take place to coordinate the wvarious
events of sperniatogenesis. Studies from the past two
decades have indeed demonstrated that gerrma cells largely
rely on Sertoli celis for structural and nutritional support
(for reviews, see Refs. 105, 221, 379). For instance, in the

Fi¢ 1. Cross-section of a seminiferous tubule from an
adult Sprague-Dawley rat showing the organization of tes-
ticular cells and the intimate relationships between Sertoli
and germ celis. S, Sertoli cell nucleus; SG, spermatogo-
nium: P8, pachytene spermatocyte; RS, round spermatid;
ES, elongated spermatid. [Adapted from Mruk and Cheng
(308%, courtesy of Dr. Li-Ji Zhu.]
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rat. the entire process of germ cell development. except
for the early phase of spermatogenesis from type B spet-
matogonia up to preleptotene and leptotene spermato-
cytes, is segregated from the systemic circulation because
of the blood-testis barrier (BTB) created by tight junc-
tions (TJ) between Sertoli cells near the basal lamina
(128, 129. 131, 380, 400. 401). As such. germ cells and
Sertoli cells develop an intimate and elaborate cellular
network for cell-cell communications via paracrine fac-
tors and signaling molecules. so that Sertoli cells can
provide developing germ cells with the needed nutrients
and biological factors (for reviews. see Refs. 61, 62, 133
147, 221, 416). Indeed, in vitro studies have shown that
there is bidirectional trafficking between Sertoli and germ
cells and that each cell type regulates the function of the
other (20. 21. 221, 416),

Throughout spermatogenesis, different biochemical,
cellular. and molecular events take place in the seminif-
erous epithelium leading to the formation of eight sper-
matids (haploid) from a single type B spermatogonium
(diploid) (for reviews. see Refs. 117, 379). Furthermore,
preleptotene and leptotene spermatocytes must niigrate
progressively from the basal to the adluminal compart-
ment of the seminiferous epithelium traversing the BTB,
while differentiating into haploid spermatids (Fig. 1).
Without this timely movement of developing germ cells
across the seminiferous epitheliun. spermatogenesis can-
not go to completion, and infertility will result. Moreover,
this event of cell movement is accompanied by extensive
restructuring of cell-cell actin-based adherens junctions
(AJs) between Sertoli and germ cells, such as ectoplasmic
specializations (ES) (for reviews. see Refs. 329, 330, 402).
Although the subject of spermatogenesis, in particular its
morphological changes and hormonal regulation, has
been extensively studied (for reviews. see Refs. 117, 271,
378. 379, 404). the subject of cell junction restructuring
pertinent to spermatogenesis from a hiochemical and mo-
lecular standpoint has largely been neglected. In this re-
view, we attempt to provide an updated review in this
subject area. However, it must be noted thar much of the
information discussed herein is derived from investiga-
tions in other epithelia. but a significant amount of work
has also been done in the testis investigating molecules
pertinent to junction dynamics in the past decade. As
such, every effort was made to refer to recent studies in
the testis,

In mammals. spermatogenesis is composed of three
distinct phases of cellular and molecular changes (for
reviews, see Refs, 117, 379). I) Mitosis is proliferation of
type A spermatogonia. some of which will differentiate
into type B spermatogonia (for reviews, see Refs, 123
126). These in turn will differentiate into preieptotene and
leptotene spermatocytes. which are the germ cells that
will traverse the BTB entering into the adluminal com-
partment. This phase takes place in the basal lamina

-
e Y0

outside of the BTB (Fig. 2:. 2) The meiotic phase is when
primary spermatocytes divide and differentiate into sec-
ondary spermatocytes and haptoid spermatids. This phase
largely takes place behind the BTB in the adlununal com-
partment (Fig. 2). .3; Spermiogenesis is the momphogene-
sis of spermatids into spermatozoa. which is accompa-
nied by extensive changes in the nucleus such as nuclear
condensation {Fig. 2y (04, 105, 369+, The fully developed
spermatids rspermatozoa) will then leave the seminifer-
ous epithelium via spermiation. In the mouse. the differ-
entiation of haploid round spermatids into spermarozoa
can be morphologically divided tnto I8 steps . AT0 . - Fig.
2). During steps 1-7 of spermiogenesis. round spermarids
develop acrosomes and flagellae (Fig 2. A1 st s the
heads of spermatids onientate toward the hasal compart-
ment of the epithelium. From stops & 10 1.2, spermatids
undergo a series of morphological changes. which include
nucleus condensation and elongation of the flagella. At
steps 14 and 135, alignment of mitochondria along the
elongating flagella takes place. At stepr 16, spermaruds are
translocated to the adluminal surface of the epitheiium o
be released into the lumen at spermiation. Throughout
these steps (Fig, 2). developing germ cells remain ai-
tached 1o the epithelium via a modified tape of celicel]
anchoring junction with actin filament attachment sires
(ie.. AJs) specific to the testis known as the ES - Fig. 2
(for reviews. see Refs. 3143, 374, 380, 470,

In the seminiferous epithelium. the association be-
tween Sertoll and germ cells throughout these three
phases of development as described above are arranged
into defined stages. In the rat. these stages faliow one
another giving rise 10 the wave of the seminifernus
epithelium along the seminiferous tubule : for review.
see Ref. 334). Using periodic acid-Schiff PAS: staining
to visualize changes in the shape of the nucleus and
acrosome of germ cells dunng their development in the
seminiferous epithelium. the spermatogenic cyele is
divided into 14 stages in the rat 255 Fig. 3. and 1
stages in the mouse (3791 Interestingly. different
stages of the cycle in the seminiferous epithelium van
be readily visualized by the transillumination patrern of
freshly 1selated rat seminiferous tubules by stereomi-
croscopy largely because of the changes in nuclear
condensation of the sperm head :for review, see Ref
339 (Fig. 3). In the rat. one spermatagenic evele takes
~12-14 days 1o complete (130, 2358 and - s-u days i
the mouse (379, Studies using [ Hithymidine. however,
have shown that it takes - 54 and - 35 days for a single
spermatogonium to complete spermatogenesis and give
rise 1o eight haploid spermatids in the rat 03 117
374 and the mouse (377, respectivelv. This ix becatuse
developing germ cells must go through the evele 45
times before they can hecome fully developed sperma-
tids (spermatozoa! that are released inte the tubular
tumen at stage VIII of the evele «403 | Given this exten-
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and cell-cell actin-based

adherens junction (AJ) dynamics during spermatogenesis and spermiogenesis in the mouse. This figure was prepared
based on reviews and reports cited in sections 1 and v. Among the AJs in the testis, four funcrional commplexes are known

{o exist to date, which include cadherir/catenin complex, nectin/afadin
sect. v). The ES is composed of basal and apical ES constituted possibly
4703, however, their binding partner(s), if’ any,

constitute the binding partners for the basal and apical integrins in the ES, respectively (

complex, tubulobulbar complex, and ES (see
by ag - and a f,-inmegrins, respectively (310,

is not. known. [t is possible that laminin o, B,v-chains and y,-chains

244a7 (see sect. vC1). While it

is certain that ogB,-integrins are found between Sertoli cells and developing spermatids in the apical ES (470), it remains

to be determined if a,B3,-integrins can be found between Sertoli cells and

developing spermatocyles and spermatogonia

(type B} in the basal ES, or it is restricted only to 1he interface of Sertoli cells and the basement. membrane. ES,

ectoplasmic specialization, a modified testis-specific Al

sive cell movement across the epitheliumn, it is conceiv-
able that there is extensive restructuring at the inter-
face of Sertoli-germ cells at the adherens junction level.
Furthermore, the biochemical, molecular, and cellular
events pertinent to spermatogenesis are under endo-
crine control of the hypothalamic-pituitary-testicular
axis (for reviews, see Refs. 146, 338, 403. 428). In this
review, we limit our discussion on the biology and
regulation of Sertoli-germ cell interactions to the level
of cell junctions, in particular, occluding and anchoring
junctions, and how current advances in these itwo areas
have widened the possibilities of developing innovative
male contraceptives.

11I. JUNCTION DISASSEMBLY AND
REASSEMBLY ARE PERTINENT TO GERM
CELL MOVEMENT DURING
SPERMATCGENESIS

As described in seciion 1, extensive interactions
between Sertoli and germ cells take place in the semi-
niferous epithelium to coordinate the intermittent
events of disassembly and reassembly of Sertoli cell
AJs and TJs and Sertoli-germ cell AJs to facilitate the
movement of germ cells across the epithelium (see
Figs. 1-3). In this section, as well as in sections m and
v, we have reviewed the current status of research in
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r5 3. Shown are stages [-XIV of the cvele of the seminiferous epithelium in the rat as determuned by transilum:-
nation pattern of the freshly isolated seminifervus tubules from adult rats (4 and cross-secuons of the tubuies i he
testis that show the unique association between Sertoli cells and developing geym cells in cach stage of the cvele B
A: this is the schematic drawing of the different zones of a seminiferous tubule from adult rats under a rran<illuminanos
stereomicrocope. which can be divided into different zones, namely. pale. weak spot. strong <pol. and dark zone
representing different stages of the spermarogenic cyele. The different zoning pattern is the rexult of different mambwrs
of condensed nuclei in developing germ celis associated with Sertoli cells at different stages. [ Madified frona Paranes
1336¢4).7 B—F these are micrographs of cross-sections,  ~ am, of frozen festes from aduit rass stamned with henu K
corresponding to seminiferous tubules at stage B -0V o7 v [ VISVITLEOVIRL. FOIXC 60 XXM
and XIV (Ji. They illustrate the unique pattern of assecianon of developing germ rcells. such s spermatiwstes
spermatids. and elongated spermatids. with Sertoli cells in the semuniferous epithelium that gives nse o the differsn:
zones under transillumination microscopy shown in A4 representing different stages of the spermatogenic cacke oo
to XIV. Frozen sectinns were fixed in modified Bouin's fixative and staned with hematoxyim nang beohragues as
previousiy described (171, 512, 513, 5316, 5175 Bar = 20 um,

the dvnamies of cell junctions in the testis. Lustly, we A, Cell Junctions in the Testis
) J ]

have introduced rwo new innovative approaches for _

male contraception that are based on current research L Introduction

w20

by perturbing the functions of TJs (see sect. v) and AlJs Momhological studies of the testis performed i the
{see sect. v1) in the testis. 1070s and 1980s have identified many junction npes cont-
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T4BLE 1. A functional classification of cell junctions in the testis and their componeni proteins

Junction Type

Component. Proteins

Occluding junctions
Tight junctions

Anchoring junctions or adhering juncticns
With actin filament attachment sites
Cell-cell adherens junctions or adhesion belts
There are two specialized adherens junctions unigue 10 the testis:
Iy ectoplasmic specializations (can be found belween Sertoli
and germ cells, in particular spermatids} and
2) tubulobulbar complexes (can he found between Sertoli cells
angd elongated spermatids)
Cell-matrix adherens {e.g., focal conlacts, can be found hetween
testicular cells and extracellular matrix at the basal lamina)

With intermediate filament attachment sites
Cell-cell (deswiosomes can be found between Sertoli cells as well
4s between Sertoli and germ cells)
Cell matrix (hemidesmosomes can be found at the basal amina)
Communicating junctions
(Gap junctions {can be found between Sertoli cells, between Leydig
cells, and between Sertoli and germ ceils)

TJ-integral menbrane proteins: eecludin, oecludin-1B, clandin-1
-3, -4, -5, -7, -8, and -11 (at least. 24 claudins have been identified
as transmembrane proteins in other epithelia) and junctional
adhesion molecules (JAM)

TJ-associated proteins: 20-1, 20-2, Z0-3, cingulin, 7H6 antigen,
symplekin, actin, “AK, ZA-1 TJ, AF-6, fodrin, Ga, PKC, 19B1,

BGO.T, Rab3ls. RabS, Rabl3, c-yes, Sre, VAP-33, Sec 6/8

N-eadherin, E-cadherin, o- and F-actin, tensin, e-actinin, ¢-, g-

and y-catenin, vineulin, plakoglobin, 8re, CK-2, p120°*™", FAK,
Csk, paxillin, radixin, Fer kinase, GSK-38, ILK, fimbrin, espin,
nectins, afadins. testin, mygsin VIla, ponsin, gelsolin, Fyn,

keapl

Integrins (af least 20 different integring are known to exist; hut only
&;-, fty, 0gmy yn, Oge, -, and By-subunits kave been positively

identifiedd in Ihe (esiis), actin, a-actinin, vinenlin, talin, nexilin,
paxillin, zyxin, tensin, p130eas, Sre kinase, FAK, Grbh2, 808,

Ras, collagen, fibronectin, laminin a4, ,, v1, v;

Desmocollins, desmeozgleins, desmoplakin, plakoglobin, plakophilin,
plzorul e

Connexins 26, 30.3, 31, 31.1, 32, 33, 36, 37, 40, 43, 45, 46, 50, 57

This table was prepared hased on earlier reviews and reports {see Refs. 4, 12, 55, 61, 62, 57, 69, 77a, 133, 138, 177, 180a, 240, 274, 298, 328, 374,
ST7-380, 395, 416, 432, 447, 461, 493, 505, H15). Underlined and boldfaced component proteins indicate those that have been positively ideniified
in the testis. This list is not intended to be exhaustive, and readers are encouraged to find additional information in the cited reviews and reports.

TJ, tight junction.

mon to other epithelia (Table 1) (61, 62, 117, 221, 342, 377,
380). The three types of junctions found in the testis are
as follows: occluding, anchoring, and communicating gap
junctions (GJ) (see Table 1). Other structural modifica-
tions of AJs that use actin filaments as their attachmenti.
sites (see Table 1), such as ES and tubulobulbar com-
plexes, are unique to the testis (Table 1). In general, the
relative locations of these junctions in different epithelia
are the same; TJs occupy the most apical portion of cells,
followed by AJs, and then by a parallel row of desmo-
somes. Altogether these structures form the “junctional
complex.” On the other hand, GJs and additional desmo-
somes are not integrated tightly with TJs and Ads and can
be scattered around the epithelium, which in turn anchor
cells onto the extracellular matrix (ECM). As such, Tls
are furthest away from the ECM (for review, see Ref. 4).
In the testis, however, the location of TJs relative to
anchoring functions and GJls is different from other epi-
theliz since Sertoli cell Ts that create the BTB are found
at the basal compartment of the seminiferous epithelium
adjacent to the basal lamina closest to the basement
membrane (see Table 1 and Figs. 1-3), which is a special-
ized form of ECM in the testis (for review, sec Ref. 127).
The classification of the three junction types in mamma-
lian tissues and their constituent proteins are summarized

in Table 1. The only known occluding and communicating
junction types arc the TJ and J, respectively (Table 1).
However, there is more than one type of anchoring junc-
tion, which are classified as follows (see Table 1). In this
review, we limil. our discussion on TJs and anchoring
junctions (in particular the cell-cell actin-based adherens
junctions, Als), since a sufficient body of work has been
conducted in these areas, forming the basis for future
studies to understand the biology of junction dynamics in
spermalogenesis and for contraceptive development. An
excellent review on (rJs in the testis can be found else-
where (see Ref 133).

2, Classificalior of anchoring (or adhering) junctions

Anchoring junctions are abundant in many tissues, in
particular those subjected to mechanical stress (for re-
view, see Ref. 4}, Anchoring junctions physically connect
cytoskeletal elements of one cell to a neighboring cell or
to the ECM. Altogether, there are four types of anchoring
junctions (for review, see Ref. 4): 1) adhesion belts or
adherens junctions (Als), 2} focal contacts, 2) desmo-
somes, and 4) hemidesmosomes (for review, see Ref. 4).
Anchoring junctions that connect two cells together are
known as adhesion belts {or adherens junctions, AJs) and
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desmosomes: those that connect cells to the extracellular
matrix are focal contacts and hemidesmosomes (see Ta-
ble 1). AJs and focal contacts utilize actin filaments as
attachment sites. whereas desmosomes and hemidesmo-
somes use intermediate filaments as attachment sites (Ta-
ble 1). Ads, zonula adherens or adhesion belts. are located
in the apical domains of cells below TJs and are consti-
tuted largely by C ag‘-dependem cell adhesion molecules
(CAMs). also known as cadherins (for reviews, see Refs.
4. 177, 433, Cadherins in turn attach ro intracellular
attachment proteins, such as 8 and v-catenin. This cad-
herin/catenin complex associates with the underlving ac-
tin filament bundles via its interactions with vinculin and
a-actinin {for reviews, see Refs. [77. M3). It must be
noted that in the testis, AJs between Sertoli and derm
cells are morphologically different from those in other
epithelia. and the best-described modified restis-specific
AJ structures are ES and tubulobulbar complexes (62,
378. 470. 4711 Herein. we focus our review largelyv on the
cell-cell actin-based AlJs. Because several excellent re-
views on desmosomnes, focal contacts, and hemidesmo-
sorues in other epithelia can be found elsewhere (for
reviews, see Refs. 4, 9, 45, 52-56. 220, 246, 247 396, 397,
we will not elaborate on these junction tipes in this
review.

B. Technical Difficulties in Elucidating the Events
of Cell-Cell Interactions During
Spermatogenesis Pertinent to a Defined
Physiological Pheromenon, Such as Germ Cell
Movement

Although germ cell movement across the seminiferous
epithelium is one of the most important and Interesting
biological phenomena during spermatogenesis. very few
studies have been performed to examine the participating
molecules and the mechanism by which this event is regu-
lated. Our belief is that these studies are significant hecause
not only can they expand our knowledge of spermatogene-
sis pertinent to junction restructuring, but a thorough under-
standing of the biologv of germ cell movement should fead
to the development of novel and safer male contraceptives.
We have hypothesized that if germ celis are induced to
translocate across the epithelium rapidly. even before they
complete their development. germ cells found in the semi-
niferous tubular lunter will be immature and lack the ability
to fertilize the ovum (308). This can also be achieved by
perturbing cell adhesion in the testis prompting the deple-
tion of germ cells from the seminiferous epithelium. Alter-
natively. if germ cell movement is hampered and germ cells
are retained in the epithelium for a prolonged period of time,
they will become "aged™ and be removed by Sertoli cells via
phagocvtosis (308). In both instances, infertility will resuls. A
disruption of fertility by this approach is likely 10 induce

o HIEE TESTIS =3l

minimal side effects since the hyyx thalamus-pimitan-testic-
ular axis is not disrupted. However. a mode! 16 study the
evenis of germ cell movement is lacking. If such a mnlel
were avalable. it could e used 10 study the cascade of
events leading to germ cell movement. This, in turm, coud b
used to identify target genes and or proteins that perurh el
movement andkor cell adhesion. (nce the technique 1o obe
tain staged tubules for in vitro studies became available
(330, studies were performed to identfy targe! genes thal
associated with germ cell movement. such as SpPerTRLon
(61, 62, 1471, For mstance. it was shown that the EXPIession
andqor accumuiation of proteases. such as cathepsin L i
cysteine protease . was highest in stages V-VTI of the CVCie
preceding spermiation i 49 3085 which oeeirs n stage VI,
llustrating its possible invelvenient in disrupsting elongared
spermatid-Sertoli cell junetions at spermiation. Suthsenuene
studies by in situ hyvbridization have alse confimmesd the
predominant but transien: expression of cathepein L a1
stages V-V (86 315, Interestingly. the OXPression of cathe-
psins 1) (an aspanic protease . and S . also g CNSIE Do
tease ], in contrast to cathepsin L was shown to b predom-
inant not only ar stage VII preceding spenmiarion it ajwo
high at stages VII-XII t56;, These results thus challenge the
notion that cathepsin L i~ involved in spermiation, Needless
tor say. there are many biochemical and molecubir events
occurring ar stages V-VIL some of which are for HI N TEEY
entrely unrelated 10 the events of spermuiation or cel! g
mient. As such, it is crucial that in vitro functional studies e
performed first to determine which target genes and or -
teins are involved in the dynamics of TJs or AJs This should
be followed by in vivo studies 1o examine if these changes
indeed oceur in the seminiferous epithelium dunne JUnetion
restructuring, such as analyzing junction-associated proteins
in crosssections of staged tubules in the 1estis dunng the
spermatogenic cyvele. This can be followed by adibiuonal
studies to investigate if a specific cellular event can b
perturbed by manipulating the function of a molecuie or 4
group of molecules 1o assess whether this can dIsmipr sper-
matogenesis. In this context, it is noteworthy & mentuon
that the expression of a target gene. such as oceludin that i<
not stage specific in the westis (10 does not necessaniy
preclude its involvement in junction dinamics. Indeed, ones
cludin is an important regulator of TJ dynamics 135, 0%
Thus a molecule that is crucial 10 JUNCTION FesTriciunng nay
not necessarily be stage specifie unless 10 i dnked m g
specific event. such as spermiation.

C. In Vitro Model to Study Sertoli Cell
TJ Dynamics

sertoli cells cultured in sitre in chenically define!
serum-free medinm have been used 1o study the Birdogy
and regulation of the TJ-permeahility barrier for almos
two decades (6. 167, 2152220, 320 This mode! was tsed
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in our laboratory to identify several targetl genes that are
implicated in the regulation of Sertoli cell T.J dynamics,
such as occludin, claudin-11, ZO-1, w-raacroglobulin, and
others (8286, 169, 263, 264, 270, 271, 389, 495). Further-
more, it was shown that transforming growth factor
(TGF)-83 perturbed the Sertoli cell TJ-permeability bar-
rier in vitro via its effects on the expression of occludin,
Z0-1, and claudin-11 (270), utilizing the p38-mitogen-acti-
vated protein (MAP) kinase signaling pathway (271). The
novelty of this model to study Sertoli TJ dynamics is as
follows. First, Sertoli cells are cultured in chemically
defined serum-free medium; as such, it can be used to
identify molecules that play a crucial physiological role in
regulating TJ dynamics. Indeed, with the use of this
model, studies from various laboratories have shown that
testosterone, cAMP (82, 218, 219), and protease inhibitors
(329) are important regulators of Sertoli cell TJ dynamics.
Second, this model coupled with the use of other tech-
niques, such as restricted diffusion of FITC-dextran,
(PHlinulin, "°1-BSA; polarized secretion of Sertoli cell
proteins, such as a,-macroglobulin, testin, rat androgen
binding protein, and clusterin; and the measurement of
transepithelial electrical resistance (TER) across the Ser-
toli cell epithelium, can quantitatively assess the dynam-
ics of the TJ barrier (82, 83, 166, 167, 270, 271). Indeed,
this model was used in conjunction with CdCl; to study
the Sertoli cell TJ dynamics (82, 219). Preliminary studies
have illustrated that this is a reliable in vitro model to
delineate the possible cascade of events pertinent, to TJ
disassembly and reassembly (82).

D. Current Concepts in the Regulation of Sertoli
Cell TJ Dynamics :

Three theories are found in the literature explaining the
events of Sertoli cell TJ disassembly/reassenbly during sper-
matogenesis. First, the “zipper theory,” which proposes that
inter-Sertoli TJs or occluding zonules, consisting of fibrils
that completely encircle the basal domains of Sertoli cells,
break down to accormmodate the passage of preleptotene or
leptotene spermatocytes while new occluding zonules re-
form under the migrating preleptotene spermatocytes (142,
342-344). However, there are no in vivo studies showing
Jeakage of tracers into the tubular lumen even for a short
period of time. Second, the “intermediate cellular compart-
ment theory” proposed by Russell (375a) suggests the pres-
ence of a compartment occupied by germ cells in transit
from the basal to the adluminal compartment. However,
subsequent morphological studies have shown that there is
only one occluding zonule per Sertoli cell at any one fime,
making it uniikely that such a compartment exists, because
if it does, one should be able to visualize a preleptotene
spermatocyte trapped in between two gccluding zonules
(343, 344, 380). Also, both theories do not explain what
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triggers the dissociation and association of TJ fibrils to
facilitate the movement of preleptotene and leptotene sper-
matocytes across the BTB. For instance, if the disrupted
fibrils, which are composed of TJ-associated proteins, such
as oceludins and claudins, can be repaired rapidly, a sophis-
ticated signaling/trafficking system between Sertoli and
germ cells must exist. How can this be achieved and regu-
lated? Because germ cells do not possess an extensive cy-
toskeleton network, their movement is likely dependent on
Sertoli cells. What is the mechanism(s) that signals Sertoli
cells to facilitate germ cell movement? Are both Sertoli and
germ cells equipped with the necessary signaling molecules
to regulate their inferactions that triggers cell movement? As
such, there are many open guestions that remain to be
addressed. Third, the “stress theory” or “repetitive removal
of membrane segments theory” proposed by Pelletier and
Byers (342, 3431) suggests that the continuous upward mi-
gration of a large number of germ cells creates a siress
against the Sertoli cell occluding zonule. This may result in
junction proliferation, changes in orientation, and disintegra-
tion in the fibrils composing the occluding zonule (344, 342).
This theory, however, does not explain what triggers and
facilitates the upward movement of germ cells, Also, how
can stress induce changes in junciion orientation and break-
age in the TJ fibrils?

IIL. OCCLUDING JUNCTIONS: TIGHT
JUNCTIONS AND THE BLOOD-TESTIS
BARRIER

A. Functions of TJs in the Testis

The only known occluding junction type in mamma-
lian tissues, incInding the testis, is the TJ (zonulae occlu-
dens) (see Figs. 2 and 4). Three functions can be ascribed
to TJs. First, TJs formed between adjacent cells play an
essential role in compartmentalization by creating a bar-
rer to restrict the diffusion of solutes through the para-
cellular pathway (297, 432). Second, TJs also create a
boundary between the apical and basolateral domains of
a cell, which differ in protein and lipid composition. This
in turn creates and maintains epithelial and endothelial
cell polarity {367). These two roles of TJs are known 4s
the “barrier” and “fence” functions, respectively. Third,
the BTB also creates an immunological barrier that se-
questers antigenic determinants residing on germ cell
surfaces from the systemic circulation. This barrier also
excludes the entry of circulating immunoglobulins and
Iymphocytes into the adluminal compartment (for re-
views, see Refs 131, 400, 401).

In the testis, TJs are different from those found in
other epithelia in several ways. First, testicular TJs are
not assembled until puberty, which is ~15 days after birth
in the rat (117, 131, 379, 400). Second, the Sertoli cell-TJ

Physiol Rev = VOL 82 « OCTOBER 2002 » WWW.PIV.OTE



JUNCTION DYNAMICS IN THE TESTIS pu

EXTRACELLULAR
SPACE

Occludin

-
|E“"_'.f [ — == Fodrin
1 EEC G !

- MEEL P T
1e8re, - -
—— A —
Rappyy TN LS
FeeT, o
] PASIP

Claudin

-l

Junectional adhesion
molecule (JAM)

NH,

SERTOLI CELL
MEMBRANE

CYTOPLASM

Fi5 1. Current model on the molecular structure of tight junctinns and the constituent proteins m the esns A
schematic drawing that illustrates the molecular architecture of TJs is shown, Ondy three classes of TJintegral
membrane proteins. namely. occludin. claudin, and JAM. are known to date. Fach TlJ-integral membrane protemn hias
distinctive transmembrane. extracellular, and intracellular domains. The €€ H terminus of occiudin is associated with
ZO-1 intraceilularly. which in turn associares with 2012, 7Z0-3, AF-6. ZAK. and others. Cytosoiie proteins enclosed n
dashed boxes are TJ-associated signal transducers whose functions are not vet known This diagram was prepared biased
on earlier published models {for reviews. see Refs. 58, 135, 289, 265, A6, 431 4320 458 450 4T A2

complex in the testis has a unique architecture and loca-
tion within the seminiferous epithelium, which is formed
by the close apposition of adjacent Sertoli cell mem-
branes at the basal compartment of the epithelium and
designated the BTB (141, 401). Furthermore. the BTB is
closest to the basal lamina in the testis. This is in sharp
contrast to TJs found in other epithelia, which are fur-
thest away from the basement membrane. The BTB in the
testis also creates a specialized microenvironment for
germ cell developruent because developing germ cells do
not have access to the systemic circulation. As such. they
must rely on Sertoli cells for the provision of nutrients
and biological factors for their maturation. Third. the BTB
is dynamic in nature since it must open (disassemble) and
close (reassemble) periodically to allow preleptotene and
leptotene spermatocytes to gain entry into the adluminal
compartment for further development.

B. Molecular Constituents of TJs

Morphologically. TJs form a continuous circumferen-
tial seal near the apex of both epithelial and endothelial

cells. farthest frorm the basal lamina 4. 139 whereas in
the testis. they are located in the basal compartment of
the seminiferous epithelium adjacent o the basement
membrane, which is a modified form of ECM in the testis
(1271 {Figs. 1 and 2+ Thus the relative iocanon of Tis,
AJs. and ECM in the testis is in reverse order cornprared
with other epithelia. There are three classes of TJ-integral
membrane proteins: occtudins. claudins. and junctional
adhesion molecules (JAM. a member of the mmunogloh-
ulin superfamilyvy ¢ 135, 2585 205,

L Tl-integral membrane proteins: occludins, cinudins,
and JAM

- Occludin is a 80- to 53-kDa singie
polypeptide and a Ca” -independent imercelluiar adhe-
sion molecule (3674 It is also a putative T intearal mem-
brane protein that contributes to the barrier and fence
functions of TJs (for reviews, see Refs. 53, Ihn, 2us. 455,
4543, Recently. a new variant of occludin designared oc-
cludin 1B has been identified i the mouse esns, which
has an additional 193-bp mnsertion and a unique NH -
terminal sequence compared with oecludin 513 Each

AL P CLUDIN FAMILY
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occludin molecule consists of four transmembrane do-
mains, two extracellular loops (loop 1, amino acid resi-
dues 90-138; and loop 2, residues 199243 from the NH,
terminus in the rat), one intracellular loop, a small NH.-
terminal cytosolic domain, and a large COOH-terminal
cytosolic domain {Fig. 4) (for reviews, see Refs. 88, 138).
Among these domains, the first extracellular domain is
rich in Tyr and Gly (~60%), and these structural charac-
teristics are well conserved among different mammalian
species (12). Its cytoplasmic COOH-terminal domain as-
sociates with ZO-1 at a stoichiometric ratio of 1:1 (153).
Overexpression of chicken occludin in Madin-Darby ca-
nine kidney (MDCK) cells increased the “tightness” of the
"J barrier as manifested by an increase in transepithelial
electrical resistance across the cell epithelium, whereas
truncation of occludin at the COOH terminus caused the
influx of N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4c-diaza-
S-indacene-3-pentanoyl)sphingosyl phosphocholine (BODIPY -
sphingomyelin across the TJ barrier in vitro (28). Further-
more, introduction of a peptide corresponding to the
second extracellular domain of occludin can perturb the
TJ-permeability barrier of Xenopus A6 epithelial cells in
vitro (496) and Sertoli cells in vitro (83} and can disrupt
the BTR in vivo (83). These results thus suggest the notion
that the second extracellular loop of occludin is important
to confer TJ functionality. However, occludin alone can-
not generate a bona fide TJ barrier. For instance, occlu-
din-deficient embryonic stem cells can still differentiate
into polarized epithelial cells having TJs (384). Instead,
studies have shown that occludins and claudins both
contribute to maintain TJ function in epithelial cells (for
review, see Ref. 459). Other studies have shown that the
first extracellular loop of occludin contributes signifi-
cantly to cell adhesive function (138, 208 467). Studies by
immuno-freeze fracture electron microscopy have also
shown that occludin is concentrated within TJ fibrils
(148) and is phosphorylated both at Ser/Thr and Tyt res-
idues (386, 457). However, an additional minor pool of
occludin is found in the basolateral membrane, which is
less phosphorylated, and is not assernbled into T.J fibrils
(100, 386). This lateral pool of occludin is likely to serve
as a reservoir of molecules for rapid expansion of TJs. For
instance, earlier studies predating the discovery of occlu-
din have shown that application of trypsin to the hasolat-
eral surface of MDCK cells could induce a rapid increase
in the number of TJ fibrils and transepithelial electrical
resistance (TER) (275), illustrating that mammalian cells
possess a mechanism to rapidly assemble TJs in response
to an external stimulus. With the use of peptide mass
fingerprinting analysis coupled with electrospray loniza-
tion tandem mass spectroscopy, it has been shown that
%er-338 of occludin is the putative phosphorylation site
induced by protein kinase C (PKC) in MDCK cells in vitro
(13). Taking these observations coltectively, it is possible
that preleptotene and leptotene spermatocytes are the
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source of the stimulus that regulates TJ dynamics by
inducing localized changes in the phosphorylation of oc-
cludin in the TJ fibrils. Before this hypothesis can be
tested, one must first assess whether there are changes in
occludin phosphorylation at the time of junction assem-
bly both in vitro and in vivo. Other studies have shown
that two adjacent oceludin molecules are capable of lat-
eral oligomerization, which in turn form interlocking T.J
fibrils, perhaps within the merabrane bilayer {(72). How-
ever, claudin-1. a structural molecule that constitutes TJ
fibrils by forming paired TJ strands in the apposing mem-
brane of adjacent cells with claudin-2 or -3 (459), is largely
unphosphorylatec (71), seemingly suggesting that TJ dy-
namics are regulated by muiltiple signaling pathways,
some of which are not regulated by protein phosphoryla-
tion. Also. differenm TJ-integral membrane proteins may
be regulated hy distinctly different signaling pathways. It
has been reported that occludin and occludin-1B are
found in the rat and mouse testis but not human and
guinea pig Sertoli cells (110, 303), suggesting that the
testis is equipped with other yet to be identified TJ-inte-
gral membrane proteins to maintain the BTB integrity and
its function. With the use of immunohistochemistry, it
was shown that the accumulation of occludin closely
associated with the assembly of the BTB at the site of Tds
in the mouse testis during postnatal development; how-
ever, its pattern of localization in the seminiferous epithe-
lium was not stage specific (110). Between postnatal day
23 and adulthoocl, oceludin was diffusely localized in the
seminiferous epithelium {110). Furthermore, intratesticu-
lar injection of glycerol in adult rats that damagéd the
BTHB by disrupting the organization of microfilaments and
microtubules in Sertoli cells was also shown to disrupt
the cellular occhudin distribution (490). Taken collec-
tively, these results itlustrate that much work remains to
be done to define the role of occludin in regulating TJ
dynamics in the festis. A more recent study has demon-
strated that exprossion of oecludin mutants in transfected
epithelial cells with a modified NHy-terminal cytoplasmic
domain (but not the COOI-terminal cytoplasmic domain
since its deletion failed to perturb cell transepithelial
migration) upregulated the migration of neutrophils
across the TJ barrier without affecting TER and paracel-
lular permeability (201). This report clearly illustrates that
occludin regulates the transepithelial migration of cells
across the T barrier utilizing its NH,-terminal cytoplas-
mic domain. In transgenic occludin ™~ mice, TJs in epi-
thelia that were examined did not appear to be morpho-
logically affected; for instance, the TJ barrier function of
the intestinal epithelium remained intact (385). However,
other phenotypic changes were detected in occludin ™'~
mice, such as testicular atrophy, calcification of the brain,
and thinning of the bone (385). Furthermore, although the
testes and scminiferous tubules of occludin ™™ mice in
their early postnatal stage appeared to be normal without
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any detectable damage to spermatogenesis. the rubules
displayed atrophy and the seminiferous epithelium was
devold of germ cells in adulthood (384). These findings
thus suggest that the functions of occludin and TJs may
be more complicated than originally conceived. Ironi-
cally. this is not entirely unexpected since TJs are imphi-
cated as the platform for signal transduction (for review.,
see Ref. 510).

B) CLaUDIN FasiLy, Claudins are another family of TJ-
integral membrane proteins with an apparent molecular
mass of ~22 kDa that confer TJ functionality and cell
adhesiveness to epithelial cells {151, 153a. 1534, 458, 450,
(laudins share a similar molecular topology with occlu-
din. Each claudin molecule consists of one short NH.-
terminal cytoplasmic domain, two extracellular loops,
four putative transmembrane domains, and a long COOH-
terminal cytoplasmic domain 1Fig. ). Nevertheless. the
primary amino acid sequences of claudins do not share
any significant homologies with occludins, illustrating
that these two classes of TJ proteins are distinet. At least
21 clandins have been identified in TJs in different epithe-
lia (for reviews. sce Refs. 138, 151. 154, 153, 208, 301, 3402,
159). With the use of immunogold freeze-fracture laheling,
claudins have been shown to iocalize within TJ fibrils
(310. 302). Recemt studies have shown that claudins are
the principal TJ-component proteins primarily responsi-
ble for constructing the seal-forming elements in T.Js {for
reviews, see Refs. 158, 159} In contrast to occludin, clau-
dins. such as claudin-1. found in TJ fibrils are largely
unphosphorylated at the site of TJs in MDCK cells (71),
illustrating that protein phosphorvlation. whiie it plays an
important role in TJ assembly. is possibly not the only
determining factor that regulates TJ assembly. Seven dif-
ferent claudins (i.e.. claudin-1, -3, -4. -5. -7. -8. and -11} are
found in the testis. For instance. claudin-11 is found ex-
clusively in the brain [also known as oligodendrocyte-
specific protein {OSP} restricted to the mvelin sheaths of
oligodendrocytes in the central nervous svstem]. the tes-
tis (restricted to Sertoli cells) 301, 302). the choroid
blexus. and the collecting ducts in the kidney (164). The
expression of claudin-11 in the testis appears to be limited
to the Sertoli cell. since it was not found in germ cells
(14803 Moreover, the expression of claudin-11 by mouse
Sertoli cells in vitro is inhibited by follicle stimulating
hormone (FSH) and tumor necrosis factor (TNFi-a with
an ED;, at 4 and 4.5 ng/ml. respectively (140). Its expros-
sion in the mouse testis in vivo was induced at postnatal
days 6-16. coinciding with the assembly of the BTB that
occurs at ~10-16 days postnatally (199). These results
suggest that the intricare interactions between claudin-11,
FSH. and cytokines plax a crucial role in the assemibly of
the BTB and the regulation of TJ dynamics in the testis.
Furthermore, gene knock-out experiments showed that
null niice lacking claudin-11 are sterile and have hindlimb
weakness and retardation of nerve conduction (164}, TJ

N

intramembrancus strands were absent in the central ner-
vous systenmt myelin and between Sertoli cells in the teszis
in claudin-11 knock-out mice «1d: These resulis s
illustrate the significance of claudin-11 in spermatogene-
sis. A recent report has also demonstrated the signifi-
cance of claudin-1 in T function since claudin-i
died within 1 day after binth with wnnkled <kin 1514
Although both occludin and claudin-d were found in rhe
Tls in these claudin-1 mice. the epidermal TJ barmier
could not form 115las seemingly susgesung that lau-
dir-1 1s primarily responsible for the integnty of the epi-
dermal T.T barrier.

Different members of the «<laudin family are ex-
pressed in different tssues and or organs. For instian o
claudin-2 s predominantiv expressed in the Kidney and
liver. whereas claudin-3 can be found v virtually adl ts-
sues examined 1o date (151 154, 2050 Claudins <. -7, and
-8 are present in both lung and Kidnev - 15 301 50
Recently. a new member of the claudin family designated
paracellin-1. claudin- 16 was wdentified. Its mutation resuls
in renal hypomagnesemia in humans 413 Two different
claudins can atso be coexpressed in a single cefl. raisimy
the possibility that heterogeneous claudins can form het-
eromeric T strands (1551 Indeed. recent stdies have
demonstrated that claudins in one coll can asseciate hot-
erotvpically and homotypically with clasdine in the apr
posing cell (1551 When occludin was transfecied into
claudin-expressing fibroblasts. it was recruited o chudin
fibrils. suggesting that claudins are the major contriburor
of fibril formation. Furthermore, claudins appear 1o con-
fer stronger cell adhesion between cells than occeludin
{Z4-h, indicating they form transcellular contacts Teqitired
to seal the interceliular spuace.

CLAUDINSD PARTNERS N LIaThy s

mice

1O CLUDIN AND DR
Tis. Claudins and occludin can be organized into o
gomers and hetero-oligomers. Freeze-fraciure anaiysis
has shown that T fibrils are composed of particies of - oo
nmin diameter. which is similar in size w0 the connexons
found in Gls 148 Interestingly. the folding Tapoioy of
connexons 1s similar to claudins and occluding and tiese
inolecules have similar M, By analogy. it is likely 2hat the
10 am TJ particles are composed of more than one
claudin or cecludin motecule. For instance. each con-
nexon in the G s composed of a nng of <ix wdennes)
protein subunits called the connexin at the periphery with
a central pore, which permits the passage of chenieal
signals between two cells < for reviews, see Befs. L 250,
HOL When clawdine and occladin are coexpressed 1 fi-
broblasts, claedin recruits occludin w fibals - 150
gesting they can form a functional protein complex. With
the use of claudin L cells transfected with clawdins. it
was found that clandin-1 and -3 and elaudin-2 and - cun
form a TI complex but claudin-1 and -2 cannot  for re-
view, see Ref. 3% Thus. among the 24 known claudine,
only some claudins can interact with selected memboers,

=id-
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Indeed, it has recently been proposed that the homotypic
or heterotypic claudin-clandin complexes formed be-
tween apposing cells are composed of aqueous TJ pores
to permit transport of small molecules across the TJ
barrier (for review, see Ref. 459). Still, the detailed mo-
lecular architecture that forms these TJ pores in the para-
cellular space and their regulation is unclear. Additional
mutational and structural studies are likely to resolve the
issue of how these proteins interact with fheir partner
molecules in apposing cells. It has been reported that the
number of T.J strands correlate with the tightness of the
TJ barrier (93, 278, 350). It is also known that the Sertoh
cell TJ is one of the tightness in the mammalian body
(128, 131, 159), suggesting that the number of junctional
strands in Sertoli cell Tls is relatively high (343). How-
ever, the Sertoli cell TJ-permeability bharrier in vitro was
shown to have an electrical resistance of ~100 Qrcm® (28,
82, 169, 218, 219, 270, 496), which is only ahout one-tenth
of that observed in MDCK cells and keratinocytes in vitro
(28, 179, 496). These results seemingly suggest that the
tightness of the BTB is approximarely one-tenth of that of
TJs found in the kidney and other epithelia. Janecki et al.
(219) first reported that the tightness of the Sertoli cell
TJ-permeability barrier in vitro can be signpificantly in-
creased in the presence of testosterone. Furthermore, a
recent report (82) has shown that testosterone at 1x 1077
M, which is ~ 100 times higher than the level of androgen
found in the systemic circulation, but similar to the level
detected in the testis, such as in the rete testis fluid (462),
can protect the Sertoli TJ-permeability barrier in vitro
from the disruptive effects of CdCl, (82, 219). More im-
portant, it was shown that testosterone could stimulate
the expression of occludin by Sertoli cells in these same
cultures (82). These results further demonstrate that the
dynamics of TJs in the testis are regulated by androgens.
In addition, proteases and protease inhibitors also appear
to play a role in the BTB function, since chloroquine, a
protease inhibitor, has been shown to facilitate the as-
sembly and mainienance of Sertoli TJ in vitro (329), con-
sistent with another study reporting that the assembly of
junctions between testicular cells in vitro is regulated by
both proteases and protease inhibitors (3093,

D) JaM. JAM is the third type of TJ-integral membrane
protein identified in TJs by using monocional antibodies
against endothelial cells (285) and is localized to the
intercellular boundaries of both epithelial and endothelial
cells (334). To date, at least three JAM molecules are
known, designated JAM-1, JAM-2, and JAM-3 (22, 23, 108,
334, 491). Although it is not known if JAM-3 is present in
the testis, JAM-1 and JAM-2 have recently heen identified
in the mouse testis by Northern blot analysis (23). The
molecular mass of JAM found in different tissues ranges
from 36 to 41 kDa, possibly the result of carbohydrate
heterogeneity. JAM-2 binds to JAM-3 (22) Unlike occlu-
dins and claudins, JAM exhibits a distinct topographic
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structure (Fig. 41. Each JAM molecule consists of a puta-
tive intracellular (lomain, a transmembrane domain, and
an extracellular domain. The extracellular domain is com-
posed of two V-shaped immunoglobulin-like loops with
two interchained clisulfide bonds (285) (Fig. 4). JAM has
also been reported to facilitate homotypic cell-cell adhe-
sion (285). When JAM was transfected into Chinese ham-
ster ovary (CHO) cells, cell permeability to dextran {mo-
lecular mass ~3%.0 kDa) was reduced by 50%, increasing
the tightness of the TJ barrier (285), which is similar to
results obtained when cadherin was transfected into CHO
cells. However, it is not known if JAM is indeed a como-
ponent of TJ fibrils and if it can form a functional TJ
barrier. The use of anti-JAM monoclonal antibody, how-
ever, can prohibit the migration of monocytes through
endothelial cclls when chemotaxis assays were con-
ducted both in vitro and in vive (118). Also, administra-
tion of anti-JAM monoclonal antibody inhibited leukocyte
accuriulation in the cerebrospinal fluid and infiltration in
the brain parenchyma. Furthermore, the tightness of the
blood-brain pernmeability barrier was reduced in the pres-
ence of anti-JAM monoclonal antibody. On the basis of
these observations, it has been concluded that JAM is a
new target in limiting the inflammatory response accon-
panying meningitis (118). On the other hand, combined
treatment. of human endothelial cells with TNF-« and
interferon (IFN)-y induced the redistribution but not the
amount of JAM promoting transmigration of leukocytes
across endothelial cells (331). It has been suggested that
this redistribution of JAM is crucial for the transendothe-
lial migration of leukocytes at inflammatory sites in re-
sponse Lo proinflammatory cytokines {331). Another strik-
ing feature of JAM is that its mRNA is found in
megakarvocyies, which do not possess TJs; also, the ex-
pression of JAM is either absent or at a very low level in
hepatocytes, which contain well-developed TJs (285),
suggesting JAM may have other yet-to-be identified phys-
iological functions. A recent study has shown that JAM
associates with Z0-1 when assessed by in vitro binding
and coprecipitation experiments. More recent studies us-
ing immunofluorescent microscopy have shown that the
COOH terminus of JAM binds to the PDZ3 domain of ZO-1
{214). JAM also coprecipitates with cingulin, another cy-
toplasmic T.I profein, through its interaction with the NH,
terminus of eingulin (31). Although the role of JAM in
tissues without TJs is still unclear, studies using immu-
noreplica electron microscopy have shown that JAM has
an intimate spatial relationship with TJ strands in epithe-
lial cells, such as fibroblasts (214). These results seem-
ingly sugdest that aggregates of JAM are tethered to ¢lau-
din-based TI strands through ZO-1, contributing to the
overall archircerural integrity of TJs in epithelia (214).
Results of these siudies clearly illustrate that JAM is an
important T candidate protein. However, it remains to be
determined if JAM-1 and JAM-2, which are found in the
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testis (23}. can indeed facilitate the transmigration of
preleptotene and leptotene spermatocytes across the BTB
in the testis. In light of their unusual properties in regu-
lating transendothelial migration of neutrophils and
monocytes. this class of molecules should be aggressively
studied in the testis to understand their role in T.J dynam-
ics during spermatogenesis.

2. Cytoplasmic proteins linking TJ-integral membrane
proteins to cytoskeleton

A) zo-1 AND OTHERS. ZO-1 is the first TJ-associated
cytoplasmic protein subjected 1o extensive investigation
{433). ZO-1. Z0-2. and Z0O-3 are members of the mem-
brane-associated guanyvlate kinase {MAGUK) protein fam-
ily of signal transducers. It is characterized by a PS[-05
Discs Large-zona occludens-1 (PDZ) domain, a Sre
homology 3 (SH3) domain. and a guanylate kinase (GUK)
homology region (for reviews, see Refs. 267, 4323, ZO-1. a
225-kDa polypeptide, was first identified in the membrane
fraction of hepatocytes. It was also localized 1o Sertoli
cell junctional complexes (3%, 433). In the mature testis,
Z0-1 is associated with Sertoli cell oceluding and nonoe-
cluding junctional membrane specializations, such as the
subsurface filamentous specializations facing germ cells
(59, suggesting that this protein is not restricted 10 T.ls.
In two MDCK cell strains. which exhibit high and low
electrical resistance. the level of ZO-1 is similar. indicating
the abundance of Z0-1 in a given tissue does not correlate
with the tighmess of TJs (433), ZO-1 is an asymmetric
phosphoprotein that is peripherallv associated with the
cytoplasmic surface of the plasma membrane (10) ar the
sites of TJs (433). Z0O-1 is also impiicated in creating a
mechanochemical linkage between the submembrane cy-
toskeleton and integral membrane components of the TJ
instead of contributing to the TJ sealing properties (for
review, see Ref. 432). Recent studies have shown that the
FDZ domain of ZO-1 is the hinding site for the COOH
termini of claudins and occludins (153, 213). indicating
Z0O-1 is a linker protein coupling the transmembrane TJ
proteins to the cytoskeleton. ZO-1 coexists with occludin
in a stoichiometric ratio of L:1 ¢155) (Fig. 41, The expres-
sion of ZO-1 becomes progressively restricted to the de-
veloping junction in the testis at the site of TJs between
days 7 and 14 in the rat and mouse (593, correlating with
the assembly of the BTB that takes places at ~13-15 days
of age in rats. In addition. two ZO-1 isoforms are known:
the ™ and o~ forms. which are predominantly expressed
at puberty and adulthood in the guinea pig testis. respec-
tively. implicating the significance of «” in the BTB as-
sembly at puberty (344} Under conditions designed 1o
preserve protein-protein interactions, Z0-2 (160 kDa) and
Z0)-3 (130 kDa) were shown to coimmunoprecipitate with
ZO-1 (178, 188. 223). Both ZO-2 and ZO-3 share strong
sequence homology with Z0-1 (for review. see Ref. 432).

Both Z0-1 and Z0-2 are found in the testis: however. it 1s
not known if ZO-3 is present in the testis. A recent study
has wdentified a new MAGUK protein designated Pals] in
TJs in the kidney (365.. which functions as an adapter
protein linking the mammalian homologs of Crumbs and
Discs Lost (the mammalian homolog of Dvsepdiiln Prnses
Lost is Patj). Both are proteins crucial for epithelial cell
polarity in Drusophila. and this complex. the Patj-Palsl-
Crumbs complex. in turn anchors to the TI by interacting
with the PDZ domain of ZO-1 <365, 405 Fig. 4. Agam. it
remains to be determined if such complex-reguiating el
polarity exists in the testis.

Bhenvsris, Cingulin is the first T protein idenntied
by using monoclonal antibodies - 90, 41 and s found in
the rat and mouse testis 1see Tahle | Cingulin is a
140-kDa  phosphoprotein found at the cxvtoplasmie
plagque of TJs from epithelial and endothelial cells i1
and 1s further away from the site of the TJ than Zo)-]
(4314 Nonetheless. cingulin 18 essential 1o conferring
TJ function hy maintaining an impermeahle barrier « 5=,
s34, Clngulin shares structural homology with other
cyvtoskeletal proteins. such as myosin rod and paramyvo-
Sin (88, 811 Recent in vitro immunoprecipitation stuad-
ies have shown that cingulin interacts with other TJ
proteins. in particular Z0-1. 20-2. ZO-3, AF-t1 and my-
osin ( 1}, suggesting an in vivo interaciion of cingulin
with ZO-1 and Z0-2 may occur. In addiunn. cinguhin
interacts with occludin in vitro 0 100 Sradies by immye
nofluorescent microscopy have localized cinguhin 1o the
same site of ZO-1 at the basal compartment near the
BTB in the rat and meouse testes 6820 Furtherniore
cingulin is also found at the spermatid-Sertol cell con-
tact sites consistent with its localization at the ecto-
plasmic specialization (621

<3 syMpLERIN. Symplekin is a 1%0-kDa protem manally
identified by the use of monoclonal antibesiies rajsed
against iateral membrane junctional exiracr [or review.
see Ref. 432). It has been locahized o the site of TJs
polarized epithelia. as well asn Sertol celis by inununo-
histochemistry and immunogold electron microscopy, but
not at TJs in endothelial cells 236 . In addinion o s
localization 1n TJs. symiplekin 1s a ublquitous component
of the nucieoplasm in both epithelial and nonepithelial
cells (2361 Molecular cloning of symplekin has shown
that its cDNA consisis of a wellconserved Kozak e
dquence: however, ssmplekin does not share any homaol-
ogy with ZO-1. Z0O-20 or any of the members of the
MAGURK family of proteins 463,

(3 oTHEE~. With the use of electron microscopy tech-
niques In conjunction with specific antibodies, protein
kinases. heterotrimeric Ga proteins. small GTP-binding
proteins (such as RabiB and Rab13 . AFY. Sre subsrraze,
and ¢-yes have all been localized to the cytoplasmic sur-
face of TJs (for review. see Ref 510, However. the func-

tions of many of these molecules are no! xnown  for

Physiol Rev s visl s2 o0 TOBER Gac ¢ WWW prvorg



838

taBie 2. Tight junction proteins
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Molecular
TJ Proteins Function(s) Mass, kDa Partner Protein(s) Reference Nos.
TJ-integral membrane
proteins
Occluding TJ barrier 60-82 ZO-L 12, 162, 213, 313
Claudins TJ barrier 22 Z0-1, Z0-2, VAP33, actin 151, 154, 213, 254, 298, 301, 302,
494
JAMs Monocyte fransmigration  36-41 Z0-1 22, 214, 286
Peripheral proteins
Z0-1 Scaffold protein/signaling  210-225 Oceludins, claudins, Z0O-2, 20-3, cingulin, 10, 27, 99, 212, 213, 368, 405, 433,
Cell polarity actin, Patj-Palsi-Crumbs complex 492, 494
702 Scaffold protein 160 Z0-1, actin 32,178, 494
Z0-3 Scaffold protein 130 201, occludin 26, 188, 494
Cingulin Scaffold protein 140-160 ZO-1, -2, -3, occludin, myosin 90, 99
THG 155175 511
AFG Scaffold protein 180195 Ras, Z(O-1 5004
Fodrin Scaffeld protein 240 212
TJ-associated signaling
proteins
ASIP/Par3 1B-180/100  alPKC {e.g., PKC-£ PKC-A) 215, 225, 266, 436
Symplekin 150 236
Src substrate 120 307
C-yes ~ 0} 460
Z0-1-associated Z0-1 28
kinase
G 349-41 Zi-1 121, 124, 383
PEC-¢ 81 124
PKC-e #1 370
19BI 210 285
Trafficking proteins
Rah3b Intracellular traffic 25 202
Rah8 Intracellular traffic 24 G/C kinase, exocyst subunits 172, 202, 356
Rab13 Intracetlular traflic 2024 &-PDE 286, K09
Sect/8 Intracellular traffic 70-110 510

TJ, tight junction; JAM, junctional adhesion molecules; PKC, protein kinase (; PDE, phosphodiesterase.

review, see Ref. 120). Furthermore, these protein com-
plexes eventually anchor to actin. Although actin is not
exclusively found at the site of TJs, actin is known to
regulate TJ permeability since agents that disrupt the
actin cytoskeleton can induce influx through the paracel-
lular space (for review, see Ref. 432). More recent studies
have shown that the T.J is a platform for trafficking and
signal transduction because many of the proteins neces-
sary for membrane trafficking and signal transduction are
found at TJs (see Table 2). Indeed, recent studies have
identified a new family of proteins designated junctophi-
lins (JP), which consists of JP-1, -2, and -3 (322}, in the
junctional complexes in excitable cells, such as heart and
skeletat muscle (448). Although JP-1 and JP-2 were nct
found in the testis but apparently confined to heart and
skeletal muscle, JP-3 is largely confined to the brain and
testis, localized in the junctional complexes between the
plasma membrane and endoplasmic/sarcopiasmic reticu-
lum (446). JP proteins appear to play an important role in
facilitating functional cross-talks between cells through
the ionic channels on the plasma membrane and endo-
plasmic/sarcoplasmic reticulum in excitable celis (211,
522).

C. Interactions of Signaling Molecules
in TJ Dynamics

Recent studies on TJ-associated signaling molecules
(see Tables 1 and 2; Fig. 4) have shown that the TJ has
emerged as a platform for signal transduction to coordi-
nate different cellular functions, in particular the dynam-
ics of TJ functionality to permit the timely passage of
cells, such as prelepiotene and leptotene spermatocytes
and monocytes across the BTB and epithelium, respec-
tively. However, the precise regulation of these events is
not yet known. For instance, small GTPases, Cdc42 and
Rac, known to be involved in actin cytoskeleton dynamics
and cell polarity. bind to a protein complex containing
Parf, Par3/ASIP, and PKC that is found in TJs (for review,
see Ref. 510) (Table 2, Fig. 4). When either Par6, Par3, or
Cded? is overexpressed in epithelial cells, it causes disto-
cation of ZO-1 from the site of TJs, rendering the loss of
cell polarity, indicating the Cdc42/Par6/Par3/PKC{ com-
plex, along with Z()-1, may be critical to maintain cell-cell
contact and cell polarity at the site of Tls (224, 266}
Furthermore, small GTPases, such as Rho, Raec, and
Cde42, are important molecules regulating TJ dynamics
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via their effects on F-actin (for reviews. see Refs. 181
182). For instance. overexpression of RhoV 14 and RacV1?
causes disruption of the TJ sirands due to a chaotic
redistribution of ZO-1 and occhudin (230). It is known that
these GTPases, such as RhoB. regulate the events of actin
organization by targeting vesicles to the appropriate sites
in the membranous structures within a cell including the
sttes of TJs and Als (for reviews, see Refs. 152, 5101 More
recent studies have shown that both Sertoli and germ
cells express small GTPases, such as ('ded?. N-Ras. Rac?.
and RhoB {271-273). indicating both Sertoli and germ
celis are likely to take part in the reorganization of their
cytoskeleton network to facilitate germ cell movement. It
is obvious that studies of small GTPases in the testis
should be expanded to understand the precise regulatory
pathway(s) by which TJ dyvnamics are regulated utilizing
these GTPases (for review, see Ref. 273},

D. Molecular Mechanisms That Regulate
TJ Dynamics

Although major advances were made in the past two
decades identifving many constituent components of Tls
in different epithelia including the testis (Tables | and 2
and Fig. 4), the factors and pathway(s) that regulate TJ
dynamics in the testis are poorly understood. Neverthe-
less, extensive studies have been perfornied using epithe-
liai cells. such as MDCK cells and keratinoeytes. cultured
in vitro to identify and investigate the regulatorv moie-
cules and signaling pathwayis) that modulate TJ dynam-
lcs (for review. see Ref. 120). To date. different signal
transduction pathways are implicated in the regulation of
TJ dvnamics. These include protein kinases, protein phos-
phatases (26. 87. 262, 264, 317, 319). intracellular ('a*"
{318, 434, 433). G proteins (25. 2129, calmodulin, ¢ AMP.
and phospholipase C (25, 218). On the basis of these
earlier in vitro findings. two biochemical models have
been proposed attempting to explain how small mole-
cules. such as fatty acids. amino acids. glucose. and Ig(,
can traverse epithelial TJs during food absorption and
inflammatory responses.

1. The Ca*~ switch model

This model is based on the observation that depletion
of Ca”” from MDCK cells cultured in vitro induces imme-
diate disruption of the TJ barrier, which is manifested by
aplunge in the TER across the cell epithelium ( for review.
see Ref. 120). Upon addition of [Ca™ ] to the media. cell
polarity restores and the TJ barrier reseals. It is also
known that the Sertoli cell TJ barrier can be disrupted and
resealed by manipulating [Ca” "] in the culture medium
(169). For instance. depletion of [Ca”"] from the spent
media of Sertoli cell cultures can perturb the Sertoli cell
TJ barrier within 15 min. and its replacement induces the

ST

disrupted TJ barrier to reseal within 0 min, making it
indistinguishable from control cultures « 166 These re
sults unequivocally demonstrate that (g C;oplavs averny
critical role in the regulation of TJ dvnamics in the resis,
Indeed. caleium is a kreown cell signaling melhecuie thar
regulates a variety of cellular events - for review see
Ref. 371

2 The ATE depdetioni-ropleticon miols

During TJ assembly or disassembly. the actin Cy-
toskeleton undergoes extensive pohvnerization and tepo-
bmenzation, which is an ATP-dependent event peT Nee
For instance. treatment of cells with (vTochalasin, a drug
that disrupts actin filaments. can perturh the Prarscelular
harrier 143, suggesting the significance of the eviomked-
eton network in TJ functionality. This rede] hypusthesizes
(for review. see Ref. 120 that when ATP i< depieted from
the system, ZO-1 hecomes associated with vitemKeletal
proteins. such as fodrin. This, i tum, pulls 20} away
from T sites causing TJ leakiness. Upon repletion of ATP,
the association between Z0-1 and fodrin becomes i
rupted. allowing Z0)-1 molecules 1o move back to T <ites,
resealing the T.J 1457). These models. however. apparently
can only explain how TJs hecome leaky i vitro to allow
passage of small molecules and tons, This is i contrast te
the dynamics of Senioli cell Ts that constitute the BTE,
which must disassemble to allow for the passage of
prefeptotene and leptotene spermatocyvtes. These mewlols
also do not take into consideration how the recentiy
idenrified TJ-integral membrane proteins, sueh ws oechy.
dins, claudins, and JAM. 1ake part in these proscesses

E. Regulation of TJ Dynamics

1. Requdation by prutein phosphorglatoon
the intevplay of kenases aud phosphatises

In mammatian cells. as much as 30 of the cellular
proteins are phosphonvlated 1122 ilustranng the regula-
tory roles of protein phosphonvlation. Indeed, rirosine
phosphorylation of junction-associaied protein. is known
t play a cnicial role In junction assembiv 378 For
instance. (yrosine kinases of the Sre family are founed
the sites of Ts and AJs csee Tables | and 2 a~ wel] as Figs
+and Ty o460y B-Catenin. an Alassociated protem. be-
cores highly phosphonvlated in Srectransfected cells and
is a putative substrate of protein kmases 33 Beeent
studies from our laboratony have demonstrated the pres-
ence of myotubularin. a putative protein tvrosine phos-
phatase «PTP: in Sertoli and germ ce ol 2y s
expression is induced when the Sertoli coil T barmier is
being assembled in vitre 204 Fumhermore, a4 testis
specific serinethreonine protein Kinase is alse found
the mouse 1381, Thus both Ads and T« apy arently consist

Physiol Beve vl oo cn TOBEDR 2« waw preorg



840

of the necessary proteins for signaling via tyrosine phos-
phorylation. With the use of various PTP inhibitors
(PTPi), it was shown that both B-catenin and ZO-1 are
tyrosine phosphorylated and are putative substrates of
tyrosine kinases (424). Also, vanadate (a specific PTPi)
can induce a rapid increase in TJ permeability in MDCK
cells in vitro as revealed by reduced TER and increased
permeability to [*H]inulin by increasing the cellular phos-
phoprotein content (97). This observation is consistent
with our recent observations demonstrating that sodium
orthovanadate can perturb the Sertoli cell TJ-permeability
barrier in vitro (263, 264). These changes in TJ permeabil-
ity coincided with an increase in phosphotyrosine immu-
noflucrescence at the site of the TJ and with a redistribu-
tion of F-actin, E-cadherin, and Z0-1 when examined by
confocal microscopy (97). More importantly, these
changes can be blocked in MDCK cells and Sertoli cells by
the use of a protein tyrosine kinase (PTK) inhibitor
(PTKi), such as tyrphostin A25 (263), but to a significantly
lesser extent when a serine/threonine protein kinase in-
hibitor, such as staurosporine, was used (7). Studies in
MDCK cells have shown that the assembly, opening, and
resealing of TJs correlate with the phosphorylation of
occludin on serine/threonine residues (140}. Although the
physiological significance of these studies remains to be
elucidated, they strongly indicate that the assembly and
maintenance of TJs are regulated by the phosphorylation
status of cellular proteins whose identities remain to be
uncovered. Taking these results collectively, it is apparent
that a decline in cellular phosphaoprotein content favors
the assembly and maintenance of the Sertoli cell TJ bar-
rier, whereas an increase in cellular phosphoprotein con-
tent perturbs the Sertoli cell T.J-permeability barrier. On
the other hand, these results present a biological di-
lernma: if oceludin molecules found in the TJ fibrils are
highly phosphorylated (140}, why would the use of a PTPi,
such as vanadate, which supposedly increases cellular
phosphoprotein content, perturb TJ-permeability barrier
as seen in MDCK and Sertoli cells {262, 264)7 Other
studies have shown that tyrosine phosphorylation of AJ-
associated proteins, such as B-catenin, vy-catenin, and E-
cadherin, can also reduce AJ stability and perturb cell
adhesion, which in turn perturbs the TJ-permeability bar-
rier (351). Taking these results collectively, it seems log-
ical to speculate that an increase in the overall phospho-
protein content of epithelial/endothelial cells reduces the
stability of Tds and AJs (based on protein phosphatase
inhibitor studies). Furthermore, a local mechanism and a
compartmentalized microenvirorment may exist at the
level of cell membrane, such as the one between prelep-
totene/leptotene spermatocytes and Sertoli cells, where
reduced phosphorylation of occludin can open up the
Sertoli TJ barrier, and an increase in occludin phosphor-
ylation can reseal the TJ. Also, in studies using a specific
PTPi, such as vanadate, to block tyrosine protein dephos-
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phorylation, PTPi can also inhibit and/or activate other
signal transduction pathways, which in turn contribute to
the observed junction assembly/disassembly events. Also,
the assembly of TJs in MDCK cells is regulated by G
proteins, phospholipase C, PKC, and calmodulin (25).
Figure 5 depicts a hypothetical molecular maodel by which
the Sertoli cell TJ barrier is regulated by changes in
phosphorvlation of selected target proteins, such as oc-
cludin.

2. Regulation by small GTPases

The Rho family of small GTPases belongs to the Ras
GTPase superfamily of 20- to 30-kDa GTP-binding pro-
teins. which regulates a wide spectrum of cellular func-
tions (465). Like Rho and Cdc42, Rac cycles between a
GDP-bound inactive state and a GTP-bound active state
(for reviews, sec Refs. 440, 465). GTP-bound active
(TPases account for only ~0.5-5% of the total GTPases in
a mammalian cell (19, 465). These small GTPases also
provide a link between growth factor signaling and reor-
ganization of the actin eytoskeleton (277, 483, 515). They
are implicated in the signaling pathhways that regulate the
initiation and turmover of cell-cell adhesion and cell-sub-
stratum contact. which are essential for 1) cell movement
and 2) junction assembly (181, 182, 196, 320). Although
many of the earlier studies were performed in fibroblasts,
recent studies reveal that their roles are not limited to
fibroblasts and not restricted to the actin filament net-
work (181, 182). (‘TPases are regulated by at least four
types of proteins. These include I) guanosine nucleotide
exchange factors (GEF), which facilitate the activation of
GTPases by promoting the binding of GTP onto GTPases
(for reviews, see Refs. 231, 237, 465); 2) GTPase-activat-
ing proteins (GAP), which stimulate the intrinsic hydro-
Jysis of GTP in GTP-bound GTPases, enabling GTPases to
execute the desired biological function, this in turn ren-
ders them inactive (for reviews, see Refs. 44, 252); 3)
guanosine nucleotide dissociation inhibitors {GDI), which
sequester GDP-bound GTPases prohibiting GDP to disso-
ciate from GTPases thereby inactivating GTPases (for
reviews, see Refs. 39, 187, 330); and 4) effector proteins,
which interact with the GTP-bound GTPases to activate
the downstream signaling events (440). To date, at least
five GAPs have been found in the testis (for review, see
Ref. 273). For instance, the expression of B-chimaerin, a
34-kDa GAP that activates Rac GTPase, parallels with the
acrosomal assembly of spermatids during spermatogene-
sis in the ral testis (261). «2-Chimaerin, a 45-kDa GAP
specific to Rac GTPases, is associated with pachytene
spermatocytes in the rat testis (183), whereas MgcRac-
GAP, a 58-kDa GAP interacting with both Rac 1 and Cdedl
GTPases, is expressed by spermatocytes and spermatids
(454, 455). Rho, Rac, and Cded2 GTPases have also been
shown to regulate the c-Jun NHg-terminal kinase (JNK)
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frors the T sites. disrupting the Ti-barnier (see right panel). Likewise, an increase in proteases alas fovors the T.
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This model was prepared based on reports and reviews discussed in section 2E. Readers ane eneempraged 1o ass
additional information from published reports and reviews cited in section 1. f#-F

and the p38 MAP kinase cascades. thereby implicating
their involvement in the regulation of Sertoli cell dymam-
ics (270, 271}, cell adhesion. and junction assembly via
specific gene transcription pathways (102, 296, 448, The
Rho family of GTP-binding proteins is also known to
regulate TJ assembly and maintenance via their effects on
perijunctional actin organization in polarized epithelia
(320). Moreover, Rho GTPases can bind to phosphoinosi-
tide kinases ($52). illustrating that there is a functional
linkage between GTPases and phosphatases kinases.
which In turn can affect Sertoli cell TJ dynamics (263,
264). The mRNA encoding Rac, Rho. and Cded2 GTPases
have recently been identified in both Sertoli and germ
cells (271}, illustraring these cells are equipped with the
machinery to link cytokine surface receptors to the un-
derlving actin cvtoskeleton nerwork. Recent immunohis-

tochenustry studies have also identified the presence of
Ras. RalA, Racl. and Cded2 G TPases i the tesnis, ase-
clated both with Serioli and gorm cells in the seminiferogs
epithelium 164,

3. Regulation hy cAMP

It is known that dibutyryl cAMP - DbheaAMP: has a
biphasic effect on the assembly and maimntenance of Tls in
Sertoli cells in vitro (215 At 4-20 M. DheAMP stimu-
lates the assembly of Sertoli cell TJ-permeability barrier.
whereas at 1000500 uM. it inhibits Sertoli ool T assem-
bly and maintenance. illustrating TJ functonality in the
testis 15 reguiated, at Jeast in part. hy a cAMP-dependent
pathway i 2I%). Similarly. rreatment of capiliarv endotie-
Hal cells isotared from human and rdent brans can :n-
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crease TJ resistance in vitro (372). When the cAMP level
returns to its basal level, TJ resistance rapidly declines
(323). Taken collectively, these results {for review, see
Ref. 373) suggest that cAMP apparently induces phos-
phorylation of proteins by protein kinase A (PKA) through
the cAMP/PKA signal transduction pathway. Such
changes in the phosphorylation status of proteins may
trigger changes in TJ functionality directly or may redi-
ate their effects via the interactions between the cell
surface and the cytoskeleton. Furthermore, intracellular
cAMP levels are regulated by G proteins, which are also
localized at the site of TJs (see Table 2), suggesting there
is a local mechanistic pathway at TJs to alter cAMP level,
Studies by immunoftuorescent microscopy have identified
Gey e, Gay and Gay, colocalized with ZO-1 alongside the
lateral cell-cell contact areas at the site of TJs (121, 124},
suggesting their possible involvement in regulating cell
polarity. Also, overexpression of Gay in MDCK cells in-
duces a rapid accumulation of occludin and ZO-1 to the
site of developing TJs without affecting E-cadherin distri-
bution (383). These studies clearly demonsirate that this
is an emerging area of research that deserves attention,

4. Regulation by cylokines, proteases, and
protease inkibitors

Sertoli and germ cells are known to produce cyto-
kines, such as TGF-a, TGF-B, nerve growth factor (NGF),
fibroblast growth factor (FGF), IFN-a, IFN-§, IFN-y, and
TNF-« (for reviews, see Refs. 173, 221, 253, 308, 415-417).
Immunolocalization of TGF-81, - 52, and - 33 in staged
tubules in the boar (66) and the developing rat testes
(449) have shown that these cytokines are localized in
both Sertoli and germ cells. In the boar, TGF-B1 appears
to be predominant in stages IV-V, but TGF-f2/63 does not
appear to be stage specific (66). In the adult rat testis,
studies by immunohistochemistry have demonstraied a
plummeting in TGF-81 at stages VIII-IX but a surge of
TGF-f2 at stages V-VI (449). TGF-#1 is localized in sper-
matocytes and round spermatids in adult rat testes, and
although TGF-52 is not found in spermatocytes and round
spermatids, there is an intense accumulation of TGF-£2 in
elongated spermatids at stages V-VI (449). TGF-§ in the
ral testis is also stage specific as reported in a recent
immunohistochemistry study, being low in stages I-VI,
highest at stages VII-VIII, and virtually undetectable at
stages IX—XIV (271). In the rat testis, TGF-33 is localized
predominantly near the bhasal compartment of the semi-
niferous epithelium in both Sertoli cells and primary sper-
matocytes (271), consistent with earlier studies suggest-
ing that this cytokine possibly regulates the translocation
of preleptotene and leplotene spermatocytes across the
BTB by perturbing Sertoli cell TJs (270, 271). The fact that
TGF-3 is not stage specific in the boar seems to preclude
the significance of TGF-§ in regulating junction-restruc-
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turing events during spermatogenesis in this species.
Needless to say, there are many biochermical and molec-
ular events occurring in a given stage of the cycle, some of
which are for purposes entirely unrelated to a specific
event, such as spermiation. Thus the expression of a
target. gene, such as occludin, which is not stage specific
(66, 1107, does not necessarily exclude its involvement in
the events of junction restructuring pertinent to germ cell
movement. Indeed, occhudin is known to play a prominent
role in the regulation of TJ dynamics (for reviews, see
Refs. 138, 298). Furthermore, the movement of germ cells
across the seminiferous epithelium is a progressive cellu-
lar event, which 1akes place in virtually every stage of the
cycle. Thus a molecule that is crucial to the regulation of
junction restructuring, such as TGF-B and occludin, may
not necessarily be stage specific unless it is linked to a
specific event, such as spermiation, which takes place at
stage VIIl. Furthermore, INF-y, TNF-q, and epidermal
growth factor (EGF) have also been shown to affect TJ
functionality in vitro and in vivo by reducing the levels of
70-1, oceludin, N-cadherin, and actin, or altering protein
tyrosine kinases and/or phosphatases using epithelial
cells derived from the small intestine (for review, see Rel.
476). Also, TGF-f can perturb the Sertoli cell TJ-perme-
ability barrier in vitro, possibly via its effects on occludin,
claudin-11, and Z0-1 by inhibiting the de novo synthesis of
these T.J-associated malecules during TJ assembly (270).
For instance, addition of recombinant TGF-83 to Sertoli
cells cultured in vitro during the assembly of the TJ
barrier could abolish the transient induction of ZO-1 and
occludin expression (270). Earlier studies have shown
that this transient induction of ZO-1 and occludin appar-
ently is needed for the assembly of the Sertoli T.J barrier
by providing the necessary TJ building blocks (82-84).
More recent studies have illustrated that the TGF-S-in-
duced disruption of the Sertoli cell-TJ-permeability bar-
rier is mediated via the MEKKs/p38-MAP kinase pathway
(271). Vascular endothelial growth factor, on the other
hand, has been shown to induce phosphorylation of oc-
cludin and ZO-1, which in turn affects the TJ-permeability
barrier in diabetic retinopathy and tumors (15), suggest-
ing cvtokines affect TJ function via their effects on the
phosphorylation of TJ-associated proteins. Moreover, a
recent study has demonstrated that the human occludin
promoter is negatively regulated by TNF-a and INF-y
(281). Furthermore, these two cytokines have a synergis-
tic effect to block the expression of human occludin gene
(281). Also, these results are consistent with earlier find-
ings, which showed that both cytokines can perturb the
TJ-permeability barrier in HT-29/B6 cells, a subclone of
the human intestinal cell line HT-29 (248}, when the in-
tegrity of the TJ barrier was monitored by TER measure-
ment (2813, However, the downstream transcription fac-
tor(s) that cytokines, such as TGF-8, utilize to affect TJ
functionality in the testis remains to be identified. This
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information will be crucial to identify innovative rargets
or sites to perturb TJ function. which ecan block the
movement of germ cells across the seminiferous epithe-
lium. Other studies have shown that proteases and pro-
tease inhibitors are implicated in TJ/AJ assembly (for
reviews, see Refs. 147, 308). For instance. it was shown
that the presence of a protease inhibitor. such as chioro-
quine. indeed facilitated the assembly of a “tighter” Sertoli
cell TJ barrier in vitro when assessed by TER across the
cell epithelium (329} In addition. basic FGF and TGF-B
can affect Sertoli cell plasminogen activator (a serine
protease} expression and production in vitro (217, 316).
Furthermore. a recent study has shown that PC1™ ~ (PCL
protein C inhibitor. a serine protease inhibitor) mice are
infertile with impaired spermatogenesis apparently
caused by a disruption of the Sertoli cell TJ barrier. which
is likely the result of unchecked proteolytic activity in the
seminiferous epithelium (464a). This observation is con-
sistent with recently completed studies showing that the
assembly and disassembly of Sertoli cell TJ barrier is
associared with transient induction of proteases and pro-
tease inhibitors (82, 495}, and their activities must be
coordinated to maintain the integrity of the BTB (300
Taken collectively. these results illustrate the significance
of cytokines. proteases. and protease inhibitors in TjJ
function. Likewise. they also demonstrate a tight physio-
logical relationship between cytokines and proteases’pro-
tease inhibitors in the regulation of T.J dynamics.

5. Requlation by ECM and peritubular mynid cells

As described in section wA?, TJs in the testis are
closest to. instead of furthest away from (vs. other epi-
thelia}, the basal lamina. which consists of several lavers
of matrices and cells, First. the basement membrane is a
modified form of ECM of ~0.15 um thick largely com-
posed of proteins. such as collagen. laminin, heparan
sulfate proteoglycan. entactin, and fibronectin (for re-
view, see Ref. 127). In the testis, the basement membrane
is adjacent to the Sertoli cell epithelium. Second. imme-
diately outside of the basement membrane. there is a thin
clear zone composed of collagen fbrils. Third. adjacent to
the collagen laver is a layer of peritubular myoid cells
with some scattered fibroblasis {for reviews, see Refs.
117, 127, 418). Due to such morphological intimacy be-
tween TJs and ECM in the testis. it was postulated that
the ECM in the testis regulates the Sertoli cell TJ dynam-
ics (415). Indeed. peritubular myoid cells in the basal
lamina are known to regulate Sertoli cells via their secre-
tory products (418, 518} Furthermore, collagen was
shown to facilitate TJ assembly in A6 cells, a kidney
epithelial cell line. by inducing phosphorvlation of Z0-1
(216) and could stimulate occludin expression and pro-
duction in human brain endothelial cells (391). A recent
report has demonstrated that an antibody against colla-
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gen IV can indeed perturb the Sertoh cell TJ bamier in
vitro. illustrating the significance of ECM in regularing
Sertoli cell T dynamics 414, 415, Furthermore, it was
demonstrated that the ECM-mediated effects on =eruli
cell T} dynamics are possibly mediated via the interace-
tions of ECM proteins, such as evtokines. collagen. pro-
teases. and protease inhibitors. through a verto-be de-
fined scheme of events (414, 415,

G A molecular wodel of T requlntiog in the testis

Figure 5 depicts a hypothetical pathway by which
Sertoli cell TI dynaniics are regulated in the rar rests.
This model is prepared based on the recert findings that
Sertoli cell TI dynamics are regulated by - protein phers-
phorvlation, 2} small GTPases, .2 cAMP. 4 proteases and
protease inhibitors. ) caleium, and - cytokines. as re-
viewed above,

IV. MALE CONTRACEPTION BY PERTIRBING
THE DYNAMICS OF SERTOLI CELL TIGHT
JUNCTIONS

A. Intreduction

The various devices. products. and approaches for
male contraception currentdy available for men and or
under development are shown in Figure © and reviewed
earlier i5a). These include approaches o permard the
function of the hypothalamus. pituitary, wests. eprdidy-
nus, and spermatozoa per se as well as the barmer metheod
(Fig. 61 {Ha. Amongst these. the most widely used device
for male contraception today is the condom. a barmer
method that was developed in the Isth centur for ree
view. see Ref. 157) tFig. vy, While the condor
used in industrialized nations, such as Japan. which cone
sumed approximately one-fifth of the world's condorms, it
has a relatively high failure rate versus femaie methsds,
such as the contraceptive pill for women 157 Aneother
widely used irreversible male methodd is vasectomy, bt it
Is assoclated with possible unwanted immunaologioad cvn-
sequences. such as the persistence of high-titer antsperm
antibodies for up 1o 10 vears. along with changes in
testicular morphology (for review. see Bef. 113 . For the
past several decades, development of new and <afer con-
traceptives for human males has largely focused on 1
mterfering the hypothalamus-pituitany-testicular axis 1o
disrupt  spermatogenesis and prepanng  vaceines
agdinst specific antigens residing on spermatozoa and
male reproductive tract. or produced by the Mypothala-
mus, such as gonadotropin releasing hommone  for re-
views. see Refs. Alla, 1. with some suceess. For in-
stance, administration of either high doses of testosterone
or a combination of testosterone and ssithetic prowestins

s beany
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FIG, B, Current approaches for male contra-
ception. This figure depicts the current ap-
proaches in the field utilizing different routes to
perturh male fertility at the level of the hypo-
thalamus, pituitary gland, testis and epididymis,
and spermatozoa per se. [Modified from Alex-
ander and Bialy (5a).]

Sulfasaianne

SPERMATOZOA

Condom

Vasectomy

Antibody against sperm-
specific antigen{s) (viaccing)

can inhibit pituitary gonadotropin secretion, which leads
to oligospermia or azoospermia (for reviews, see Refs.
50a, 341). While its effects on spermatogenesis are revers-
ible, exogenously added hormones can perturb the hor-
monal homeostasis of the treated human subjects. Be-
cause these hormones, such as testosterone, affect other
physiological events in addition to their effects on the
testis, their prolonged use may have undesirable side
effects. On the other hand, while a safe vaccine against
specific germ cell antigen(s) may be developed, its use in
either man or woman could potentially have unwanted
imrmunological consequences. Taking this information
collectively, it is obvious that more innovative approaches
should be developed. A safer approach may be to perturb
the functionality of the BTB, such as blocking the migra-
tion of preleptotene and leptotene spermatocytes across
the BTB to induce reversible aspermatogenesis. Recent
studies have shown that TGF-83, a Sertoli and germ cell
product (for review, see Ref. 416), can perturb the Sertoli
TJ-permeability barrier in vitro (270) possibly via its ef-
fects on the p38-MAP kinase pathway (271). These results
thus suggest that if one can perturb the production of this
cytokine by testicular cells, this could perturb the TJ
barrier to permit the passage of developing spermatocytes
across the BTB. Another alternative approach is to per-

turb TJs in the testis and the underlying associated AJs
causing depletion of germ cells from the seminiferous
epithelium. Indeed. two models are found in the literature
with the use of either glycerol or cadmium chloride
(CdCl,) in which infertility can be induced except that the
antispermatogenic effects of both compounds are irre-
versible. Furthermore, a potentially innovative approach
is to perturb one of the key TJ proteins. Because occludin
is a Ca? -independent intercellular adhesion molecule
(399) known to confer to cell-cell adhesion likely via its
first external loop (the second external loop confers the
TJ functionality) (for review, see Refs. 138, 208), a dis-
ruption of the occludin can also lead to a loss of cell
adhesiveness. In addition, occludin associates with Z0O-1
at a stoichiometric ratio of 1:1 (153). This, in tumn, asso-
ciates with the underlying AJ molecule cadherin via fo-
drin (for reviews, see Refs. 6%, 351). It is anticipated that
any changes in occludin can likely disrupt AlJs because
there are cross-talks between components of the TF and
the cadherin-catenin system in the AJ (243, 456), such as
those between Sertoli and germ cells. The disruption in
TJs can possibly induce a cascade of events leading to
germ cell release from the epithelium because of the
distupted AlJs. Thus ‘occludin apparently is one of the
prime targets no perturb BTB function in the testis to
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induce reversible infertility. In this section and section 1.
we only review and discuss approaches targeted at per-
turbing junction dynamics in the testis “potentially” useful
for male contracepiive development since extensive re-
views on other approaches, such as hormonal contracep-
tion. vaccine development and vasectory. have already
been covered in several excellent recent reviews and
books (for reviews, see Refs. 50a, 101a. 292. 341). Readers
are strongly encouraged to seek additional information on
these subject areas from these articles.

B. Perturbing the BTB by Glycerol or CdCl,

1. The glycerol model

The use of glycerol to damage the BTB. which in turn
inhibits spermatogenesis, is an important in vivo model
for studying the biology of the BTB. Furthermore. it is a
useful model to investigate the phenotypic consequences
in the testis when Sertoli cell TJs are compromised (136,
486-488). When glvcerol is applied intratesticularly, it
causes long-term aspermatogenesis in rats without any
apparent effects on Levdig cell steroidogenesis. serum
FSH, luteinizing hormone, and testosterone levels. and
secondary sexual characteristics (486, 487). Its antisper-
matogenic effects have also been shown in rabbits and
squirrel monkeys (488, 489). On the other hand. when
glycerol was administered intratesticularty at a lower con-
centration. it induced much less structural damage to the
seminiferous tubules when examined microscopically
{206). It also alters the permeability of the BTB in the rat
(136). These results thus illustrate that its antispermato-
genic effect may be largely mediated via its effects by
compromising the functionality of Sertoli cell TJs. Indeed.
recent fluorescent microscopy studies have shown that
the network of occludin, actin microfilaments. and micro-
tubules in the seminiferous epithelium in glycerol-treated
rats are damaged (490). Such structural damage to the
BTB is likely to induce an immunological response from
the systemic circulation of treated animals. which in tumn
causes germ cell loss. However. the precise mechanism of
action of glvcerol in inducing male infertilitv is not en-
tirely known. The major drawhack of rthis model is that
glycerol-induced germ cell loss and damage to the tubules
are irreversible.

2. The CdCl, model

Cadrmiur toxicity and its associated damage to the
testis have been known since the early 1900s (7). Cad-
mium-induced damage to the testis includes a loss of the
endothelial TJ barrier, damage to the vascular system.
edema, ischemia, and tissue necrosis (16. 156, 180, 287,
which can be prevented by zinc (337). CdCL, also induces
apoptosis in testicular tissue (501). characterized by an
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activation of endonucleases as a result of the loss of
intraceliular calcium 1269, Subsequent siudies have
shown thar cadmium causes damage to Sertoll cell Ts
that constitute the BTB both in vivo. which occurs before
vascular damage (194, 406, Cadmium can alsa perturh
the Sertoli cell T barrier in vitro <2 219 A1 low domes,
cadmium can selectively cause failure of spermiation in
the rat ( 1931, suggesting that this medel can be used 1o
study selective features of spermatogenesis. Although
cadmium-induced damage to the BTB in vive 15 prevers
ible, CdCl-induced Rertoli cell Thpermeability barrier
disruption in vitro can be reversed after cadmium is re-
moved from medium and cells are exposed 1o testoster-
one (82). suggesting the presence of androgens can pro-
tect Sertoli cells from CACl-induced damage - 22 Indeed,
the presence of testosternne a1 2 - I M 4 concentri
tion that 1s found in the testis - 200 nM1. such as it the
rete testis fluid and seminiferous tubular fluid - 402
which is ~ 100-fold higher than the evel of testosterone in
the systemic circularion « -2 nM - can protect Sertoli cells
from the CdClL-induced damage to the TIpermeabiiny
barrier (82). Immunoftuorescent confocai MICTOSCOPY
studies have shown that CdCl causes disorganization of
Tl-associated microfilaments in Sertoli cells in particular
in stages VIIL as well ax stages =111 tubules - 194 How-
ever, microfilament bundles in Sertoli celis i stages be-
fore stage VIII. and in peritubular myoid cells are not
affected by the CdCl, treatment + 144 .. These results thus
suggest that microfilament bundles in Sertob celis are the
primary target of CdCl,, whose effect is stage dependent
Nevertheless. the precise mechanism by which Cdtl in-
duces BTB disruption is not entirely known Recent in
vitro studies have shown that CdC] alse causes o reduc-
tion in occhludin expression in Sertoli cells I= removal,
coupled with the presence of testosterone. however, can
induce oceludin expression causing the reseahng of the
perturbed Sertoli TI-permeabilits barrier - <2 . Other stud-
tes have shown that E-cadherin is also one of the priman
targets of CdCL (for review. see Ref 357 The =ignifi-
cance of E-cadherin in TJ functionality has heer known
for more than two decades. For mstance. wldiion of
anti-E-cadherin antibody 10 MDOUR cells i vitro can im-
pair resealing of the Ca-" depletion-induced TJ perme
ability barmer disruption « 179 The presence of Cdcl can
cause redistribution of E-cadhenn in Cacee? cells - for
review, see Ref 3520 It was also shown tha: ©d- cam-
peted with the binding of Ca-™ t+ the putarne calcium
binding mouf of E-cadherin 3753 . Funthermeore, studies
using MDCR and LLC-PK. celis 354 cuintred i vitro
have shown that treatment of these celis with cadmium
can cause the redistiribunon E-cadhenn, causing

move away from the site of Als at the cell-cel] border andd
hecoming diffusely localized in the extoplasm  for review.
see Ref 3523 This is possibiv aided by smiall GTPases
These results thus illustrate thar a chemiead enny thar
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can perturb TJ functionality can indeed induce male in-
fertility. Again, the major drawback of this model is that
the CdCL-induced BTB damage and male infertility are
irreversible, although this is a useful model to study the
functionality of the BTB and the cascade of events leading
to the disassembly of TJs and AJs (82, 166, 194).

C. Other Toxicants That Disrupt Male
Reproductive Function and Induce Infertility

In this context, it is noteworthy to mention that there
are other models of male infertility induced by environ-
mental toxicants other than CdCl, and glycerol. These
other models are not being discussed in detail herein
because either their mechanisms of action are nol medi-
ated at the site of TJs and/or AlJs or they are not entirely
clear. For instance, Sokol and colleagues (419421} have
shown that lead exposure can result in reduced fertility
and sperm counts in male rats, but this effect is mediated
via the hypothalamic-pituitary-testicular axis since serum
testosterone and FSH levels (but not luteinizing hormone)
of lead acetaie-treated rats were significantly reduced
verus control rats. These results suggest that the mecha-
nism of action of lead-induced infertility is not mediated
via an interference of junction dynamics. Other studies
have shown that 1,2-dibromo-3-chloropropane (DBCP),
phthalates [e.g., di-w-butyl phthalate (DBP), di-(2-ethyl-
hexyl)phthalate (DEHP)] can also affect male reproduc-
tive function, thereby inducing male infertility (for re-
views, see Refs. 42, 43, 199). DEHP is a Sertoli cell
toxicant, which possibly exerts its effect on the Sertoli
cell membrane by inhibiting FSH-mediated signal trans-
duction. This reduces Sertoli cell proliferation activity
(189), similar to other toxicants that affect signal trans-
duction (for review, see Ref. 103). A subsequent study has
shown that mono-(2-ethylhexyDphthalate (MEHP) can
disrupt vimentin filaments at the site of Sertoli-germ cell
AlJs (358), which reportedly also induces a surge in the
expression of testicular Fas receptor and germ cell apo-
ptosis (358). This latter study (358) thus suggests that
some of these toxicants, such as phthalates, which induce
germ cell loss from the seminiferous epithelium may in-
deed exert their effects by perturbing junction dynamics
in the testis. However, the damaging effects for many of
these toxicants, such as phihalates and 2,5-hexanedione,
are irreversible unless the exposure of rats to such toxi-
cants, such as phthalates, is over a relatively brief period
of time and at very low doses (for review, see Ref. 42). If
such compounds can be adequately modified so that their
action is limited to the site of the ES or a testis-specific AJ
component, they may become useful to induce male in-
fertility by perturbing junction dynamics.

C. YAN CHENG AND DOLORES D. MRUK

D. Disruption of Sertoli Cell TJ Dynamies In Vitro
and In Vivo by a Synthetic Occludin Peptide

1. Induction of occludin expression during the
assembly of the Sertoli cell TJ-permeability barrier

When freshly isolated Sertoli cells from 20-day-old
rat testes were ciudiured in vitro on Matrigel-coated bicam-
eral units or dishes, it was shown that the Sertoli cell
TJ-permeability barrier was formed by days 3-4 when
assessed by either TER across the Sertoli cell epithelium
or other parameters, such as the restricted diffusion of
[PH]inulin or '“*I-BSA across the cell epithelium (82, 166,
167, 169, 270, 405), This assembly of the Sertoli cell TJ
barrier was also accompanied by a transient but signifi-
cant induction in the expression of occludin and Z0-1
(82-84, 270, 495, Such an increase in TJ protein produc-
tion may be used to provide the necessary building blocks
for assembling TJs. This postulate is further strengthened
by the observation that a change in ZO-1 or occludin
expression was not detected when Sertoli cells were cul-
tured al low cell density ar which TJs could not form due
to a lack of proximity between cells (84, 495). Although
these Tesults are corroborative in nature, and the actual
involvement of occludin in Sertoli cell TJ assembly is still
lacking, they suggest that a disruption in the functionality
of one of the TJ proteins, such as occludin, may perturb
TJ dynamics in the testis.

2. Disruption of the Sertoli cell TJ barrier by a
synthetic occludin peptide in vitro

To verify the physiological significance of the above
in vitro studics, which suggest that an induction of occlu-
din is required for the assembly of Sertoli cell TJs, a
22-amino acid peptide was synthesized, which corre-
sponded to part of the second external loop of rat occlu-
din (Figs. 4 and 7) between residues Gly-209 and Asp-230,
NH-GSQIYTICSQFYTPGGTGLYVD-COOH (Fig. 7) (12),
and is known to confer the TJ function (for reviews, see
Refs. 138, 208). Sequence alignment of this second extra-
cellular loop reveals that it displays extensive homology
among different species (Fig. 7). When this 22-amino acid
peptide at a concentration of either 0.4 or 4 uM was added
to bicameral units when the Sertoli cell T.J barrier was
being assembled, its presence significantly reduced the
Sertoli cell TJ-permeability barrier dose dependently (83}
When this peptide was removed from the Sertoli cell
epithelium, the perturbed TJ-permeability barrier gradu-
ally resealed, making it indistinguishable from control
cultures (83). In contrast, the inclusion of another syn-
thetic peptide at 4 uM, NH,-TKVYNERYELCDTYPALLAV-
PAN-COOH, corresponding to residues Thr-156-Asn-177
of vet another rat Sertoli cell product, myotubularin
(rMTM) (262, 264), failed to affect the assembly of Sertoli
cell TJs in vitro (83}, These results clearly illustrate that
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1. 7. Sequence alignment of the second extracellular loop of rat occludin versus that of human, mouse. chicken.

and dog. Sequence alignment of the entire second extracellular loop of vecludin among five different speecres - 12, 0

298: GenBank accession numbers ABO15425, NP-032732, AACHOAT and A49447: Thus extracellular domain s Fig 3
spans residues 1%9-243 in the rat versus 1587-227 in the chicken, For rat occludin, the underlined streteh of anuno acid

sequence represents the 22-amino acid peptide that had been synthesized 16 study its antispermatogenic effects

the assembly of the Sertoli T.J barrier is a dynamic eveny
requiring de novo synthesis and assortment of TJ compo-
nent proteins. such as occludin. into the sites of Tls.

These results are also consistent with an earlier study
by Wong and Gumbiner (490) who had used two Hamino
acid synthetic peptides based on chick occludin, which cov-
ered the entire first and second extemal loops. to perturb T.J
assembly in Xenopus kidney A6 epithelial cells in vitro,
However, only the H-amino acid synthetic peptide based on
the entire second external loop could perturb TJ assembly in
this cell line (496). This disruption of the TJ barrier possibly
resulted from the use of the synthetic oceludin peptide by
the cultured cells 1o construet TJs. While they are homolo-
gous o a specific segment of the extracellular domain of
occludin, they do not have the structural conformation of
the entire molecule to reinforce TJ functionality. As such,
the TJ permeability barrier becomes disrupted. Alterna-
tively, these peptides may form a homotypically interlocking
association with the corresponding intact occludin molecule
hetween apposing Sertoli cells preventing the assernbly of
"tight” and ~functional” TJs.

3. Reversible disruption of spermatogenesis in vivo by
intratesticular injection of a 22-amino acid
occludin peptide

To define the in vivo physiological relevance of the in
vitro observation described above. which illustrates that
the occludin peptide can perturb the Sertoli cell T.J barrier
assembly, studies were performed to examine whether
this peptide can indeed perturb spermatogenesis and the
BTB when administered in vive. Two synthetic peptides,
NH-GSQIYTICSQFYTPGGTGLYVD-COOH.  correspond-
ing to residues Gly-209-Asp-230 in the second extracellu-
lar loop of rat occludin ¢see Fig. 7). and NH.-
TEKVNERYELCDTYPALLAVPAN-COOH. corresponding 1o
residues Thr-156-Asn-177 of rat myotubularin (262, 2t
were used. Adult rats received either saline or vehicle
without (control) or with (test) 1.5 mg of the correspond-
ing peprtide per testis at three sires {136, 169, 351 by
intratesticular injection. It was shown that intratesticular
injection of this purified occludin peptide caused a reduc-
tion in testicular size and weight by as much as 507 within
4 wk compared with confrol rats receiving no treatment.

LG

vehicle alone, and myotubulann peptide - <3 Momholog-
ical analvsis of the treated testis revealed thar more ad-
vanced germ cells. such as elongated spermarids, began o
deplete from the epithelium between s and 15 davs after
occludin peptide treatment. Massive depletion of germ
cells from the epithelium was detected in virtually all the
tubules examined by 27 davs after occludin peptide treat-
ment. In addition. the seminiferous tubules of the oceclu-
din-treated testes shrunk significantly, with the tubujar
diameter being reduced by as much as 20-30 compared
with control rats or testes receiving vehicle or myorabu-
larin peptide. Germ cells began o repopulate the epithe-
Hum after 27 days postoccludin peptide treatment. By 47
days, spermatocyvies were visible in all the tubudes exam-
ined. and the morphology of the seminiferous epithehum
appeared indistinguishable from control ras by 65 davs.
showing full recovery from the occludin peptide-induced
testis damage. The fact that the testes recoversd almoss
completely within 40 dayvs suggests that spermalogonia
were not destroved by the occludin peptide treament - 3

4. Can the ovcludin peptide reversibly disvap the BTH
in the raf tesfis in vive?

Recent studies using “-BSA administered to the
jugular vein to monitor the diffusion of this tracer from
the systemic circulation across the BTB o the rete
testis fluid (RTF) and the <eminiferous fiuid =TF 10
assess the integnty of the BTB by micropuneture tech-
nique after occludin pepnide trearment have vielded some
important observations. First. a dismuption of the BTB
indeed had occurred following an intratesticuiar injeciion
of veeludin peptide. since there was an accumuianon of
91-BSA in the STF and RTF in the peptide-treated testis
between 2 and 6 wk posttreatment compared with the
untreated testis in the same rat after infusion of - LBSA
through the jugualar vein ~3 0 =econd the
duced damage 1o the BTB was reversible. since there was
a drastic decline in 7 1-BSA aceumulation in both 8TF
and RTF by 12 wk. coinciding with the recovery of the
epithelium {83). Furthermore, the level of radioactinite in
the STF and RTF coliected from treated razs became
indistinguishable from controls <3 . Damage 1 the BTB

peplide-ti-
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appears to be occludin peptide specific, since the rMTM
peptide failed to perturb the BTB function.

5. Mechanism of occludin peptide-induced germ cell
loss from the seminiferous epithelium

It was postulated that the loss of germ cells from the
epithelium is mediated by the occludin peptide-induced
disruption of TJs and the associated AlJs, since it is known
that TJ disruption can damage AJs. possibly via changes
in E-cadherin (243, 456). These results also suggest that
there is cross-talk between TJs and AJs. For instance, it
has been shown that CdCly-induced damage to TJs can
reduce the expression of E-cadherin and/or its redistribu-
tion at the site of AJs (243, 352). Other studies have also
illustrated a functional linkage between TJs and Als. For
instance, when TJs in MDCK cells were disrupted by
[Ca®*] depletion, addition of anti-E-cadherin antibody
along with the replacement [Ca®"] could prevent the re-
sealing of TJs {179), illustrating that a disruption of AlJs
can prevent TJ reassembly. Moreover, it has been shown
that E-cadherin expression was highest in the rat testis ar
14 days of age just before the establishment of BTB (500},
suggesting the assembly of TJs requires the recruitment of
E-cadherin to Als as well. It remains to be determined,
however, whether other cellular changes occur when the
BTB was disrupted by the occludin peptide in vivo. Also,
the observed germ cell loss can be mediated by an immu-
nological mechanism similar to orchitis, which should be
investigated in future studies. The fact that a disruption of
Sertoli cell TJs can cause infertility is not without prece-
dence. It has been shown that claudin-11 knock-out mice,
in which a complete loss of TJ fibrils in Sertoli cells was
detected, were sterile (164). Taken collectively, these re-
sults suggest that new approaches can be developed to
disrupt spermatogenesis by manipulating the functional-
ity of TJ proteins in the testis.

6. Future perspectives

It is obvious that the use of the peptide approach
relies on the availability of an effective delivery system
without the use of intratesticular injection, which would
be highly uncomfortable to treated animals. This can
possibly be achieved hy the use of a recombinant modi-
fied FSH having only the receptor-binding domain but
lacking the hormonal activity. If a contracepiive peptide
can be conjugated to such a recombinant FSII protein, it
can be efficiently delivered to the testis since FSH recep-
tors are restricted to Sertoli cells in human males. This
possibility should be explored as an alternative delivery
system. A second approach is to use an adenovirus to
deliver the peptide to the testis, which should also be
explored in future studies. Alternatively, this peptide can
be conjugated to protein transduction domains (PTDs),
small peptides of ~10-16 residues having numerous pos-
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itively charged lysine and arginine residues (185, 195, 398,
399, 453), for delivery. Recent studies have shown that a
functional protein as large as 3-galactosidase (120 kDa)
can be delivered ro cells intracellularly via an intraperito-
neal injection coupled to Tai-PTD (Tat, transactivation
protein from lentiviruses) with a sequence of NH,-
RKKRRQRRR (308, 399). In this respect, it is noteworthy
10 mention yet another approach for male contraception
based on the existing knowledge of TJ dynamics is to
hamper the translocation of preleptotene and leptotene
spermatocytes across the BTB by shuting down the Ser-
toli cell TJ barrier. For instance, cytokines are known to
perturb the T.[ barrier in many epithelia (for reviews, see
Ref. 476 and sect. mF4). Other studies have shown that
the assembly of the Sertoli cell TJ barrier is associated
with a transient plummeting of TGF-£3 mRNA expression
and protein production (270, 271). Indeed, inclusion of
TGF-3 to Sertoli cells cultured on Matrigel-coated bi-
cameral units can also perturb the Sertoli cell TJ barrier
by affecting the expression of occludin, ZO-1, and clau-
din-11 (270) possibly via the MEKKs/p38 MAP kinase
pathway (271), suggesting that TGF-83, at the very least,
is one of the molecules inducing the timely opening of the
BTB. Tronically, these results suggest that if this TGF-83-
mediated regulajory pathway(s) can be delineated, the
BTB can be shut down by blocking TGF-83 action using
SB202190, a specific p38 MAP inhibitor (354a). A recent
study has demonstrated that SB202190 can indeed block
the TGF-B3-induced perturbing effects on Sertoli cell TJ
barrier {(271).

In this confext, it is noteworthy to mention that the
use of a goitrogen, such as 6-propyl-2-thiouracil (PTU}, to
induce transient, neonatal hypothyroidism in rats can in-
crease testis weight and size and germ cell production,
but not body weight, in adulthood (98a, 98b, 98¢). PTU-
treated rats also display delayed expression of Sertoli cell
products, such as androgen binding proiein, clusterin,
inhibin-By, and hemiferrin, a spermatid-specific protein
(52a). Furthermore, rats treated with PTU since hirth until
postnatal day 23 displayed delayed BTB assembly (116a).
While some T} structures were detected by electron mi-
croscopy, extensive TJ development consistent with the
assembly of the BTD that took place on day 15 in normal
rats was not detected in PTU-treated rats on days 15 and
25 (1162). It is not known from these reports (98¢, 1164)
if the BTB was ever formed in PTU-treated rats. Also, the
maturation of Seroli cells was delayed in PTU-treated
rats since Sertoli cells continued to divide after day 15
(116a). This also confributed to the increase in overall
Sertoli cell and germ cell number, as well as testicular
weight (98a, 98b, 98¢). These results thus suggest that a
transient disrupticn of the BTB at puberty can lead to
changes in Sertoli cell function and testicular develop-
ment. Furthermore, these studies also demonstrate the
significance of Sertoli cells to the development and fune-
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tioning of the testis. Yet. it is not known from these
reports whether spermatogenesis was affected when the
BTB was perturbed in adult rats, PTU apparently can only
exert its effects in neonatal rats during the first postnatal
week (days 4-8). This time frame appears 10 be the
critical period in which rats respond to this treatment
(98c. For instance. if PTU treatment hegins on rda ¥y &or
later. it fails to affect testis weight and daily sperm pro-
duction. but it is not known if the BTB can he damaged
{98c¢).

In summary. recent advances in studyving TJ dinam-
ies have provided an unprecedenred opportunity not only
to understand the biology of germ cell movement during
spermatogenesis. but they will also be helpful in designing
innovative approaches for male contraception.
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V. ANCHORING (OR ADHERING) JUNCTIONS
IN THE TESTIS

A. Functions of Anchoring Junctions

Anchoring or adhering junctions  Tabie | Fig ~ Iink
cytoskeletal elements from one cell either 1o another el
or to the extracellular matnix creating o network tha
mAmntams tissue integrity. In other tissues, such as the
epidernus, the anchonng junction also acts as a first line
of defense against the external environmen:  {for review.
see Ref. 2100 Furthermore, their component proteins
te.g.. cadherins, catenins. and pl207™  are sjienal trans-
ducers and can induce transeriptional activation 4537
acting as the platformi for stgnal transduction by relating
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an extracellular stimulus to nuclear activation of genes
(for reviews, see Refs. 18, 468). More importantly, the
dynamic nature of anchoring junctions in the testis per-
mits the timely passage of developing germ cells across
the seminiferous epithelium from the basal to the adlumi-
nal compartment during spermatogenesis. For instance, it
is known that the half-life of E-cadherin is ~5-10 h in
confluent epithelial cells (291, 407). This short half-fife of
an anchoring junction structural protein illustrates that
Sertoli-germ cell contacts are subject 1o extensive alter-
ation and remodeling, which are regulated by some yel-
to-be defined mechanisms and signal transduction path-
ways. The classification of different anchoring junctions
can be found in section A2 and Table L. In the following
section, most of the discussion is focused on cell-cell
actin-based AJs (Fig. 8), one of the four types of anchor-
ing junctions (see Table 1). This is the only anchoring
junction type in the testis that has been subjecfed to
intense investigations.

B. Proteins of Anchoring Junctions

1. Cadherins

Cadherins are transmembrane proteins of 115-130
kDa belonging to the family of Ca®"-dependent CAMs,
which affect cell morphology, architecture, and function
(443-445, 502) (Fig. 8). More than 30 cadherins have been
identified to date. Two different classes of cadhexins are
found in AJs and desmosomes (a cell-cell intermediate
flament-based anchoring junction, see Table 1 and Fig. 2).
Cadherins found in cell-to-cell AJs link to actin, whereas
those found in desmosomes link to intermediate filaments
(2, 191, 205, 234, 235, 244, 314, 443-445).

A) CLASSICAL CADHERINS. These include epithelial cad-
herin (E-cadherin, 120 kDa), neural cadherin {N-cadherin,
130 kDa), placental cadherin (P—cadhérin), and liver-cell
adhesion molecule (L-CAM) (80, 132, 176, 234, 235, 2499,
423). The intraceliular COOH-terminal domains of cad-
herins associate with 8- or y-catenins at the site of Als
forming the cadherin/catenin complex, whereas the extra-
cellular NH,-terminal domains of two cadherins residing
in adjacent cells interact homotypically (Fig. 8). These
complexes are the functional cell adhesive units (177).
a-Catenin in turn interacts with - or y-catenin-bound
cadherin, linking this complex to the actin cytoskeleton
(365). The interaction of cadherin and catenin also re-
quires Ca®* (1, 2, 191, 203, 485) and is regulated by
GTPases (177, 232). In the absence of Ca’", cadherins are
inactive and susceptible to proteolysis. Furthermore, the
cadherin cytoplasmic domain contains coOnsensus se-
quences for phosphorylation by casein kinase-2 (CK-2)
and glycogen synthase kinase (G3SK) (265). Indeed, phos-
phorylation of cadherin in vitro increases its ability to
bind to B-catenin (265), raising the possibility that the
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cadherin-mediated cell adhesiveness can be regulated by
the extent of its B-catenin binding. However, evidence is
lacking that a modulation of -catenin binding can affect
call adhesion in vivo (for review, see Ref. 177). Recent
studies have also shown that both E-cadherin and -cate-
nin are recyclable proteins, which can become internal-
ized and recycled back to the plasma membrane by Rab 5
GTPase (257).

§) DESMOSOMAL CADHERINS, The major desmosomal cad-
herins are the desmogleins (Dsgs) and desmocollins
(Dses), which are known to participate in cell adhesion
(58, 245, 246) in the cell-cell intermediate filament-based
anchoring junctions called desmosomes. Three Dsgs and
three Dscs are known to exist: Dsgs 1, 2, and 3 as well as
Dscs 1, 2. and 3. Other desmosomal proteins are desmo-
plakins I and 11 (58, 245, 246). Recent. immunohistochem-
istry studies have demonstrafed the presence of desmo-
glein around spermatids (493). Siill, this class of
anchoring junction remains to be characterized biochem-
ically and functicnally in the testis.

2. Calenins

There are four types of catenins, namely, e-catenin
(~100 kDa), B-catenin (85-88 kDa), y-catenin (80-82
kDa), and pl207™" (90-120 kDa) (332), which sharc high
homologies with cytoskeletal proteins (246, 485) (Fig. 8).
The - and y-catenins interact with the cadherin cytoplas-
mic domain in ¢ stretch of sequence of ~100 amino acids
(200), and a-catenin (also an actin-hinding protein) links
the cadherin to the actin cytoskeleton (177, 235) via its
interactions with a number of actin-binding proteins, such
as a-actinin, vinculin, ZO-1, or directly binds to actin itself
(209, 365, 477, 482). It is also known that the binding of
a-catenin to Z0-1 can affect the strength of E-cadherin-
mediated adhesion in nonepithelial cells; however, this
effect is not detectable in epithelial cells (209), suggesting
the role of catenins in different cell types could be differ-
ent. Also, B-catenin is known to form complex with LEF/
TCF family of transcription factors and the tumor sup-
pressor product APC (204, 474). Recent mutation studies
have revealed clusters of amino acid residues found in
B-catenin that are used specifically for binding to LEF/
TCF, APC, axin/conductin, and cadherin ( 165, 474). Based
on this evidence, it is clear that S-catenin, in addition to
its structural role in AJs, also functions as a signal trans-
ducer. In this regard, it is of interest to note that overpro-
duction of cadherins inhibits the transcriptional activity
of B-catenin (137), suggesting the cadherin/catenin com-
plex is an important platform for signal transduction.
Furthermore, catenins also exist as a free pool of intra-
cellular proteins and are substrates of protein kinases
(191, 485). For instance, tyrosine phosphorylation of
B-catenin and/or y-catenin (also known as plakoglobin)
(106, 332, h14) correlates with the loss of cadherin-medi-
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ated cell adhesiveness (33, 288. 406). possibly by causing
the cadherinvcatenin complexes between apposing cells
to move away from each other {111, 177). Indeed. recent
studies have shown that S-catenin is the putative sub-
strate of Src (348a). However, how such changes in the
phosphorylation status of the cadherin/catenin complex
lead to the loss of adhesiveness and how they affect the
carenin-cadherin binding are not known” It was recently
proposed that there are pools of active and inactive forms
of B-catenin in mammalian cells, regulating the cadherin
catenin and the APC-axin complex and the downstream
transcription events (163). However, it remains o be
determined if such active and inactive pools of catenins
indeed exist in vivo. If thev do, whar then triggers the
conversion of active fron inactive form. and vice versa?

3. Nectins and afadins

In addition to the cadherin/catenin complex, nectins
belong to an emerging new family of Al-integral mem-
brane proteins found in most AJs. The intracellular do-
main of each nectin molecute inferacts with an afadin
(formerly called AF6 and was originally found at Tls)
molecule, an F-actin binding protein, to form the afadin
nectin complex {46, 207, 390, 138, 439) (Fig. ). Afadin in
turn interacts with ZO-1, a-catenin. and ponsin (ponsin is
a putative afadin-binding protein) (507a) isee Fig. 8 in
the cytoplasm at the site of AJs. A recent study has shown
that a short stretch of sequence of a-catenin. residues
385-051. contains the putative afadin binding site (:345b).
As such, afadin can bind the nectin/afadin complex di-
rectly to actin or via a-catenin (see Fig. 8). Both nectins
ardd afadins are immunoglobulin-like cell adhesion mole-
cules (46, 207, 390, 439), Two variants of afadin are known
to date designaied 1- and s-afadin (207), which are variants
of AF-6 and are putative effector proteins of Ras G'TPase
t440). The afadin/nectin complex is highlv concentrated
in AJs and is found at the same site of the cadherin’
catenin complex {439) (Fig. 8). While the afadinnectin
complex does not interact directly with the cadherin
catenin complex structurally (439), nectin and cadherin
interact with each other via their cytoplasmic domain-
associated proteins (438) (Fig. 8). For instance. nectin
was shown to recruit ZO-1 and a-catenin to the nectin
afadin complex (507a). possibly enhancing cell adhesion.
Yet. the precise mechanism by which afadinnectin affects
cell adhesiveness is not known. Presumably. it exens
its effects via the cytoskeletal organization and polariza-
tion of epithelial cells. Also. it is not known if the testis is
using this AJ functional unit side by side with the cad-
kerin/catenin complex to regulate Al dynamics. Recen
studies have shown that in afadin =~ mice. the organiza-
tion of AlJs is severely impaired (207). Furthermore.
mouse embryos lacking afadin display disrupted struc-
tural organization of cadherin-based AJs and TJs in polar-
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ized epithelia (207). These resulis seemingly suggest that
there is cross-talk between the nectin afadin and cad-
hennscatenin complexes and TJs and that both com-
plexes may interact cooperatively ar the functional level
Furthermore. the nectin afadin complex may plav a role
In the communication hetween Als and Tls. since a de-
letion of the afadin gene affects both AJ and T.J function-
ality (2075 Nectin is a growing familv of AJ inregral
membrane proteins with four members known 1o date.
namely, nectin-1. -2, -3, and ~4. all of which are immuno-
globulin-type CAMs (46, 05 300,304, 30 Neerin-1 apud -0
are also members of the poliovirus receptor gene familv
(5, B8 whereas nectin-d (83 klla - is a member of the
alpha herpes virus receptor family  3%a. Nectinel is
abundantly expressed in the brain. and nectin-2 and -3 are
found in vinually all tissues. including the restis e
The expression of nectin-2 is stage specific in the monse
testis. and immunohistochemistry studies have shown
that it is largely restricted between spermatids and Sertol]
cells at stages V-VIIT 1463 likely 1o be at the site of apical
ES. It has recently been reported that nectin-2 i« present
exclusively in Sertoli cells and nectin-3 in elongated sper-
matids (3ila). allowing the heterotypic interactions of
nectin-Z/afadin and nectin-3 afadin at the sie of apical ES.
These results also suggest that the nectin-afadin compiey
is one of the three constituent protein compiexes of the
ES besides a.83,-integrin laminin (e.2.. laminin 12 T TR
24Ha 3100 4700 and the cadhenn catenin complex oo,
260, 277, 4931, Furthenmore. an increase in nrosime phios-
phorylation of nectin-24 is detected in response to pectin-
afadin-mediated cell-cell adhesion -237a: For instance.
the use of an anti-E-cadherin antibody to disrups AJs can
reduce the tyrosine phosphorylation of nectin-24, pessibily
at Tvr-505 (237a). These results further SUpport the pos-
tulate that there are cross-talks between the cadhernn
catenin and nectin‘afadin complexes. Neetn-3 is known
to have three splicing variants of nectin-3z. <33, and -3+
(3901 Nectins interact with each other homo- or hetero-
typically confering cellcell adhesion activities botween
adjacent cells 1300, 390 Transgenic male mice lacking
nectin-2 are infertile with abnormal cvtoskeleton and de-
fects in nuelear morphology in spermatids with mitochon-
dria found in the head of spermatids from steps 10-1k
instead of confining 1o the midpiece 6. These pesults
thus ilkustrate the crucial function of the nectin afadin
caomplex in male reproductive function.

4. Testin

Testin, an Al-associated protein Fig s | was ongi-
nally identified in Sertoli cell-enriched culture mediam
7 i which was subsequently puritied 1o apparent homes-
geneity (73, 75). and 1ts full-length ¢DNA was cloned and
sequenced (1711, Analysis by SDS-PAGE and proters mi-
crosequencing have demonstrated that testn consists of
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two molecular variants of 37 kDa (testin I) and 40 kDa
(testin I}, which differ by only three amino acid residues
of TAP found in testin II versus testin I from the NH,
terminus (75, 78, 171). As such, testin I is possibly a
product of testin II, which is formed as the result of
posttranslational processing of the mature protein, and
these two variants are now referred to as testin (75, 78,
167, 169-171). Since the late 1980s, this Sertoli cell gly-
coprotein has been extensively studied, and the following
features can be aseribed to this protein.

While testin is a Sertoli cell secretory and testoster-
one-responsive glycoprotein (73, 75, 167), it becomes
quickly associated with the Sertoli cell surface at the site
of Sertoli-germ cell As, in particular between Sertoli cells
and late spermatids, following its secretion {169, 170).
Immunogold electron microscopy (EM), fluorescent mi-
croscopy (169, 516), and other biochemical analyses have
shown that testin binds to the Sertoli cell surface via iis
interaction with a receptor-like protein, possibly the cad-
herinfeatenin and/or nectin/afadin complex and an AJ-
associated protein, particularly at the site of ectoplasmic
specializations (168, 170, 513, 516, 517).

In adult rats, testin is confined almost exclusively to
the gonad (171, 513). Sertoli cells are the principal source
of testin in the seminiferous epithelium, and germ cells
isolated from adult rat testes do not express or secrete
testin (171, 513).

In the adult rat testis, testin is associated with the
Sertoli cell membrane. Its level in the cytosol is virtually
undetectable and is not found in the epididymis, fluids of
the rete testis, and the seminiferous tubule (73, 75, 169,
170). This is in sharp contrast to other Sertoli cell prod-
ucts, such as androgen binding protein, ao-macroglobulin,
and transferrin, which are concentrated in the luminal
fluids of the male reproductive tract (73, 75, 169, 170).

Studies by immunofiuorescent microscopy, immuno-
histochemistry, and immunogold EM have shown that
testin is found at the sites of Sertoli-germ cell AJs, such as
ectoplasmic specializations and tubulobulbar complexes
(169, 516, 517). Its pattern of localization is stage specific,
being highly expressed in stage VI and early stage VIII,
just before spermiation (517). However, testin is neither a
protease nor protease inhibitor (171). The fact that there
is an intense but transient accumulation of testin between
elongated spermatids and Sertoli cells in vivo at the site of
ectoplasmic specializations just before spermiation
strongly suggests its signaling role in AJ dynamics.

A surge in testin expression is not detected when
either the Sertoli cell TJ-permeability barrier in vitro is
perturbed, such as by depleting Ca®" from the spent
medium, or when the blood-testis barrier in vivo is dis-
rupted by CdCl; or by glycerol treatment (166, 169). How-
ever, its expression is greatly induced when AlJs are per-
turbed both in vitro and in vivo (78, 166-170, 222). These
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resulis thus demonstrate that tesiin can be used to mon-
itor the integrity of AJs, but not TJs, in the testis.

While testin is virtually expressed exclusively in the
adult rat testis, its level declines during testicular matu-
ration (73, 75, 170). However, depletion of germ cells from
the adult rat testis in vivo induced by X-irradiation (222)
or by treatment with either busulfan (78) or lonidamine
(170), which disrupts Als, can induce a surge in testin.
When germ cells repopulate the epithelium, the level of
testin declines rapidly. Removal of germ cells from Ser-
toli-germ cell cocultures by hypotonic treatment, which
disrupts Als between Sertoli and germ cells in vitro phys-
ically, also induces a surge in testin expression (170).
These resulis illustrate that a disruption of AJs induces
testin expression, but when AJ functionality is rebuilt, its
level subsides. These observations, however, are not the
result of downregulation of Sertoli cell testin expression
by germ cells, since neither germ cells nor their condi-
tioned media per se affect Sertoli cell testin expressioh
{169, 170).

Taken collectively, these results clearly illustrate that
the secretion of testin by Sertoli cells is in response to the
disruption of Sertoli-germ cell AlJs, suggesting that this
may be an Al-associated signaling molecule. Based on
these unusual features of testin, this protein was used to
screen more than two dozen new compounds related to
lonidamine [1-{ 2 4-dichlorobenzyl}-indazole-3-carboxylic
acid], which is a molecule previously shown to perturb
the Sertoli celt actin filament network (119, 412). The goal
is to select those that specifically disrupt Sertoli-germ cell
AJs, such as ES, thereby inducing germ cell loss from the
epithelium by monitoring their effects on the testicular
testin expression (79, 168). We have identified two candi-
date compounds having potent antispermatogenic effects
without any noticeable toxicity using adult Sprague-Daw-
ley rats, which is based on the unusual features of testin
as summarized herein (79, 168).

5. AJ-associated signaling molecules

Several signaling molecules are found in AJs, which
include Sre, Csk, CK2, GSK, and pl20°™ (9, 51, 177, 284,
450)). Protein phosphorylation of these molecules in turn
regulates the cadherin-catenin complex altering cell ad-
hesiveness (1, 112, 177, 265, 349, 361, 394, 450, 468).
Indeed, these signaling molecules are implicated in sper-
miation (493), p120°" and B-catenin can also induce gene
activation upon entering into the nucleus, illustrating
their physiologicat significance (9). However, the precise
biochemical mechanism by which phosphorylation of the
cadherin/catenin complex induced by the Al-associated
signaling molecules, such as Src, CK2, and p120°™", that
can perturb the AJ funetion is entirely unkmown. Further-
more, pl20°™ is known to bind to the membrane proximal
segment of cadherins, and this interaction s required for
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adhesive activity (17, 326. 451. 506). However. the mech-
anism by which this interaction contributes to changes in
cell adhesiveness is not vet clear unless the structural
interactions of pl120°" and the membrane proximal seg-
ment of cadherin are known. Previous morphological
studies have suggested that pl20¢™® is possibly a compo-
nent of the intermediate fitament-based desmosome-like
AJ 1n the rat testis (375). A more recent study by immu-
noprecipitation has demonstrated the presence of ar least
four p120°*" isoforms in the testis {226). Immunofluores-
Cent microscopy using a monocloneal antibody against
p120°" has shown that it is localized between Sertoli cells
and round spermatids in a stage-specific pattern in the rat
testis. being expressed between stages [-1X. but not X[
XIV. and highest at stage VIII (226) coinciding with sper-
miation,

. Others

Studies by immunechistochemistry  have demon-
strated the presence of fimbrin (175} and espin (30} in
cell-cell Als using actin filaments as attachment sites in
the testis {Table 1). Plakoglobin is also detected in cell-
cell desmosomes using intermediate filaments as attach-
meni sites (106) in the testis. However, virtually no stud-
tes can be found in the literature to probe the physiology
function of these molecules in the regulation of testicular
AJ dvnamics.

C. Current Status of Research of AJs in the Testis

Three major families of CAMs inctuding the cadherin
family (Ca®" dependent). the immunoglobulin (Ca" in-
dependent). and the integrin superfamilies are found in
rodent seminiferous tubules during development and in
adulthood (61. 62. 343). Among these three families, cad-
herins are the most extensively studied CAMs in the testis
(63, 109, 321. 346, 500). In addition, N-cadherin plays an
important role in regulating cell-cell interactions in the
serminiferous epithelium (11, 63. 276). For instance, the
binding of round spermatids to Sertoli cells is mediared by
N-cadherin (321, 346). Immunohistochemisiry analysis
has shown that the recruitment of S-catenin ro the Sertoli
cell junctional complex in the testis correlates with the
formation of the blood-1estis barrier 1811, illustrating the
tight functional relationship between AJs and TJs in the
testis. In the rat. B,-integrin. a signal transducer and a
cell-matrix AJ protein (Table 1), is found at the site of ES
and at the Sertoli cell-spermatogonia interface at stages
I-V1H (63, 335. 336). illustrating the testis is utilizing this
cell surface receptor for signal transduction. The best-
studied and characterized transmembrane adhesion mol-
ecule in the testis are o,8,- and a.f,-integrins (336, 387,
388), which are members of the cell-matrix anchoring
Junetion (see Table 1). However, the signaling pathwayts)
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that regulate the dynamics of anchoring junctions are
entirely unknown. A recent study reponrs that the down-
stream signaling events pertinent o the regulation of £x
dynamics are mediated hy the «, Bontegnn receptor 1ia
integrin-linked kinase tILK: . 310 Funthermore. nectin
afadin appears 1o be an important AJ functional umi in : he
testis since homozygous null male mice lacking necrin
are sterile and their spermatozoa display defects in eV
toskeletal and nuclear morphology - 40 .

L ES: the role of integrins

The best-characterized cell-to-cell anchorng junction
type using an actin filament atachmen? site in the te<tis
the ATy between Sertoli and germ cells is the ES  soe
Table 1 and Figs. 2 and 51 for reviews, see Befs, 177 574
171 In the testis, there are two vpes of EX. designated
apical and basal ES 13745 Apical Ess are found belween
Sertohi cells and the adjacent heads of developing <per-
matids: basal ESs are present between Sertoli cells ax well
as between Sertoli cells and SPETTNATOCYTeS A6 The Dipse of
the seminiferous epithelium. This permits the pissiage nf
spermatocytes aeross the epithehiun via evelic disessern-
bly and reassembly of these junctions 404, 370 T bt
the molecules that have been positivels identified m the
ES are as follows: actin, c-actinin 145 fimbrre 170
espIn fan actin binding protetn: <30 vinculin (74 s
Bi-integrin (310, 387, 3885 paxilhin. gelsolin 1w e
sin VIl (185a). and ILK 31000 It was postulaned that 1LE
a serine-threomne protein Kinase (1160, Is0 s an HBpeor-
tant signaling molecule regulating ES dimamics  for re
view, see Ref. 4700 ILK. but not FAK
found to colocalize with B-integrin it the <t of Ess on
the testis (3101 Because it was shown that Dhospitiests -
rosine proteins are highly concentratedd at the <ites of the
Es 1310). these observations seem to sugoest that the
dyvnamics of ES are regulated. at least in part. by profein
phosphorylation. Indeed. the phosphorvlated form of FAR
was shown 1o Jocalize primanly at the site of apdcal Exoar
the adluminal companment of the semmiferous vpithe-
Lium adjacent 1o the seminiferous tubular reen . 105
This pattern of localization is in sharp contrust 1o FAK,
which was found largely at the site of basgl FX G0 115
Also, it was proposed that the S apleal Exoand
@, f3,-integnns basal ES) found in the EX i the tostis are
the primary CAMs. whereas the cadherin carenin con.
Hexes are likely used for cell adhesion hetween Seroi
cells 13100 (Fig. 20 1f @, B -integrin found in Sertol cells at
the site of ES at the adluminal companment «f the sem-
iniferons epithelium 3100 i~ the cell adhesion moleculs
what is the corresponding binding parner i gens cells”
It must be noted that the conventional partner of infegrin
in anchoring junction is laminin. which = st YoTes
stricted to ECM rsee Table 1. A recent study indeed has
reported the localization of laminin ~ -chain as @ noonbise.
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ment membrane laminin chain in the testis at the adlumi-
nal compartment (244a), consistent with its localization at
the ES. This is in contrast to laminin a, 3,y,-chains, which
are confined to the basal lamina in the testis (244a).
Tronically, this study thus suggests that Jaminin y;-chain is
one of the three laminin chains at the site of E5 that
constitute the binding partner of agf3,-integrin. Moreover,
these integrin complexes are being used as the platform
to transduce signals downstream via ILK, instead of FAK,
to regulate AJ dynaruics (310). Much work remains to be
done to define the biochemical and molecular composi-
tion of ES in the testis. Once this is completed, studies can
be performed to investigate the mechanism(s) by which
these modified AJs are being regulated in spermatogene-
sis and spermiogenesis.

D. The Functional Unit of AJs in the Testis

1. Does the cadherin/catenin complex exist
in the testis?

In the classical actin-based AJ [one of the anchoring
(or adhering) junction types between cells, see Table 1]
found in epithelia, the functional unit is the cadherin-
catenin complex, in which the cytoplasmic tail of E-cad-
herin interacts with B-catenin. This, in turmn, binds to
e-catenin, vinculin, and the actin cytoskeleton (for re-
view, see Rel 177) (Fig. 8). However, the presence of
E-cadherin and c-catenin in Als in the testis has been an
issue of controversy (11, 63, 109, 177, 267), and the coex-
istence of cadherin and B-catenin at the same site in the
testis between Sertoli and germ cells, in particular, has
been the subject of discrepancy (63, 228, 310, 312, 500).
For instance, immunohistochemistry studies also failed to
localize N-cadherin at Sertoli-spermatid junctions (11,
63). Although the presence of B-catenin in Als between
Sertoli and germ cells is controversial (310, 470, 493},
more recent studies suggest that this may likely be the
result of antibody specificity used by different investiga-
tors {260). For instance, the presence of E-cadherin and
catenins has been reported in the rat testis using Northern
blot and semiquantitative RT-PCR (84, 228, 312, 500}, as
well as by immunohistochemistry and immunoblotting
techniques (500). There is also a transient induction of
N-cadherin, E-cadherin, and g-catenin mRNAs during the
assembly of Sertoli TJ-permeability barrier in vitro (84),
as well as during the assembly of Sertoli-germ cell Alsin
vitro (260). Further studies by immunoblottings using
antibodies specific to cadherins and catenins and lysates
of Sertoli-germ cell cocultures also confirm these earlier
observations {260). More importantly, studies by immu-
noprecipitation have pulled out B-catenin with an anti-N-
cadherin antibody using cell lysates from Sertoli-germ cell
cocultures (260). Similarity, N-cadherin can be pulled out
using an anti-g-catenin antibody in the same experiment.
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Furthermore, the relative concentration of N-cadherin
and B-catenin in these lysates is present in a stoichiomet-
ric ratio of almost 1:1 when visualized by immunoblotting
(260). As such, these results demonstrate unequivocally
that AJs in the testis are utilizing the same cadherin/
catenin complex as the functional unit found in other
epithelia (for review, see Ref. 177). A recent immunoflu-
orescent microscopy study has demonstrated N-cadherin
at the Sertoli-Sertoli as well as Sertoli-spermatocyte junc-
tions near the basal compartment consistent with its lo-
calization at AJs (227). Furthermore, it is also found be-
tween Serfoli-clongated spermatid AJs at stages 1-VII and
appears to be stage specific (227). The inability of detect-
ing the cadherin/catenin complex at the site of ES be-
tween Sertoli cel's and elongated spermatids in the adlu-
minal compartineni of the seminiferous epithelium by
immunohistochemistry can be of several reasons. First,
the ES can be constituted largely by agf;- (in apical ES)
and «,B,-integrins (in basal ES) as reported earlier (310}
or by the nectivafadin complex (see sect. vB3) (Figs. 2
and 8). And the cadherin/catenin complex may only func-
tion as a signaling component at the site of apical ES.
Second, it the above postulate is true, the cadherin/cate-
nin complex will likely have a short half-life and low
abundancy at ES rendering it undetectable by conven-
tional technique. Indeed, the half-life of E-cadherin is only
~5 h in confluent epithelial cells (201, 407). Third, the
titer of the anti-cadherin and anti-catenin antibodies used
in these earlier studies were low or cross-reacting with
unwanted epitopes making data difficult, if not possible,
to interpret. Ilowever, it must be cautioned that additional
functional AJ units other than those that have been de-
seribed may be present in the testis at the sites of Sertoli
cell-spermatids in light of the existence of testis-specific
AJ, such as the ES (for reviews, see Refs. 374, 378, 470),
which can be operating alongside with the cadherin/cate-
nin complex fo ensure rapid changes in cell adhesiveness
to accommodate the timely event of germ cell movement.
Indeed, an afadin-nectin complex has recently been found
in cell-cell AJs adjacent to the cadherin/catenin complex
in epithelia (439), which may be one of the yet-to-be
confirmed ES-functional units in the testis. Furthermore,
deletion or reduction of the classical cadherin/catenin
complex cannot eliminate the morphologically normal AJ
structures (104, 464) in nonmammalian species. Indeed,
the afadin-nectin complex was found to colocalize and
interact with the cadherin/catenin complex (280, 438),
and afadin. an actin-binding protein, is known to interact
strucrurally with the F-actin (380). However, it must be
noted that E-cadherin™™ mice died at the embryo stage
around the {ime of implantation (256a). Also, E-cad-
herin '~ null mouse embryos display severe abnormali-
ties particularly in the cells that constitute the morula,
which become dissociated soon after compaction has
occurred, losing their adhesiveness and cell polarity
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(364a). Yet, intact desmosomes and TJs are still found in
the blastomeres at the site of damaged cell-cell contacts
{364a). Similar defects are also detected in N-cadherin™ ~
mice (354a} with severe cardiac defects (273a 35d4a).
Furthermore. f-catenin™ ~ mice also display abnormali-
ties during the embryo stage at gastrulation: in particular.
cells are detached from the ectodermal cell laver (180b).

E. Regulation of AJ Dynamics

The events of AJ dynamics and their regulation in the
testis are one of the most intriguing phenomena in sper-
matogenesis (62. 63. 308. 379. 380). since germ cells must
migrate from the basal to the adluminal compartment of
the seminiferous epithelium while thev also remain at-
tached to the epithelium (see Figs. 2 and 3). How these
events are regulated in the testis is largely unknown. At
present. it is accepted that AJ dynamics are regulated by
several possible pathways and/or mechanisms.

1. Changes in the functionality of the
cadherineatenin compleres: the functional unit
of AJs ’

Recent studies have shown that the AJ functional
unit is regulated largely by the Al-associated signaling
molecules. such as Sre, Csk, CK2. and pl120°". For in-
stance, recent studies have shown that selective uncou-
pling of pl20°"" from E-cadherin can induce the loss of
cadherin-dependent cell adhesiveness (451). This is
largely mediated by changes on the phosphorylation sta-
tus of the cadhenn/catenin complex mediated by these
signaling molecules, many of which are also putative
protein kinases (Table 1. Fig. 8). Indeed. putative Src
phosphorylation sites have been identified in pl20°®
{283). Recent studies have shown that the downstream
signaling pathways by the adhesion receptors., such as
cadherins and integrins. which regulate AJ dynamics. con-
verge on the MAP kinase cascade (141). As such. an
unprecedented opportunity to study the regulation of AJ
dynamics is now available since the MAP kinase cascade
can modulate actin polymerization and cell migration via
their action on the myosin light-chain kinase i242). Oth-
ers, such as the phosphatidylinositol-3-kinase (PI-53K) can
regulate the conformation and scaffolding of the focal
adhesion protein vinculin (158). Surprisingly. very few
studies have been performed in the field of male repro-
ductive physiology 1o study these events { for reviews, see
Refs. 61. 62. 308). For instance. the presence of cadherins
in the testis was not known until the early 1o mid 19%0s
{63, 109, which is more than two decades after the dis-
covery of the cadherirvearenin complex (for reviews, see
Refs. 443—445). It is increasingly clear that AJ proteins,
such as cadherins and catenins. are responsible for the
attachment of germ cells onto the epithelium, since anti-

w55

bodies against cadhenins can perturb the attachment of
germ cells onto Sertoli cells 1321, 348, which is a prereq-
uisite of subsequent Al assembly. Ironically, if the func-
tonality of these proteins can be disrupted or compro-
mised. germ cells can no longer anach the
epithelium and will be depleted from the testis inducing
infertility (79, 83. 168;. Other studies have shown ovie-
kines may also play a significant role in the regulation of
AJ dynamics. For instance, EGF and hepatocyte growth
factorscatier factor can reduce cell-cell cantacts causing
cell dissociation and scattering from each other without
apparent effects on the E-cadhenn calenin complex in
vitro (406, 481). However. the underlying mechamsm that
mediates these changes is not known. Recent studies
have shown that cyvtokines can atse affect T.J function,
For instance. TGF-B3 can penturb the assembly of the
Sertoli cell TJ-permeability barrier 270 which is medi-
ated via the MEKKsp35-MAP kinase pathway. by affect-
ing the timely expression of occludin and Z0v-1 needed 1o
assemble TJs (271 Because there is a tight funetional
linkage between TJs and Als reviewed in sect. f | the
reported effects of cytokines on cell-cell contact may he a
result of disruption on TJs rather than a direct effect on
AJ functionality.

antey

2. Protein phosphorylation

Protein phosphoryvlation of Al-associated proteins
plays a crucial role in the regulation of AJ dynamics 14,
111,177, 198, 311, For instance. tvrosine phosphorviation
of the cadherin-catenin complex has been implicared in
the regulation of AJ dynamics + 11 . sinece nvrosine phos-
phorviation of this complex affects their association
{371y Sre. a putative protein BTosine kinase. 15 an AJ-
associated signaling molecule : 51, 254: see aiso Tuble 1
Fig. 83 that becomes concentrated at the site of Als . 480
Sre can also become heavily phosphonvlated during AJ
assembly (4641, Sre is also known to regulate celi<ell
adhesion in keratinocytes 641 Indeed. Sre-induced v
rosine phosphorylation of the N-cadherincatenun com-
plex can lead to the loss of cell adhesiveness (154 A
more recent immunohistochemistry study has shown thar
Src is a stage-specific protein in the rat testis, Iwing
highest at stage VIII at the site of ES between Sertol; cells
and elongated spermatids 443 Furthermore. (sk and
Fer kinase iTable 1) both of which are AJ-associared
signaling molecules and putative protein nirosine kKinases,
are also found in the rat testis 443 Indeed. a testis
specific form of Fer kinase designated ferT was found o
be restricted 1o spermatocytes at the pachytene stage of
meiotic prophase 1237 Other studies have shown tha
Fer kinase is associated with pl20° ar the site of Als
(238 Surprisingly. Fer kinase™  null mice are fertile
with apparently normal spermatogenesis but display re-
duced cortactin phosphonviation 1107 : suggesting other
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FG. 8. Structural formula of lonidamine [1-(2,4-dichlorobenzyl}-
indazole-3-carboxylic acid] where R, = R, = Cl.

testis by causing depletion of germ cells from the semi-
niferous epithelium. While the precise mechanism by
which gossypol induces germ cell loss from the epithe-
lium is not yet known, lonidamine apparently exerts its
effects by perturbing the adhesion of germ cells onto the
Sertoli cell, since the cytoskeleton network is one of the
subcellular targets of lonidamine (279). Furthermore,
electron microscopy studies have shown that lonidamine
can induce damage to the Sertoli cell cytoskeleton and
microfilament network (119). However, the efficacy dose
range and safety margin of gossypol, similar to Jonidam-
ine, are very narrow. Also, both compounds are nephro-
toxic after prolonged use (for reviews, see Refs. 36, 412,
475). Furthermore, the antifertility effect of gossypol is
irreversible in a large proportion of men after prolonged
exposure to gossypol (98, 475). These compounds, how-
ever, raise new hopes of developing safer male contra-
cepiives, since their mode of action apparently is at the
site of Sertoli-germ cell AJs, perturbing cell adhesive func-
tion. Indeed, neither compound affects the hypothalamus-
pituitary-testicular axis nor Leydig cell steroidogenic
function (for reviews, see Refs. 412, 475). Ironically,
lonidamine does not affect the assembly of the Sertoli cell
TJ barrier in vitro (166) but can perturb the assembly of
Sertoli-germ cell AJ in vitro (unpublished observations)
using a Sertoli-germ cell coculture assay with fluorescein-
labeled germ cells (309). Taken collectively, if a chemical
entity based on these known structures can be properly
meodified and synthesized to perturb AJ functionality be-
tween Sertoli and germ cells, in particular between Sertoli
and late spermatids, such as the ES, it can become an
ideal male contraceptive. For instance, earlier studies
with indazole-3-carboxylic acid derivates (101, 412) have
shown that the general formula shown in Figure 9, which
is not steroidal in nature, is a potent antispermatogenic
agent.

Our recently completed studies (79) have yielded the
following observations. First, the presence of a substi-
tuted benzyl group in position 1 of the indazole ring (see
Fig. 9) is essential for the antispermatogenic activity.
Furthermore, it seems necessary that R; should either be
a halogen or a methyl group. Second, the antispermato-
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genic activity increases rapidly when R, and R, in posi-
tions ortho and para are R, = R; = Cl or R, = CH; and
R, = Cl (see Fig. 9). If the two substituents are in a
different position, then the acfivity considerably de-
creases. Third, the following two analogs are shown to
have potent antispermatogenic activity.

B. Disruption of Cell Adhesion by Suppressing
Intratesticular Testosterone Level

Recent studies by suppressing the testicular testos-
terone in adult rats with the use of an estradiol/testoster-
one implant (293, 294, 323) have shown that this can also
become a model to study the AJ dynamics in vivo while
inducing reversible infertility in male rats receiving treat-
ment (for review. see Ref. 292). For instance, chronic
testosterone withdrawal can cause a stage-specific de-
tachment of round spermatids from the seminiferous ep-
ithelium (293, 324). When adult rats receive low doses of
testosterone and estradiol via Silastic implants, this in-
duces serum lestosterone and estradiol levels suppress-
ing pituitary lureinizing hormone but not FSH release
(293, 294, 323, 324). As such, intratesticular tesiosterone
level reduces by >90% versus normal rats. While round
spermatids continue to mature from steps I to 7, the
conversion of sten 7 to 8 round spermatids fails 1o occur
as a result of their early detachiment from the epithelium
(293, 323). When the intratesticular testosterone level is
restored, a rapid restoration of spermatid attachment is
detected within 4 days alongside with the normal sperma-
tid elongation process (323). At present, it is not known if
this androgen depletion-induced germ cell loss is medi-
ated via a disruption of AJ dynamics between Sertoh and
germ cells. A recently completed study has demonstrated
that at the time of androgen suppression, the actin-con-
taining domain ar the site of ES between spermatids and
Sertoli cells appeared to be damaged (325}, suggesting
that the cadherin/catenin- or afadin/nectin-induced cell
adhesion function may be disrupted (for review, see Ref.
202). Needless 10 say, this is an emerging and potentially
important in vivo model to study AJ dynarnics in the testis
and a novel male contraceptive approach.

C. 1-(2,4-Dichlorobenzyl}-indazole-3-
carbohydrazide (AF-2364) and 1-(2.4-
Dichlorobenzyl)-indazole-3-acrylic acid
(AF-2785)

I. Background: discovery of AF-2364 and AF-2785,
two potential male contraceptives

Lonidamine "1-(2,4-dichlorobenzyl }-indazole-3-carhoxy-
lic acid], a derivative of l-indazole-3-carboxylic acid (Fig.
9), is a nonsteroidal and nonhormonal anticancer drug
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CO-NH-NH,
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Cl
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{1-124-dicklerohenzyv]-indazole-3-carbohvdrazide |

(279, 408-110) having a potent antispermatogenic effect
(412). Administration of lonidamine to adult rats by ga-
vage at a dose of 20-50 mg/kg body wt (119, 170, 268,
induced a massive depletion of germ cells from the sem-
iniferous epithelium. By 2—4 wk after a single dose of
lonidamine at 50 mg/kg body wt, the tubules were devoid
of virtually all elongated spermatids. round spermatids.
and some spermatocytes (119, 170} and rats hecame
infertile (268). Lonidamine apparently exerts its effects hy
disrupting and rearranging the microfilament elements in
the Sertoli cell plasma membrane (279). which is part of
the cell adhesion junctional complex necessary to allow
the anchorage of germn cells onto Sertoli cells in the
epithelium. At doses ranging between 1 ng/ml and 10
pg/ml, lonidamine was not toxic to Sertoli cells in vitro
(170). however. its administration in vivo at 25-50 mg/'kg
body wt induced morphological changes in Sertoli cells at
the uitrastructural level as manifested by the vacuolation
and retraction of the apical cvtoplasm at the site where
immature spermatids attach onto Sertoli cells (119). This
was followed by the enlargement of the interceilular
space between Sertoli and germ cells, eventually leading
to the release of immature spermatids into the tubular
lumen (119). This action of lonidamine on Sertoli cells
mimics those observed in lonidamine-treated epithelial
squamous carcinoma (A431) and melanoma M14) cells
by disrupting the cytoskeletal network (279, 282). On the
other hand. lonidamine was also shown to inhibit respi-
ration in condensed mirochondria found in spermatids
and spermatocytes or tumor cells previously sensitized by
trradiation, but not in Sertoll cells or other somatic cells
both in vivo and in vitro (143, 144). Such an effect on
cellular respiration may also confer to the unwanted cy-
totoxicity on ionidamine. Although the antispermatogenic
effects of lonidamine are worthy of further investigation,
it was not developed into a male contraceptive due to its
nephrotoxicity and irreversibility: instead. it was used as
an antitumor drug in chemotherapy (410, 412} Needless
to sayv. this compound. if properiv modified to elimninate
side effects. could become a novel male contraceptive.

b
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Unfortunately, all efforns o develop new denvatives
based on the core structure of lonidamine for male con-
traception ceased hecause of the high costs of sereening
by conventional methods 4054 412 Inaddition. a sereen-
ing assay targeted to identify new analogs of lonidamine
by depleting advanced germ cells. such as late spermatids
but not spermatogonia. from the seminiferous epithelinm
was lacking. In an early study from ihis laboratory,
fonidamine was shown to induce a surge in testioular
testin expression within 24 h 170, long before genm cells
were seen to deplete from the epithelium, which became
visible only by days 4- 4 after a single oral dose treatment
of lonidamine at 25-30 mg kg body wt - 170 These resulis
thus suggest that when lonidamine exerns its effects on
the Sertoli cell crvtoskeletal network. 1t somehow acti-
vates the expression of testun. These observations also
illustrate that testin is a useful marker o identify new
male contraceptives exerting their effects specifically at
the site of Sentoli-germ cell Als. such as ES. causing AJ
cleavage and germ cell loss from the epithelium. Indeed,
we have utilized this nnusual feature of 1estn in an i vivao
assay 1o screen over 20 new analogs of lonidamine and
have identified 1wo new chemical entiues. AF-2584 and
AF-2755, which specifically deplete spermanids from the
epithelium (74, 165 (Fig. 10 While it remains to he
determined if AF-2364 and AF-2755 are indeed suitable for
contraceptive use for human maies without the <ie ef-
fects of either lonidamine or gossypol. recently completed
toxicity studies on AF-2304 performed by heensed 1oxi-
cologists according 1o Food and Drug Administraniion
guidelines have indicated that this is a promising candi-
date compound. For instance. the recentiy completed
acute toxicity study using the Irwin dose range « 1061 1,000
mg’kg body wi: by intraperitoneal injection or gavage in
mice and rats performed by hicensed toxicologisis re-
vealed that AF-2364 did not influence anv of the neurn-
logical or autonomic parameters. Moreover, both AF-27s5
and AF-2364 did not induce reverse mutation in St .-
nella typhimurivne or Esclerichia coli by standard mu-
tagenicity tests tunpublished observations . Alse. chro-
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mosomal aberration tests in CHO cells reveaied that
AF-2364 did not cause DNA damage (unpublished obser-

vations). In addition, neither compound is nephrotoxic’

nor hepatotoxic at doses that are effective to induce
reversible infertility in male rats (79, 168).

2. Biological effects of AF-2364

A) ANTIFERTILITY EFFECTS: EFFICACY AND REVERSIBILITY.
When adult Sprague-Dawley rats were treated with AF-
2364 (Fig. 10) by gavage, AF-2364 could not suppress
fertility by 100% during the first 2-3 wk after the first dose
was administered because of the epididymal sperm re-
serve, since this compound neither induced any apparent
changes in the epididymis when examined microscopi-
cally {79 nor killed epididymal sperm (79, 168). However,
two or three consecutive doses of AF-2364 between 25
and 50 mg/kg body wt are effective to induce infertility in
male rats (79). On the basis of these earlier studies, it is
apparent that at least two consecutive doses of AF-2364,
which must be administered at least 1 wk apart, are
needed to induce complete infertility in the rat (79, 168).
More importantly, the antifertility effects of AF-2364 are
reversible.

B) EFFECTS ON TESTICULAR MORPHOLOGY, TESTiCULAR WEIGHT,
AND BODY WEIGHT. When the testes of the treated rats were
examined histologically using a regimen that was effec-
tive to induce reversible infertility, germ cells began to
deplete from the seminiferous epithelium as early as 4-6
days after the first dose of AF-2364 (79); >80% of the
tubules were devoid of germ cells by day 28. The tubules
were virtually devoid of germ cells by day 40 posttreat-
ment, and this morphological change persisted until day
79, coinciding with the loss of fertility. When the testes
were examined on day 128, germ cells began to repopu-
late the seminiferous epithelium, and by days 211-254%,
virtually 100% of the tubules appeared indistinguishable
from control rats, consistent with results of the mating
studies, illustrating the reversibility of this treatment (79).
AF-2364 also induced a decline in testicular weight as a
result of germ cell loss; however, testicular weight re-
turned to normal when fertility rebounded (79, 168).
Furthermore, AF-2364 had no effects on body weight
(79, 168).

) EFFECTS OF AF-2364 ON THE HYPOTHALAMUS-PITUITARY-TES-
TICULAR AXIS, AND ON LIVER AND KIDNEY FUNCTION. When the
serum testosterone, FSH, and luteinizing hormone levels
from the AF-2364-treated rats using different treatment
regimens were gquantified and compared with control rats,
no significant changes were detected throughout the en-
tire treatment period versus controls (79, 168). These data
thus demonstrate that the hypothalamus-pituitary-testic-
ular axis was not impaired hy AF-2364 when the fertility
of treated rats was affected. Moreover, serum microchem-
istry analysis revealed that the serum levels of serum
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glutamic oxaloacetic transaminase, serum glutamic pyru-
vic transaminase, and alkaline phosphatase (for liver
function tests) as well as blood urea nitrogen, glucose,
creatinine, albumin, y-globulins, sodium, and potassium
(for kidney funclion tests) were not altered in AF-2364-
treated rats compared, with control animals using the
treatment regimens that were effective to induce revers-
ibly infertility. illustrating that neither liver nor kidney
function was alfected by AF-2364 (79, 168).

3. Effects of AF-2785 on rat fertility; its efficacy;
serum. FSH, lvteinizing hormone, and testosterone
levels; and other parameters

With the use of five different treatment regimens of
AF-2785 (Fig. 100 o study its effects on the fertility of
adult rats, it was shown that AF-2785 is also a potent
antispermatogenic compound (79). However, this chemi-
cal entity needs to be administered more frequently than
AF-2364, preferably on a daily {or every other day) basis,
to unleash its efficacy. In contrast to AF-2364, rats fed
with AF-2785 recovered more rapidly. Also, all treated
rats recovered to full fertility in each treatment regimen.
Similar to AF-2364, AF-2875 induced germ cell depletion,
virtually all elongated and round spermatids, from the
seminiferous epithelium (79). Testes were indistinguish-
able from control rats histologically when fertility was
restored in the AF-2785-treated rats (79). Germ cells also
repopulated more rapidly in AF-2785-treated rats than in
AF-2364-treated rats. Furthermore, AF-2785, similar to
AF-2364, did not alter the serum levels of testosterone,
FSH, and luteinizing hormone in treated rats compared
with controls (79), illustrating AF-2785, similar to AF-
2364, did not interfere with the hypothalamus-pituitary-
testicular hormonal axis. Furthermore, serum micro-
chemistry analysis revealed that neither the liver nor the
kidney function was affected by AF-2785 at doses that
were effective to induce reversible infertility. AF-2755
also induced a decline in testicular weight in treated rats,
which returned to normal more rapidly than AF-2364-
treated rats (79). Also, AF-2785 had no apparent effects on
body weight (7).

D. Molecular Mechanism of Action of AF-2364

The mechanism by which these drugs induce germ
cell loss from the seminiferous epithelium is not entirely
known. Nevertheless, both compounds induce a progres-
sive loss of germ cells from the epithelium, which begins
with the latest stages, such as elongated spermatids, to
earlier stages, such as round spermatids and some sper-
matoceytes. This drug-induced, stage-dependent germ cell
loss can be explained as follows. It was postulated that
the two analogs of tonidamine exert their effects by acti-
vating the cascade of events leading to the cleavage of AJs
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between late spermatids and Sertoli cells through a yvet-
to-be-defined mechanism. For instance. lonidamine is
known to induce rearrangement and disruption of the
cytoskeleton network in Sertoli cells. Ad31 epithelial
squamous carcinoma cells, and M14 melanoma cells (119,
279, 282). Given the fact that these two new analogs share
similar structural features with lonidamine (see Figs. @
and 10). they may indeed utilize the same mechanism 1o
induce changes in the Sertoli cell cyvtoskeleton network.
Indeed. both compounds failed to perturb the assembly
and maintenance of the Sertoli cell-T barrier in vitro
when the TER and the influx of FITC-labeled dextran
from the apical to the basal compartment on bicameral
units across the Sertoli cell epithelium were assessed
tunpublished observations). These data are consistent
with an earlier report from this laboratory showing that
lonidamine has no effects on the Sertoli cell TJ barner
(1663, More importantiy, with the use of an in vitro assay
to monitor the binding of fluorescein-labeled germ cells
onto Sertoli cell epithelium as described (309), which is a
prerequisite of the subsequent AJ assembly that is known
to complete within 24-48 h in vitro {65, 135), both com-
pounds were shown to perturb the Sertali-germ cell AJ
assembly (unpublished observations). A recentlv com-
pleted morphological study has shown that the AF-2364-
or AF-2785-induced AJ-disruptive activity between Sertoli
cells and late spermatids is more efficient than that be-
rween early spermatids/spermatocytes and Sertoli cells
{79. 168). and they had no effects on depleting spermato-
gonia from the seminiferous epithelium (79, 168). If they
did. these effects would have been irreversible, It is pos-
sible that the testis-specific AJs, such as ES and tubulo-
bulbar complexes. and their constituent proteins between
Sertoli cells and late spermatids. are more susceptible to
these analogs. Indeed, rats treated with AF-2364 displayed
a drastic induction in cadherin and carenin (260}, and by
7—14 days posttreatment, the entire basal compartment of
the seminiferous epithelium was encireled by an intense
immunostaining of cadherin and catenin (unpublished
observations). suggesting its site of action is at the level of
Als. Also, these compounds were selected in the-initial
screening for their ability to induce testin (79, 16581, which
is an AJ-associated signaling molecule strucrurally and
functionally linked to AJs (168-171:. The relative long lag
of response of germ cell loss, --4-6 days (79, 1683) after
either the AF.2364 or AF-2755 rreatment, seemingly signi-
fies that the AF-2364-induced AJ disruption consists of a
cascade of events that triggers an induction of testin
before germ cell loss from the epithelium can bhe histo-
logically detected. Indeed. a recent report has shown that
AF-2364 initially activates the cell adhesion molecule f3;-
integrin. a component of the apical ES (3103, which in
turn tranduces the signal downstream via the RhoB
GTPase/ROCK/LIMEK signaling pathway at the site of AJs
{27,

Wil

Whiile these compounds appear 1o be potenual can-
didates for male contraception, an intnguing hut mpor-
tant question remains to be answered: Would these com-
pounds also disrupt AJs in other epithehia that are present
in virtually all organs” It is obnvious that this gquestion must
be addressed carefully and thoroughly. Several obsenva-
tions suggest that these compounds indeed target rheir
effects exclusively on testis-specific AJs bertween Sertoll
cells and spermarids in the semuniferous epithehiun sich
as ES (R 3752050, 4700 First. the sereeming assav that
was used 1o select these two candidate compounds 1x
based on their abilitv to induce 1esun expressjon 7w
Testin is a Sertoli cell product predominantiy aceumu-
lated at the site of specialized Als, such as EX between
Sertoli and late spermands «based on biochemical and
immunogold electron microscopy analysis: 18 1T
whose expression is known to by induced when Senoli-
germ cell AJs are dismupted 1ne, Ios 170 0 Tt s known
that ESs and tubulobulbar complexes 020 3700 470 are
specialized Als restricted only to the testis. More recenth
completed studies have also ilJustrated thar such an in-
duction of testin is limited to the dismption of AJs but neor
the Sertoh cell Ts in vive and in vitro - T4 1ol Ins | For
insiance. treatment of Sertodi cefls inovitro with fonidam-
ine fatled 10 perturb the assembly and maintenance of the
Sertoli cell T barrier in vitro Lo Thus the sereening
assayv has limited our initial search to dentifv candidate
compounds that would specifically disrupt testicular Ads
such as ES. but not those found in nongonadal tissues.
Second. with the use of a treatment regimen that can
induce reversible infertility in adult rats by AF-2504 1t
was shown that the gross morphology of the Kidney and
liver was not damaged by AF-2504 during rowtine histo-
logical analysis. which is in sharp contrast @ the drag-
induced germ cell depletion from the epithelim o the
1estis (749, 10X). These resubts thus illustrate that the Alsn
both the kidnev and liver are apparently unaffecned by
AF-2364. Third. results of serum microchenusiry have
shown that both the kidney and Liver functions ire unaf-
fected by both compounds using a treatment regimen that
can induce reversible infentility in the rar 70 {0s
gesting these compounds are neither nephrotoxic nor
hepatotoxie, at least at the doses that are effective
induce reversible inferility in the rat. Work = now in
progress to investigate the signal rransduction pathway: <
by which AF-2364 1s unilized 1o perturh Ads between Ser-
1ol cells and late spermatids. such as the EXAnd s AJ
structure likelv consists of testin and integrin.

. owig-

VH. CONCLUDING REMARKS

In this review we have summanzed ~ome of the
recent developments in the study of jJunction dhmamics in

the testis and their physiological significance o testicular
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function and spermatogenesis. Most of the studies per-
formed in the past two decades investigating Sertoli-germ
cell interactions (for reviews, see Refs. 173, 2Z1, 416)
largely focus on the secretory function and activity of
either Sertoli or germ cells. It is increasingly clear that

these cell-cell interactions and the subsequent changes in |

secretory activity of either Sertoli or germ cells initially
take place at the level of cell junctions. Tronically, a huge
disparity exists between the study of TJ and AJ dynamics
in the testis versus epithelia in other organs at the bio-
chemical and molecular levels. For instance, there is an

almost 25-year delay between the initial identification of

cadherins as CAMs in other epithelia (204a. 235a, 442a)
and in the testis (63, 109, 276). Until now, the biochemical
and molecular structure and architecture of AJs, such as

ES, and TJs in the testis, remain unclear. We have pro-.

vided some intriguing evidence and several models In the
field illustrating that a compromise of the junction dynam-
ics in the testis can lead to a plunge in fertility and
aspermatogenesis. This information also provides a
framework upon which innovative male contraceptives
could be developed. It is obvious that possible side effects
and/or toxicity, such as AF-2364, could have been over-
looked in some of the recent reports, which will not be
known until the full battery of toxicity (both acute and
subchronic) and safety pharmacclogy studies are com-
pleted. Although we have only reviewed some recent
developments in the field of contraceptive development
using approaches to perturb junction dynamics, this is not
to say that recent advancements in hormonal contracep-
tives or vaccine develiopment should be overlooked. In-
stead, it is our belief that these different approaches of
male contraception (see Fig. 6) should be investigated
side by side not only for the sake of contraceptive devel-
opment, but for a thorough understanding of spermato-
genesis.
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