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an intriguing but complicated biologic-al pro('Pss. Howen:'f. many studlPS sinc£' thp 1~1)(1S ha\'e fCK"llSed t'ltlwr or; rb· 
hormonal eyents of the hypothalamus-pituitary-testicular a.xis or morphologicaJ en'nts. that takt· plac\· In the 
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to understanding some of the key events that regulate spprrnarogenpsis. such as geml cell apoptosi;;;. ,\·11 ('Yclt> 
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rnatocytes across the blood-tf'stis barrier. This is physiologically important sinn' deYf>loping \!f'nn (~di .. 1;','1"[ 

traIlslocate across the blood-[esti<; barriE'r as well a5 tran'rs(' the seminifproLL<.; t'piti"H-'hulll dunng their df'h'!')P:--:k:;~ 
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We also discuss several available in vitro and in vivo models that can be used to study Sertoli-genu cell anchoring 
junctions and Sertoli-Sertoli tight junctions. An in-depth survey in this subject ha.<; also identified several potential 
targets to be tackled to perturb spemlatogenesis, which will likely lead 10 the development of novel male 
contraceptives. 

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

In manunals. 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 genn 
cells at different stages of their development (such as 
spermatogonia, spermatocytes, round spermatids, and 
elongated spennatids) is clearly visible in the seminifer
ous epithelium (Fig. 1). As a result of such mOlphological 

intimacy between Sertoli and germ cells, it is conceivable 
that extensive interactions and communications take 
place between these cells throughout spennatogenesis 
both at the biochemical and molecular level. Indeed, mor
phometric analysis of the adult rat testis has shown that 
each Sertoli cell is associated with ~30-50 genn cells at 
each stage of the spennatogenic cycle in the epithelium 
(480, 4!l7), illust.rating not only that genn cell develop
ment relies heavily on the Sertoli cell but that extensive 
communicatjons take place to coordinate the various 
events of spermatogenesis. Studies from the past two 
decades have indeed demonstrated that genn cells largely 
rely on Sertoli cells for structural and nutritional support 
(for reviews, sec R"fs. 105, 221, 379). For instance, in the 

HG 1. Cross-section of a seminiferous tubule from an 
adult. Sprague-Dawley rat showing the organization of tes
ticular celis and the intimate relationships between Sertoli 
a1\(1 ~pnn cells. S, Sertoli cell nucleus; SG, spermatogo
nium; PS, pachytene spermatocyte; RS, round spennatid; 
ES, dongated spermatid. [Adapted from Mmk and Cheng 
C30,s1: courtesy of Dr. Li-Ji Zhu.] 
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rat. the entire process of germ cell de\·elopment. except 
for the early phase of spermatogenesis from type B sper
matogonia up to preleptorene and leptotene spem1ato
('}1eS, is segregatE'd from the systemic circulation becausf' 
of the blood-testis barrier (BTB) created by tight junc
tions ITJ) between Sertoli cells near the basal lamina 
(128. 129. l:31. :380. -tOO. -tOn .-\5 such. genn cells and 
Sertoli cells dew lop an intimate and elahorate cellular 
network for cell-cell communications \ia paracrine fac
tors and signaling molecules. so that Sertoli cells can 
prmide dewloping germ cells with the needed nutrients 
and biological factors (for re\iews. see Refs. 61. 6". 1:3:3. 
u,. 221. -tl6). Indeed. in ,itro studies ha,'e shown that 
there is bidirectional trafficking between Sertoli and gem1 
cells and that each cell type regulates the function of tlw 
other (20. 21. 221. -t16). 

Throughout spermatogenesis, different biochemical, 
cellular. and molecular f'\"ents take piacp in thf' seminif
erous epithelium leading to the fom1ation of eight sper
matids (haploid) from a single type B spemlatogonium 
(diploid) (for cc,iews. see Refs. 11,. :],9). FurthemlOre. 
prpieptotene and leptotene spem1atocj1eS mllst migratf' 
progressively from the basal to the adluminal compart
ment of the seminiferous E'pithelium tran:orsing the BTB, 
while differentiating into haploid spem1atids (Fig. I). 
\\Tithout this tinwly movement of developing genn cells 
across the spminiferous epithelium. spennatogenesis can
not go to completion. and infertility \\ill result. ~lorpo\'Pr. 
this event of cell movement is accompanied by extensive 
restnlcturing of cell-cell actin-based adherens junctions 
(AJs) between Sertoli and gem1 cells. such as ectoplasmic 
specializations (ES) (for re,iews. see Refs. :329. :3:30. -t02). 
Although the subject of spemlatogenesis. in particular its 
morphological changes and homlOnai regulation. has 
been p,-,ensiwly studied (for re\iews. see Refs. 11,.221. 
:378. :"9. -to-t). the subject of cell junction restructuring 
pertinent to spermatogenesis from a biochemical and mo
lecular standpoint has largely been neglected. In this re
\iew. we attempt to pro\ide an updated re\iew in this 
subject area However. it must be noted that much of the 
infomlation discussf'd herein is derin?d from in\'estiga
lions 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. _-\5 
such. E'\'ef}' effort was made to refer to recent stud if's in 
the testis. 

In mammals. spennatogenesis is composed of thrE'e 
distinct phases of cellular and molecular changes I for 
re,iews. see Refs. 11,. :),9). 1) ~litosis is proliferdtlOn of 
type A spem1atogonia. some of which "ill differentiate 
into type B spem1atogonia (for re\iews. SP" Refs. In. 
126). These in tum will differentiate into pre leptotene and 
leptotene spermatoc,1es. which are the gem1 cells that 
"ill tra,'erse the BTB entering into the adllID1inai com
partment. This phase takes place in the basal lan1ina 

outsidf' of the BTB (Fig. ~ I. ..! I Thf' TIlf'ioric phiL"-t' b when 
primary spennatoc~1ps d.i\idf' and differemiart" inrn Sot'c
ondary spem1atoc~1es and haploid spennalids. TIli:,; ph~L'(' 
largply rakes pla('e behind thp BTB in rhp adlullunaJ com, 
partment (Fig. ~). :l i Sppnniogenpsis is rht" I1HlI-ph()!!t'IW

sis of spermarids into spt'nnawzoa. WhlCh i:-; accnmpa
nif>d hy extensin' changp~ in tlw nucleus; :"uch a." nUc!t'ar 
condensation (Fig. ~ j' (R.I. 1 (1.\ :{tin 1. TIw fully dC\'elnpt'd 
spennarids (spennarozoa) will thE'1l Ipan" rhe :-;('mmlft~r

ous (,pithelium \'ia sppnniarion. In riw nwu.'t·. tItt' difft'r· 
pntiation of haploid round slwnllalicL, into ~}M:'nnar()zf)a 
can be morphologically di\'idpd into It:; :-;[('p~ :r:"~1 Fig 
:2). During sfrps 1-7 of spenniogpnt'Sis. round :"Pt'I1lI<uHb 
of'\'plop acrOSOTIlPS and fiagpllaf' f Fig. :! i :\[ _"':I}' '. the 
twads of sJwnllatids oripntatp toward ttw ba ...... al ('ompan· 
m('nt of the epitlwlium. From sfJ~p. .... · .1.1 to ].i. .'IH'nn<lwb 
undergo a sf'rif's of morphological ChaJlgPS. Whh'h iIll'ludf' 
nucleus ('ondpnsation and ('long-arion of tiw tla~t~lia. ,-\t 
s/('ps 14 and 1 :"j. alignment of mitochondn<l alnng lilt' 

elongating ftagdla takps plac('. At sll'], ]1), ~pt>mla[Hb an' 
translocated to thf' adluminal surface of tht· t>plthdium To 
hf' rf'leasf'd into till:' IUlllen al spf'nlliation, TI1fiHIghlluf 
tht'sp stPps (Fig. ~ J. oE'\"doping gpnn celb I"t'main aT

tached to tiw ppitiwliulll \ia a modifit·c\ rnH:' ()f ('t'1I---(·t'1I 

anchoring junction with act in fil~unent attachment ... irf· ... 
(i.t' .. AJs) specific to thl:--' TPstis known a<;,; tht· E~ Fi~_:':! 

(for rf>\iews. sef' Rf'fs. :{...t:~. ::74. :~~O. -t711!. 
In thp sPlllinifprous t'pittwlillI11. tlw a" ... ( 'ClatiOn tw, 

tween Senoli and gf'nn (,(·lIs throughout TtH'~t' thrf't' 
pha~es of df>\'f>lopmpnt as dpscrih('d aho\"t, ar.> arr~m~t>d 
into definf'd stages. In the rat. [he~t' sr.agt· ... foliow ntH' 
another gi\"ing rist' to tilt" wan> of thE' ... t'll1il1lfernu:" 
epithelium along the seminifprotls lubult, for rt>\·!f>W. 
see Ref. :l3~i). (-sing pf'rindic acid-~chiff r.-\s ':-'tainin~ 

to \"isualiz(> changps in thf' shapf' of thp nuclell:'. and 
acrosome of gf'ml c('lls during thpir df'\'f'lopmt>nr III ttlt' 
seminift'rotls t'pithelium, tlw sppnnat()~t'nil' cyc!t> b 

di\"ided into 1-1 stages in the rat ,2:;~! . Fig_:) and 1:'; 
stages in ttw mOllSf' (:3";'£1 l. Interestin£!l~·. dlfft'ft>nr 
stagps of the cycle in tilt' seminiff'rOllS t'pntwliulll can 
hp readily \'isualizpd hy tIl£' tranSillumination p;:Ht('nl of 
frpshly isolatf'{j rat s('minifE'roll~ tubule:, by :"tt'rt'pml
eroscopy largely hecallsP of rhe change:, lfl lluciear 
condensation of the spf'rm Iwad for ff'\'i(,w, ~t't> Rt'f 
TH-i 1 (Fig. ;-{). In tllP rat. one spem13Wf.!,f'nic cyde takt'.:' 
--1~-14 days to c(Jmplptf' (l:~(l. ~:;~, and .. :---~j day:, Itl 

the nlOUSt· (:)7~l i. Srudit's using: 'H]thymidine. howt"\·er. 
han.-' shown that it takps ,~-t and :35 da~'s for a slllgit" 
spemlatogonium tCJ ('ompletp spenllatogf'nesis and gi\'f' 
rise to f'lghr haploid slwmlatid~ In the rat 11_\.;, 11-:-. 
:J7H) and tht' mOUSf' I :37~~ll, fP"I'(>cri\·[,ly. Th!:'. l' Ilt"t'<W't' 
df'\"ploping germ ("f'lIs must gn Through the- cYt.'it> -l.:; 
times beforf' they can Iw('ome fully df'\·l~l()pf·d ~Ilt'nlla, 
tids (spennatozoa) that arf' rple(L"Nj intn rht' tubular 
lunwn at st.age \'III of tlw ("yelp 14fl:'-j Gi\'eIl tlll~ t'Xlen-
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FIG. 2. A schematic drawing that illustrates extensive f~hanges in tight junclion ('1'.]1 :u!d ceU-cell actin-ba<;ed 
adherens junction (A.J) dynamics during spennatogenesis and spenniogencsis in t.he mousC'. TIllS figure W3..'i prepared 
based on reviews and reports cited in sections J!I and Y ...... mung t.he AJs in the testis. fnur funcriorwi complexes are known 
to exist to date, which include cadherinlcatenin complex, nectin/aiadin complex, tuhulohulb,u- complex, and ES (see 
sect. v). The ES is composed of basal and apical ES constitutf'd possibly by a('{3.1- ::lnd aJ!l-inlegrins. respectively (810, 
470); however, their binding partner(s), if any, is not knO\vn. It is possible that laminin nd:3 1;1 1-chains and 'Y:l-chains 
constitute the binding partners for the basal and apical integrins in the ES, respectivel.y (24.ta i (see sect. vC 1). While it 
is certain that a6i3I-integrins are found between Sertoli ("{-'lis and dew-loping spermat.ids in thp apical ES (470), it remains 
to be determined if cthi34-integrins can be found hetween SertoJi cells ,md developing spennalocytt'S and spermatogonia 
(type B) in the basal ES, or it is restrict.ed only to t1w interface of Sertoli cells and th(' baserrH'nt membrane. ES, 
ectoplasmic specialization, a modified testi.'.;-specific AJ. 

sive cell movement across the epithelium, 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, 339, 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, ocduding and anchoring 
junctions, and how current advances in these t.wo areas 
have widened the possibilities of developing innovative 
male contraceptives. 

II, JUNCTION DISASSEMBLY AND 
REASSEMBLY ARE PERTINENT TO GERM 
CELL MOVEMENT DURING 
SPERMATOGENESIS 

As described in section I, extensive interactions 
bet.ween Sertoli and germ cells take place in the semi
niferous epithplium to coordinate the intermittent 
events of disassembly and reassembly of Sertoli cell 
AJs and TJs anel Scrtoli-germ cell AJs to facilitate the 
movement of germ cells across the epithelium (sec 
Figs. 1-:)). In I.his section, as well as in sections III and 
v", \vp havE' rl·\'i('\\:ed the current status of research in 
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DARK PALE- WEAK SPOT- STRO~G SPOT-

FI", :3. ShO\\l1 are stagf's I-XIY of the cyclp of tilt' spnunifpfml<.; t'pitiwhulll in the raJ a .... dt'lf'mll!H-.:i h~ lr;m"lIhmll
nation pattern of the freshly lSOlated seminiferous tuhulf>S from adult rats 1.-\; and cms ... -~tJ()TL" of [ht- tuhui~ If, -h,
t~·stlS that show the unique association between Soc'nuli (,pUs and df'YP]oplIlg ~I'nn \'t·IL" In each "l~I..I!i_· "f tIll' cyd.-' J:-J 
A: thlS is the sdwmatlc drawmg of the different lOIlP-; nf a semmifpf'HlS ttlhuk fr[llll adult ra1." unrh'f a !r.m,Jlhlmma! :.-,r 
stE'fPomicrocope. whICh can hf' dhidpd into diff('fent zon,'''', namely pa.lt'. w('ak spot. "IPm!! "pol, ~Ul<i dark l"lW 

Tf'prespnting different stages of rhe spem)arogenic ,ydf' TIlt' diffpfPnt lOI\UH! p;l.f\t'm 1 ... tilt' n",uit (,f .-ilffNf-nt numlwr.
of umdf'tlSf'd nuclei in den:-Ioping gt'nn cf'lb a->.<;O("latf·d ,nth ~·rt()ll n'lb at cllfft·f(·m ~a1!p" - \I,>(liil.'f\ fr, ,n, p,l.r"jl"wl 
1-):3:' J.: B~f: theS(' an' mlcrogmphs of ('fO~<;-"t"("tll1lb, ",urn, of fr,)zt'll !p<o;!,'!' fr,)m aduit raL" :-[~Ull''''! \\ Hi, :wmal, 'X:,:ll 
corresponding to seminiferous tuhulf's at stage 1 R', JJ-fY' f' \- II" \'1-\11 . !.~" \lIl F IX r; X-X! J! \J]-X:E .' 
and XIY (Ii. TIlf'Y illustratf" the umque pauem of ;i_,-;,wlatliln of dpy,-\"!'lllg ~t'nll 1'1'11,,_ :-u,'h :L'" ~!"·r.1\.I!J,,,·.1 ....... 

spf'mlatids. and elongated spf'mlarid~, With ~'nol! Ct'\J:.; In thl' ~'mllllft'r"IL" t'l,nht'inml tha! I!ln .... n~' til tlk lilffer,'r,: 
zones under transilluminatlon nucroscopy "how" In .-L n'pr"~'nWH! dlffprt'nr "UU!t.., of ,hi' "!"'rma!"gdH, ,-:.,-j.- :"":,-,: 
to XI\" Frozpn sections were tLxed III lllt'ldifkd BUlan'" fixatl\',- and <.laJll(·d \\"11h hplllarr'xy!m !l"mc !,·,'hr,l'l'lt---. :\.. .. 
~re\iously described (1:-l. :=;l~, ;,1:3, ~)lLl. 51';"" Bar = ~!) ~1 

the dynamics of cell junctions in rllt' tE'stis. Lastly. \H' 

h3\·e introduced two ne\\· innoYatiyf' approaches for 
male contraception that are basf'd on current research 
by perturbing the functions of T.Js (see sect. 1\') and ..\Js 
(see sect. rl) in the testis. 

A. Cen Junctions in the Testis 

1. 1nfmr/urtirH( 

\lorphologicaJ sru<iit's of til{' tt-'sti~ pen-,mlh'd tIl tiLt' 

H'7Us and HISOS han' icif'I1tified Ill,my JunCIl(ln ~:'llt·:-, {,(Inl-
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TABLE 1. Afunctional classification of cell funcHarts iTl the testis and tlld,. cmnponen,{ proteins 

Occluding junctions 
Tight junctions 

Junction TypO? 

Anchoring junctions or adhering junctions 
With actin filament attachment sites 

Cell-cell adherens junctions or adhesion helts 
There are two specialized adherens junct.ions unique 1.0 the l.esl.i<;: 

1) ectoplasmic specializations (ean be found be1wPf'n :;;f'rtnli 
and geml cells, in particular spennatids) and 

2) tubulobulbar compiexE's (can be found belWf'('11 Sert.oli celis 
and elongated spennatids) 

Cell-matrix adhf'rens (e.g., focal contacts, can be found h('tween 
testicular cf'lIs and ext.racellular mat.rix at thf' basal i;mlina) 

With intermediat.e filament attachment sites 
Cell-cell (desmosomes can be found between Sert.oli cells as well 
as bet.ween Sert,oli and germ tells) 
Cell matrix (he:rni,desmu8(Jmes can be found a1 1hl:' bas<:1J lamina) 

Communicating junctions 
Gap jlUlctions (Call be found between Sertoli cells, between Leydig 
cells, and between Sertoli and germ cells) 

Component. Proteins 

TJ-integral menlbrant' I)t'Otdns: occludin, occludin-lB, claudin-I, 
-3, -4,-=fl-!--=-1L.:~.L)!!~~-=ll (at least 24 daudins have been identified 
a<;; transmembran.~ proteins in other epithelia) and junctional 
adhesion molecules (.JA .. \1) 

TJ-associat.t'll pro!cin:": ZO-I, ZO-2, ZO-3, cingulin, 7HG antigen, 
sympJekin, actin, Z"\K. Zi\-l TJ, AF-G, fodrin, Ga, PKC, 19B1, 
HliI)] ,l\.-;;i.6:.\IJ, RaJ!~, R~l?l_:.!, c-yes, .sr.~, V AP-:~:1, Sec 6/8 

N-.~M4.~rilJ., ~-!,'adlwriIl' (r..:- and F-actin, tcnsin, a-actinin, f!::, 11.: 
and l'-catenill. Yln~.!!H_I!, plakoglobin, ~r£., CK-2, p120c

£n, FAK, 
Csk,-paxilliIl; railixin, Fer kinas~, f!§K-3B, ILK, :fimbrin, espin, 
ne~Hit~ !!fu.iH.~!i' t~~Jj!l, !!1..xQJ;in_VII~, ponsin, gelsQli..!1, ~yp, 
ke@J 

Integrins (at lpa<.t :W differpnt. integrim, are known to exist.; but. only 
ar. a:~, il'r,-, H~;-, 0ft-, f31-' and P4-subunits have been IlosiLively 
Idenl:lIJe(iillllW1.,~lJ:i), a~tin, ,o:·:!i£.tUlin, yincuIin, talin, nexili!!, 
paxi~!~, zyxin, kiISiIl. I!.!.QQc~, Src kina..<;e, FAK, Grb2, SOS, 
RI!~, ~ollage_~, m~~:~!!ectin, laminin ai' Pu.I!'.1'l 

Desmocollins, d('~rn():d('ins, desmoplakin, piakoglobin, plakophilin, 
pl~.':.':: .. 

Int.e.~.!~_n, (iPSlIlo])l::klJI-likt' prot.ein, ~axillin 

This table was prepared based on earlier reviews and reports (see Refs. 4, 18. ~,!i, (i I, 68, (;'/, !i(j. 77a, 1:3:.1, I:{H, 177, 18030, 240, 274, 298, 328, 374, 
377-380,395, 41G, 432, 447, 461, 493, f:iOf), 515). Underlined alle! boldfaced component protein~ iuriicate those that have been positively ident.ified 
in the testis. This list is not intended to be exhaustive'. and readers are encouraged to llnd addilj(,nai 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 st.ruct.ural modifica
tions of AJs that use actin filaments as t.heir att.achment 
sites (see Table 1), such as ES and tubulohulhar com
plexes, are unique to the t.estis (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 or desma
somes. Altogether these structures form the "junctional 
complex." On the other hand, GJs and additional desma
somes are not integrated tightly with TJs and AJs and can 
be scattered around the epithelium, which in tum 'llchor 
cells onto the extracellular matrix (ECM). As such, T Js 
are furthest. away from the ECM (for review. see lIef. 4). 
In the testis, however, the location of TJs relat.ive to 
anchoring junctions and GJs is different from other epi
thelia since Sertoli cell TJs 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 test.is (for review, sec Ref. 127). 
The classification of the three junction types in mamma
lian ti.ssues and their constituent proteins are summarized 

in Table 1. The only known occluding and communicating 
junction types an' the TJ and GJ, respectively (Table 1). 
However, there is more than one type of anchoring junc
tion, which arc chLssified as follows (see Table 1). In this 
review, we limi1 our discussion on TJs and anchoring 
junctions (in part.icular t.he cell-cell actin-based adherens 
jlll1ctions, A.ls), since a sufficient body of work has been 
conducted in these areas, forming the basis for future 
studies to underst.and the biology of junction dynamics in 
spermatogenesis and for cont.raceptive development. An 
excellent revipw on G.Js in the testis can be found elsp
where (see Ref. 1\:)). 

2. Cla.ssi!ical;o" , .. !! anchm-ing (or adhering) junctions 

A,.nchuring JUIlctions are abundant in many tissues, in 
particular those subjected t.o mechanical st.ress (for re
view, St'e Ref. 4). Anchoring junctions physically connect 
cytoskeletal elem"nts of one cell to a neighboring cell or 
to the ECM. AltogNher, t.here are four types of anchoring 
junctions (for n'\jpw, see Ref. 4): 1) adhesion helts or 
adherens junctions (l\Js), 2) focal contacts, 3) desma
somes, and 4) hemidesmosomes (for review, see Ref. 4). 
Anchoring junctions that connect. two cells together are 
known as adhesion belts (or adherensjunctions, AJs) and 
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desmosomes; those that COIIDect cells to the e:\'1racellular 
matrix are focal contacts and hemidesmosomes (see Ta
ble I). A..Is and focal contacts utilize actin filanlcntS as 
attachment sites, whereas desmosomes and hemidesmo
somes use intemlediate filaments as attachment silt's (Ta
ble I). A..Is. zonula adherens or adhesion belts. are located 
in the apical domains of cells below T.Js and are consti
tuted largely by Ca"- -dependent cell adhesion molecules 
(CUls). also known as cadherins (for re\iews. see Refs. 
4. 177. 44:31. Cadherins in tum attach to intmcellular 
attachment proteins, such as ~ and y-catenin. This cad
herinlcatenin complex associates with the underlying ac
tin filament bundles \;a its interactions with \inculin and 
Q'-actinin (for re\;ews, see Refs. 177. -l-1:11. It must be 
noted that in the testis, _-\Js betwef>n Ser10li and genu 
cell" are morphologically different from thosp in otl1f'r 
epithelia. and the best-described modified testis-specific 
AJ structures are ES and tubulobulbar complexes (62. 
378.470.471). Herein. we focus our rc\ipw largely on the 
cell-cell actin-ba.;;ed AJs. Because sf>\·eral excellent fe
views on desmosomes, focal contacts, and hemidesmo
somes in other f'pithelia can he found elsewhere (fof 
re'wiews, see Refs. 4, 9, -15, 52~56. :2:2n. :2-16, :2-17. :39t\ :{~)7), 

we wiII not elaborate on these jUllction tn1es in this 
rE'\iev; . 

B. Technical Difficulties In Elucidating the Events 
of Cell-Cell Interactions During 
Spermatogenesis Pertinent to a Defined 
Physiological Phenomenon. Such as Genu Cell 
Movement 

Although gE'ml ceil movement across the seminiferous 
f'pithelium is one of the most important anct interesting 
biological phenomena during spennatogen(>Si..~. \"er:v few 
studies hm"e been perforrned to examine the panicipating 
molecules and the mechanism by which this p\'ent is regu
lated. Our belief is that these studies are significant h{'('auS{' 
not only can they e:\"})and our knowledge of s1>f'mlatogeIlP
sis pertinent to jlmction restructuring, but a thorough undpl"
standing of tilE' biology of genn ('eli TIlOH'ment should lead 
to the de\"elopment of nO\"f>I and safef male comm('eptin--s. 
We haye hypothesized that if geml cells are induced to 
translocate aCfOSS the epithelium rapidly. e\·f>n hefol1:' tllf'Y 
complete thei.r de\"f'lopment. geml cells fOlmd i.n tlll' S(~mi
niferous tubular lunlen \\illlw inunature and lack the ahility 
to fertilize the o\um (:308). TItis can al'i<) be achic\'{'(! by 
perturbing cell adhesion in the testis prompting the deple
tion of geml cells from the seminiferous epitllE'liwn. AJlef
nati\"el~·, if geml CE'll mon'ment L" hampered and gf'nn (,pHs 
are retained in the epithelium for a prolonged period of timp. 
they v .. ill be-conlE' Magpd" and be remon'd by Senoli cell" \;a 
phagocytosis (:308). In both instances. infettility will result. A 
disruption of fertility I)y this approach is likely to mduce 

'.-" 1 ," 

minimal side f'fff'cts sinc(' Ihe hHJoothalmnlL"-pinutarY-lt":"'til '
ular axis is not dismpted, Ho\\"('\·pf. a model In .. tudy the 
f'\"ent.;; of genn cell mOH'meIlI i..;.; lacking. If SUdl a Ill( Jo(kl 
wpre a\"ailahh __ ~. it could bt' lL"'t'{j TO study tilt' (·<l""C.'adt, (If 
e\·ents leading to gpnn cpH mo\"enwnt. TIlL.;.;. in nUll. c(1uld !lot;, 

11.';;{"(\ t(l identify targpt gPlWs and or 1)f'(lkin." thaI llot;·rturt 1 ! 'dl 
mm·efl1ent ana-or ("t'll adJwsion. (tncp til(' tt"i..'hni!lllt' tfl 111"

tain stagt"d tuhules for in \ ia(l sflldit~ hf'{·.<unf· ;!\'<ulahlt> 
(:3.:l~ll. ~Ludies wert-' pt'rfonnpcl ttl identify Iargt'l ~t'nt~ [har 
a5S()('iatt~ WillI gf'nll cpH mO\"f'Illt'nL ."u{'h ~l<'; "r~'nma[illn 

(t)l, I-i~. 1-17). For inslancp. It W;:l" shown that thl-" (·xprt~"'i{)n 

<UlcL-or accuIllulation of prott'<'L""t~. stich i.l ...... ("~uht·l'~l!l L a 
cysteinf> protease J. W(l" highl'·st in stage's r-\11 d:· [ht· [·yclt' 
prt'{'pding spf'nniation I -I~~I .. ~ l"':' i. which I I{'CUl~ III :-itagt' \111. 

illustrating its possihlt, im·oh·emeIlI 1Il dL"'nl}lrine. t.'\dng;.ut·d 
spf>nnatid-SfoI1olJ ('t>1I junctions al sl)('nniatlnn. ~ut~"!l!,'nr 
studips hy in situ hyhridiza.l.ioll han' ai..;,,(1 ("()!l.tin!letl flit, 
predominant hUI tn:Ul"iiPIH P:\T)I~sinn of ("atht'p~in L aI 
stagt'S \.-\ 11 {SO. :>.V)). Intt'f('SIingly. Illt' t'Xpfr~.""I(ln of \ ·~i.lh,"" 

psins n (all a"'panic prote;L";e· ;U1d':-: ,al~) a C~:-'lPHh· pn~ 

tf'(l~), in ('ontrast to catlwp-sin L W~b shown Ul t-"" pl"t'ii( IIll

ill<'Ult ilot onJ~· at slagl' \·II pn'1..'t"(ling ~T)t--'nll1afl()n hilt al~ I 

high at stagt--S \ lII-XlI {Sf, J. TIH~' It"'Sult .... thlLo.; chaJl,'IH!t, rh,' 

nOlion that catlwpsin L i. .... in\"t)in>(llIl -"penniauoll_ \t't'-dlt,~"" 

to say. tlwfP art' Ill.UlY hiodwmicaJ .md Il1oh'-(·ular t'\'t'tH ... 

(){'CUlTing at st~lgl'S \·-\·11. S()Illt' of whit·h a.n' ff)1" ! 11111" '''''I.~ 

enrirt'iy lInn'latt>d to tllt' ('\·PIH.<'; f If ~l wnlliarif Hl (If (·dl Illf l\-I~ 
men!. .. \s slIch, it i. ... cnlCial tl1at in \it[(1 fUllt'IionaJ :-'Tudlt....; :'t-. 
perionlH>(1 first to dptt'nllim' which larg('! !:!t'Ilt>:' imd Ill" pro
teill';; arp in\·oln>(1 in tht' d~ll;:Ulli(":~..;, of TJ:" or .-\.J~, TIlb :-oh! )uld 
Iw follo\\·ed hy ill \i\"() Sludips to px~ultint' if rht"""'-' d'i~Ul:.::!t~ 

incitfd O('C'llT in thf> Sf'minifl'fmL';'; ('IHtiwliwl1 dtmnt; JUI\("[jj Hl 
restnlcturing, such (l~ analyzingjlillction-a' ...... ·)(·laIt'"(i pnl{t'ub 

in cross-st'{,tions of stagt"d tuhult'S in tIl£' tt'"Sli ... dtU1Jl~ tilt' 
sl>Pnllatogf>nic <"yelP. TIli!" CiUl 1)(" fnllmn"d ~l~ ;ltldlllnn~l.l 

snldies 10 iI1H"sti~at(' if a spe·cmc t'f'Uu.hu- t-\-,':li t'~m l~· 

pertllIi:>ed by manipulating tlw hillC'tit If) of a rH( )It'i ·uie ! Ir a 

group of molt>('ult-s to a'i"i("S..>; whf't1wr till'" ('an dbrU!,r "'pot:!"· 

m3togenesis. In thL--; ("OfltPX1. it is nott~w()r1h~ r. I llh'1l11. ,It 

that the expn:ssioll of a targ('t ~PIlf'. such <L<'; ()("cludm, that L'" 

not stage ~l-){>('ific in tht· Ihtio.; , II r I, dOt":S IHI{ nt>t ·t~""'U1:~ 
pfPdudp it.s Ul\"{JoI\·{'IllPIll ill jlmctiOII dynaIl1ll"_ hllk·t',d. d •. ·· 

cludin is an impon.<ult fegularor of TJ d~llaIlH(":S l:~"'. :"':l' 

TInL';; a Illo\('('lur that i.. ... ('nwial to junCTion f('Structuring lll<l~ 
not Ill'ces.">arily l)f> SUlg(' spf>('ific unies.s IT L'" hnkt"i_1 til a 
SI)f'{'ifIc (>\"t-'Ilt sue h a. .... :;;penniarion. 

C. In \'itro !\Iodel to Study Sertoli ('ell 
TJ Dynamics 

SpI10li cells ('ultured in \itfo in ("helllll'all~' dt'fiIlt,d 
sf'nlm-frf'f' medium han" h(·PIl t1s('d to :"wdy ril!" ilj!IJng..\ 

and rt-'guiation of thE' TJ-pf'nlleahillty hanit'f f()!" almll-...;,l 
two dPC'ades (flO. It')7. ~1;';-:22fj. :j:2~j . TIll:- IllI)dei W;b u:-i{'d 
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in our laboratory to identify several target genes that are 

implicated in the regulation of Seltoli cell T.J dynamics, 

such as occludin, claudin-ll, ZO-I, "2-macroglobulin, and 

others (82-86, 169, 263, 264, 270, 271, 389, 485). Furthel' 

more, it was shown that transfonning growth factor 

(TGF)-/33 perturbed the Sertoli cell TJ-penneability bar

rier in vitro via its effects on the expression of ocdudin, 

ZO-I, and claudin-ll (270), utilizing the p38-mitogen-acti

vated protein (MAP) kinase signaling pathway (271). The 

novelty of this model to study 8eltoli 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 playa CruCIal physiological role in 

regulating TJ dynamics. Indeed, with tlie use of tliis 

model, studies from various laboratories have shown that 

testosterone, cAMP (82,218,219), and protease inhibitors 

(329) are important regulators of Sertoli ceU T,] dynamics. 

Second, this model coupled with the use of other tech

niques, such as restricted diffusion of FlTC-dextran, 

CH]inulin, 125I_BSA; polarized secretion of Sertoli cell 

proteins, such as C1z-macroglobuhn, 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, 

tliis model was used in conjunction with CdCI2 t.o 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 ofSertoli cell TJ disassembly/reassembly during sper

matogenesis. First, the "zipper theory," which proposes that 

inter-8ertoli T.Js or occluding zonules, consisting of fibrils 

that completely encircle the basal domains of Sertoli cells, 

break down to acconunodate the passage of preleptotene or 

leptotene spennatocytes while new occluding zonules re

fonn under the migrating preleptotene spem13toCytes (142, 

342-344). However, there are no in vivo studies showing 

leakage of tracers into the tubular lumen even for a short 

period of time. Second, the "intem1ediate cellular compart

ment theory" proposed by Russell (375a) suggests the pres

ence of a compartment occupied by genn cells in transit 

from the basal to the adlurninal compartment. However, 

subsequent morphological studies have shown that there is 

only one occluding zonule per Sert.oli cell at anyone time, 

making it unlikely that such a compartment exists, because 

if it does, one should be able to visualize a preleptotene 

spennatocyte trapped in between two occluding zonules 

(343, 344, 380). Also, both theories do not explain what 

triggers the dissociation and association of T J fibrils to 

facilitate the movement of preleptotene and leptotene sper

matocytes across r.he BTB. For instance, if the disrupted 

fibrils, which are composed of TJ-associated proteins, such 

as occludins and daudins, can be repaired rapidly, a sophis

ticated signaling/trafficking system between Sertoli and 

genn cells must exist. How can this be achieved and regu

lated? Because gen11 cells do not possess an extensive cy

toskeleton network, their movement is likely dependent on 

Sertoli cells. >',11at is the mechanism(s) that signals Sertoli 

cells to facilitat.e gem1 cell movement? Are both Sertoli and 

geml cells equipped with the necessary signaling molecules 

to regulate their interactions that triggers cell movement? As 

such, there are many open questions that. remain to be 

addressed. Third, the "stress theory" or "repetitive removal 

of membrane segments theory" proposed by Pelletier and 

Byers (342, 34:1) suggests that the continuous upward mi

gration or a large rnunber of germ cells creates a stress 

against the 8ert.oli cell occluding zonule. TItis may result. in 

junction proliferation, changes in orientation, and disintegra

tion in the fibrils composing the occluding zonule (344, 342). 

This theory, howpver, does not explain what triggers and 

facilitates the upward movement of genu cells. Aha, how 

can stress induce changes injunction orientation and break

age in the T.l fibrils? 

III. OCCLUDIKG JUNCTIONS: TIGHT 

JUNCTIONS AND THE BLOOD-TESTIS 

BARRIER 

A. Functions of TJs in the Testis 

The only known occluding junction type in manuna

lian tissues, including the testis, is the TJ (zonulae occlu

dens) (see Figs.Z and 4). Three functions can be ascribed 

to TJs. First, ns fonned between adjacent cells play an 

essential role in compartmentalization by creating a bar

rier 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 tum creates and maintains epithelial and endothelial 

cell polarity (:3G7). These two roles of TJs are known as 

the "barrier" <md "fence" functions, respectively. Third, 

the BTB also creates an immunological barrier that se

questers antigenic determinants residing on germ cell 

surlaees from t.he systemic circulation. This barrier also 

excludes the entry of circulating immunoglobulins and 

lymphocytes into the adluminal compartment (for re

views, see Refs. 1:31, 400, 401). 

In the testis, T Js 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 (11,. 1:31,379,400). Second, the Sertoli cell-TJ 
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complex in the testis has a unique architecture and loca
tion "ithin the seminiferous epithelium, which is famled 
by th" close apposition of adjacent Sertoli cell mem
branes at the basal compartment of the epith£'lium 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
thes! away from the basement membrane. The BTB in the 
testis also creates a specialized microemironnwnt for 
germ cell deyelopment because deyeloping geml cells do 
not haye access to the systemic circulation. As such. thpy 
must rely on Sertoli cells for the pro\ision of nutrients 
and biological factors for their maturation. Third. the BTB 
is dynamic in nature since it must open (disa.'i'~;emble) and 
close (reassemble) periodically to allow preleptotene illHI 
leptotene spermatoC').1es to gain entr~y into the adluminal 
compartment for further dewlopment. 

B. Molecular Constituents of TJs 

~lorphologically. TJs foml a continuous circumferen
tial seal near the apex of both epithelial and endothelial 

cells. farthest froIll tJ1P ha,<;a1 lamina 14. LW wl\prt'a .... :n 
the testis. tlwy ar£' l(}catf'd in the ha.,,1.J compartlllt'nr (If 
the seminiferous epithelium adjacent tn tJw bc.l"'.t,'nwnt 
memorarw, which is a modifif'd (oml of EC\1 in tht' tt'~l!s 
(l~7) (Fig. .... I and :2 J. Thus tlw rdarin:' locarlOn (If T.J~. 

:\.1s. and EC:\I in tiw {f>stis is in n'\'t'f'St' ordt'r cnmllaIt'd 
with ot.her epitlwlia_ TIwrp arp thTh' cl;:L"s(,~ uf T.r-lflTt'~ral 
memhrarw protl'ins; occiudins. l'iauctms, .uHf jUIH'tlnnal 
adhesion molf'cules (.J.\~f. a I1wmher of tlk lmm.un{)~l(l~l
ulin supprfamily I ! l:h. 2Si'l. 2~IS, 

1. J:J-illtegj'aJ liif'illhrrulf' ]"Y!trilIS' (}('dillhns. dllwlin..;;. 
and .H'\! 

:\ l' 1I','U'[Jj\ F.\:'>ELi. ncciudin is a 60- to 1;;-... kIJa SIn~i(' 
pol~veptide and a Ca": - -indep('ndpIH imen'f'llui~u' adht,
sion molpcul(> I 4f.)";";, II is also a putatl\'e T.J-intP£ra1 nWIH

hrilllP protein that comributf's to tlw harrier and fE'!ln' 

funrrinns (If T.Js (for fP\lPWS. seE' Ht:.fs. I).'). l>~ ..... ~:,j". -l.-h~. 

45~1). RerE'ntiy. a nt'w \'anam of O{'cluflin dt''''l~.narpd ()o('

cludin 1 B ha<.; bpl'n iciemifipd in ttl(' mousp tt'",!h, \1, hieh 
has illl additional H):j.-bp inspnion <Uld a umqut' \,H ,
tenninal sequen('(> compared with occ1udin .J).., F .. adl 
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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 199-243 from the NHz 
terminus in the rat), one intracellular loop, a small NH,
terminal cytosolic domain, and a large COOH-terminal 
cytosolic domain (Fig. 4) (for re,~ews, see Refs. 88, 1:38). 
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 
TJ barrier as manifested by an increase in transepithelial 
electrical resistance across the cell epithelium, wherew3 
truncation of occludin at the COOH tenninus caused the 
influx of N-( 4,4-diftuoro-5, 7-dimethyl-4-bora-3a,4a-diaza
S-indacen~pentanoyl)sphingosyl pllospllochobne (BODIPY) 
sphingomyelin across the T.J barrier in ,itro (28). Further
more, introduction of a peptide corresponding to the 
second extracellular domain of occludin can perturb the 
TJ-pemleability barrter of Xenopu.s Al; epithelial cells in 
vitro (496) and Sertoli cells in vitro (83) and can disrupt 
the BTB in vivo (83). These results thus suggest the notion 
that the second extracellular loop of ocdudin 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 ns (:384). Instead, 
studies have shown that occludins and daudins both 
contribute to maintain n function in epithelial cells (for 
review, see Ref. 459). Other studies have sllown that the 
first extracellular loop of occludin contributes signifi
cantly to cell adhesive function (1:38, 298, 467). Studies by 
immuno-freeze fracture electron microscopy have also 
shown that occludin is concentrated within T.J fibrils 
(148) and is phosphorylated both at Serrrhr and Tyr res
idues (386, 457). However, an additional minor pool of 
occludin is found in the basolateral membrane, ,i\'hich is 
less phosphorylated, and is not assembled into T J fibrils 
(100, 386). Tills lateral pool of occJudin 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 basolatr 
eral surface of MDCK cells could induce a rapid increase 
in the number of TJ fibrils and transepitheJial electrical 
resistance (TER) (275), illustrating that mammalian cells 
possess a mechanism to rapidly assemble ns in response 
to an external stimulus. With the use of peptide mass 
fingerprinting analysis coupled with electrospray ioniza
tion tandem mass spectroscopy, it has been sllown that 
Ser-338 of occludin is the putative phosphorylation site 
induced by protein kinase C (PKC) in lVIDCK cells in vitro 
(13). Taking these observations collectively, it is possible 
that preleptotene and leptotenE spermatocytes are the 

source of the stimulus that regulates TJ dynamics by 
inducing localized changes in the phosphorylation of oc
cludin in the Tel 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 occludin molecules are capable of lat
eral oligomerization. which in tum form interlocking TJ 
fibrils, perhaps within the membrane bilayer (72). How
ever, daudin-I. a structural molecule that constitutes TJ 
fibrils by fonning paired TJ strands in the apposing mem
brane of adjacent cells with claudin-2 or -3 (459), is largely 
unphosphorylatl'c. (71), seemingly suggesting that TJ dy
namics are rL'gulated by multiple signaling pathways) 
somp of which >In' not regulated by protein phosphoryla
tion. AJso. differ-pn1 T.J-integral membrane proteins may 
be regulal ed by distinctly different signaling pathways. It 
has been repori I'd that occludin and occludin-lB are 
found in thp rat and mouse testis but not. human and 
guinea pig Serioli cells (110, 303), suggesting that the 
testis is equipped with other yet to be identified T J-inte
gral membrane protelrL';; to maintain the BTB integrity and 
its function. With the use of immunohist.ochemistry, it 
was shown tllat the accumulation of occludin closely 
associated with the assembly ofthe BTB at the site ofTJs 
in the mouse h-~stis during postnatal development; how
ever, it.s pattern or localization in the seminiferous epithe
lium was not stage specific (110). Between postnatal day 
23 and adulthood, occludin was diffusely localized in the 
seminiferous epithelium (110). FurthemlOre, intratesticu
lar injedion of glycerol in adult rats that damaged the 
BTB by disrupting the organization of microfilaments and 
microtuhules in Sert,oli cells was also shown to disrupt 
tile cellular occludin distribution (490). Taken collec
tively, these results illustrate that much work remains to 
be done to define the role of occludin in regulating T.J 
dynamks in the t f'stis. A more recent study has demon
strated that expression of occludin mutants in transfected 
epithelial cells with a modified NH2-terminal cyt.oplasmic 
domain (but lI<,t the COOIHemlinal cytoplasmic domain 
since its deietiun failed to perturb cell transepithelial 
migration) l1prpgniated the migration of neutrophils 
acros>; the n barrier without affecting TER and paracel
lular penneahility' (201). This report clearly illustrates that 
occludin regulat,>s the transepithelial migration of cells 
across the T.] banier utilizing its NH2-temlinal cytoplas
mic domain. III tr;-msgenic occludin-/- mice, TJs in epi
thelia that were exanlined did not appear to be morpho
logically afIt'cl ed; for instance, the T.J barrter function of 
the intestinal epithelium remained intact (385). However, 
other phenot)1)ic changes were detected in occludin -(
mice, sHch as testicular atrophy, calcification of the brain, 
and thinning ofthe bone (.385). Furthemlore, although the 
testes and s('miniferous tubules of ocdudin -/- mice in 
their early postnatal stage appeared to be normal without 
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any detectable damage to spenllatogenesis. the tubules 
displayed atrophy and the seminiferous epithelium was 
deyoid of germ cells in adulthood (:38-1). These fmdings 
thus suggest that the functions of occiudin <:U1d T']s may 
be more complicated than originally concei\·ed. Ironi
cally, this is not entirely unexpected sinep T']s are impli
cated as the platform for signal transduction (for [('yiew, 
see Ref. 510). 

B) CL-\U)j\ n._\fILy. Claudins are another family of T.J
integral membrane proteins with an apparpnt molp('ular 
mass of -22 kDa that confer TJ functionality and cell 
adhesiyeness to epithelial cells (l~1, Fi:3a. F;-/. 4:;8. 40\1 J. 

Claudins share a similar molecular topololZ\' with oCelll
din. Each claudin molecule consists of OIl{' short :\If.,
tenninal ('J.1opla~mic domain, two (,:\."1racellular loops. 
fow' putative transmembnme domains, and a long (.()( )H

terminal cy10plasmic domain rFig. 4). \('\·enlwlf'ss. the 
primary amino acid sequences of daudins do not sh,u'p 
any significant homologies "'ith u("ciudins. illustrating 
that these two classes of TJ proteins arc distinct .. --\t IC<l~t 

2-1 claudins ha\'e been identified in TJs in differpnt (~pitli('~ 
lia (for re\iews, S{'C' Refs. 1:38. 1;')1. 1;)..1, 1;);3. ~DS. :101. ;{()~. 
-t5~)). With thE' use ofimmunogold fref'zp-fracture lahpling, 
claud ins han:> been shown to localize within TJ fibrils 
(310, :302). Recent studies haH' shown that claudins art' 
the principal T.J-component proteins primarily responsi
ble for constructing thl? seal-fomling elenlf'nts in T.Ts (for 
revit'ws, see Refs. 458. -159). In contrast to occludin. dau
dins. such as daudin-I. found in TJ fibrils arf' largt'ly 
unphosphorylated at the site of TJs in ~IDCK cells (ill. 
illustrating that protein phosphorylation. whilt' it plays ,m 
important role in T J assembly. is possihly not {lip only 
detemlining factor that regulates TJ as...,embly. SeH'n dif
ferent daudins (i.e .. daudin-I. -:3, -I, -~. -7. -8. and -11) ill'P 
found in the testis. For instance, daudin-II is found l'X

elusively in the brain [also known a" olig()dendro("~1p
specific protein (OSP) restricted to rhe myelin sheaths of 
oligoclendroc~'1es in HlP central neryous system). tlw tes
tis (restricted to Sertoli cells) dOl, ;30~J. tlw choroid 
plexus. and the collecting ducts in the kidney I IIH I. The 
expression of daudin-II in the testis appears to he limitpd 
to the Senoli celL since it was not found in gPIlll ('('lls 
(l00). ~loreoyer. the expression of daudin-II by mous€, 
Sertoli cells in \itro is inhibited by folliclf' stimulating 
honnoH(' (FSH) and tumor necrosis factor (T\,Fl-o: with 
an ED;j{l at -1 and -t.S ng/ml. respecti\'ely (I~i{h Its ('xpn's~ 
sion in the mouse testis in \i\'o was induced at postnatal 
days 6-16. coinciding with the assemhly of tht' BTH that 
occurs at - 10 - I6 days postnatally i 1\10 I. Thesf' results 
suggest that the intricate interactions between claudin~Il. 
FSH, and c~1okines playa crucial fule in th(' assemhly of 
the BTB and the regulation of T J dYl1amic.s in t1H' testis. 
FUlthermore, gene knock-out experiments showpd that 

null mice lacking daudin-II are sterile illld haw hindlimh 
weakness and reta.rdation of neITe conduction ( IG.-t J. T.] 

intr.mwmbranous SII"<:Ulds W('rt' ah~{'nr in r!k Ct'lHral Iwr

\'OllS s~'stelll myelin .. mel hetw('(>Il ~'noli l'('lb III ttw tt"~!i:, 
in daudin-II knock-out micl' 1114 TtW:"f' rt' .. ult ..... thu:-
ilIustratf' th(' signifi(".UlcP ()f daudin-II in "!'t'llllatoi!CHt'
sis .. --\ rt,(·pnt frpurt h,b also dt'llloIL...:rrared tht· ~H!IHti

cancr of c1audin~l in TJ fUllction sinn' c!audm-i Il\H'P 

dipd within 1 day after hinh with wrinkl(,d .... km 1.-,1a 
Although hoth occludin ,md claudin--l Wt'rt' f( IUllf! In rht' 
T.Js in thpsf' ci;wdifl-} Ilil('l'. rht' t'pidt·n1"lal 1.1 tl,tITh'r 

could not fonn I };"ila!. s('t'Illingl~' "lH!,£!t'~IIlH'; :lIat dau
din-I is primarily I"t'spnnsihk for rht' lIlkgrit~ (If rltt' qq

demlal T.J h'UTit'f. 
IJiffl'I"l'llt l1I{'mht~rs of Tht" daudin f;:Ullily aft· t·X

pn.'sst'd in difff'rt'nt rissllt's and (If on!;:Ub_ For lIL...:I.aIl,·I'. 

claudill-~ is pf{'domin~Ultly t'Xprt>.-;.sed in tilt· kidnt'Y and 
lin'f. Wht'H';}.':'; clalldill-.-' (',-Ul lit' found ill \'lntlall~ ~d! II~

sues px;,unillt-'ti ro datt' lI:d. F>-4. "':~I~ I. Claudlll .... ·--!. --:. and 
-S an' pn'spnt in hoth lung ;md kidnt'Y I·;". :~j)l. :-:jl~ 

H{,l·pntl~·. a IWW Illt'mlwf of tIl{' daudin f.:unil~ d'· .... Il!naIt,d 

para{'t'llill-l daudin-IIi ' ... ·,L .. idt·IHlfit·d. Ir,,,,: mllt~Ul(ln f"~ll!(~ 
in fpnal h}lJOIHa.gnt'spmia ill humall .... ' -l H Tw(, llifft'l't'IH 
dalldins ('tUl aiso lit' ("(H'xprl'ss{'d ill a .. illgk ("t'll. raiSI\I~ 
tht' possiiJility that ht"tt'J"(lgt'IW()u:-; daudln ..... ("all !0I111 ht't
prolll(,fic T.1 str,-Ulds 11:-1.i J. Indt't'd. n·{'t'nt "Iudlt,--> havt' 
d(,Illonstratpd that daudills in Ollt' (·t,lll·an a ...... :-;(Iol·Uft' Itt'!· 

er()t~'pi{'ally aIld hOllwt~l)lCall~- wirh daudm ..... In [Ii!' ~ll'-

lJ()sing ("l'II ! Fl:-,i. Wht'n I)('cillflin W<1 . ...: Iran ... fn·kd lilt I 1 
claudin-{'xpn'ssing fiiJfohl<:l<.;ts. it ... \·;,l .... ft'l·ll.litt,d It) ,'!all/iin 
fitlriis. slIggpsting thar ciawlins aft· rht, lll~iJ()r ('I,nrntlutlll" 

of fibril fonllatioll. Funlwnnon'. daudin:-. appt'~u' fl' {'111l

ft--'r strongt'f ('dl adhesion IwtR('t'n ("db than (k.T!lIdm 

(~-t·l), indicating tlH'~' fonn tr..Uls('t'1I111ar ('flntai'{~ I"t'qulft'd 
to spal Iht' intt'rcl'llular space. 

1.1:---. Claudins and (Jcdu<iin c,m hI' UH!,-ullZt,d U;II' 111!

gOIllers and Iwtt'ro-oligoIlWf'S. Fn't'zt,-frat'\lln- all:l.l~ :--i:-

has shown that T.1 ii/Iliis an' C(lflliH 1:--1,(1 ()f pani,·lt,:-- llf ') I 

nm in di<:UlH'tpr. which is similar in Silt" III tht· ('oI1Ilt"Xlilb 

found in (;.ls i I-lSJ. InH'rpstlIlgly. til(' foldlllg rl'!H,,\I~ "f 
COIlIl('XOnS is similar to daudins ,Uld ocrilldHL and thl' .... {· 

Illoit'l'ulps han' similar .\fr' B~' analo!l..'". it i .... lik,·ly thaI tlit' 
10 nlll T.1 panidp .... are (·f)IllI)(I~t·d of mi'f" ~h~Ul pftt' 

dalldin or o{"dudill Illoit'(·lIlf'. Fllr lIlstan{'t'_ l'ach ('()Il

IH'Xotl in ttw (;.1 is {'ompost'<l of a nng (If :-;ix ldt'!l!l('al 

protein ~uhunir.s callt'd thl" ('of1JH'xin at tllP pt"l1phf'J"Y WiTh 
a ("f'mr.-li POft'. which flt'nnir.s tht· pa...;,sagt· (Jf ('hf'nn,'al 
signals Iwrwl'(,11 two ('('lis, fOf n'\"it,w~. :,">,'1: J'~d:-- 1:-:':-:. ~_->lI. 

:4() I. Wllt'n c1alldin <uHI (){'clwlin art' {'1)(·xprt':--. .... t,{_1 iii fi· 
hrohl~l.;;r.~. ('lalldin rpcmits {Jccludin In fibnb l·-.. t ...:U::!
g<'sting ttwy can fonn a functional prnrt-in ('oIllIdt·x With 
tlw usp of dalldill L ('t'll~ tf<Ulsft'c'h'd wirft .. ';awhn:--. it 

W .. l<.; found that c-ialldiIl-I ,Uld ->; and c1audm-...: ani! -.. ; ('~Ul 

fOIln a T,1 ('()IHplpx hut daudin-l and -::: ("~umlll for rl'

\'iew, S('t' Hpf. -1:)~J). Thlb. anlOng tlw :":-l knowil daudll'l:--. 
only SOIllt-' daudins (,,,m intt'ract wnh :-'.f'lt"-("{t'd lllt'IIlf.t:! ..... 



836 C. YA)l CHENG AND DOLOnES D, MTWK 

Indeed, it has recently been proposed that the homotypic 

or heterotypic claudin-claudin 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 detailpd mo

lecular architecture that forms these T J 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 their partner 

molecules in apposing cells. It has been reported that thf' 

number of T.I strands correlate with the tightness of the 

TJ barrier (93, 278, 350). It is also known that the Sertoli 

cell TJ is one of the tightness in the mammalian body 

(128, 131, 159), suggesting that the number of junctional 

strands in Sertoli cell T.Js is relatively high (:343). How

ever, the Sertoli cell TJ-penneability barner in vitro was 

shown to have an electrical resistance of -- 100 !l'cm" (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 approximately one-tenth of that of 

TJs found in the kidney and other epithelia. Janecki et aL 

(219) first reported that the tightness of the Set10li cell 

TJ-permeability barrier in vitro can be significantly in

creased in the presence of testosterone. :F'urthermorc, a 

recent report (82) has shown that testosterone at ] x 10- 7 

M, which is - 100 times higher than tht 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 J, 
can protect the Sertoli T.I-permeability barrier in vitro 

from the disruptive effects of CdC]2 (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 inhihitors also appear 

to playa role in the BTB function, since chloroquine, a 

protease inhibitor, has been shown to facilitate the as

sembly and maintenance of Sertoli TJ in \'itro (32fJ), con

sistent with another study reporting that HlP assf'mbly of 

junctions between testicular cells in vitro is regulated by 

both proteases and protease inhibitors (:30!1). 

D) JAM. JAM is the third type of T.J-integral nwmbrane 

protein identified in TJs by using monoclonal 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-I, JAM-2, and JAl\I-3 (22, 2,'3, 108, 

334,491). Although it is not known if JAM-:l is present in 

the testis, JAM-1 and JAM-2 have recently been 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 0[' carhohydrate 

heterogeneity. JAM-2 binds to JA.M-3 (22) ]inlike occlu

dins and daudins, .LA.M exhibits a distinct topographic 

stmcture (Fig. 4). Eaeh .JAM molecule consists of a puta

tive intracellular domain, a transmembrane domain, and 

an extracellular domain. The extracellular domain is com

posed of two V·shaped inununoglobulin-like loops with 

two interchain('d disulfide bonds (285) (Fig. 4). JAM has 

also been reported to facilit.ate homotypic cell-cell adhe

sion (28f)1. WheTi .JAM was transfected into Chinese ham

ster ovary (CHO) cells, cell permeability to dextran (mo

lecular mass -<38.0 kDa) was reduced by 50%, increasing 

the tightness of the T.J barrier (285), which is similar to 

results ohtairwd Whf'Il cadherin was transfert.ed into CHO 

cells. Hov.rever. it is not known jf ,JAl\I1 is indeed a com

ponent or T.T fihrils and if it can forn\ a functional TJ 

barrier. The lIse of anti-JAN! monoclonal antibody, how

ever, can prohibil the migration of monocytes through 

endothelial cell") when chemotaxis a..',says were con

ducted both in vitro <md in vivo (118). Also, administra

tion of anti-.IAM monodonal antibody inhibited leukocyte 

accumu !ation in the cerebrospinal fluid and infilt.ration in 

the brain parendlyma. Furthermore, the tightness of the 

blood-hrain penllPabi1ity 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 t.he inflammatory response accom

panying meningil is (118). On the other hand, combined 

treat.ment of human endothelial cells with TNF-a and 

interferon (lFN )-1' induced the redistribution but not the 

amount of .JAM promoting transmigration of leukocytes 

across endotllelial cells (331). It has been suggested that 

this redistributioTl of JAM is crucial for the transendothe

lial migration of leukocytes at inflammatory sites in re

sponse to proinflarnmatory cytokines (331), Another strik

ing feature oj" .JAl\1 is that its mRNA is found in 

megakaryocytps, which do not. possess TJs; also, the ex

pression of .lAM is either absent or at a very low level in 

hepatoC',)1.cs. 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 

assoeiales witb ZO-l when assessed by in vitro binding 

and coprecipita1 ion experiments. More recent studies us

ing immunofiuorpscent microscopy have sho\\Tl that the 

COOl! t€'frninns ,,!JAM binds to the PDZ3 domain ofZO-1 

(214) .. tA.M also ('oprecipitates with cingulin, another cy

toplasmic 1'.1 prolein. through its interaction with the NH, 

terminus of c:ingulin (31). Although the role of JAM in 

tissues withont T.Js is still unclear, studies using immu

norcplica elpct rnn microscopy have shown that JAM has 

an intimatl' spatial relationship with TJ strands in epithe

lial cdls, such 'LS fibroblasts (214). These results seem

ingly suggest that aggregates of J.A..\1 are tethered to dau

din-b'Lsed T.T strands through ZO-l, contributing to the 

overall an:hill'ctnral integrity of TJs in epithelia (214). 

neslIas of Ihese S1udies clearly illustrate that JAM is an 

important T.f candidate protein. However, it remains to be 

determined if J AM-l and JAM-2, which are found in the 
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testis (2:3). can indeed facilitate the transmigration of 
pre leptotene anclleptotene spemlatoc>tes across the BTB 
in the testis. In light of their unusual properties in regu
lating transendothelial migration of neutrophils and 
monoc>1es. this class of molecules should be aggressi\'ely 
studied in the testis to understand their role in T.J dynam
ics during spermatogenesis. 

2. Cytoplasmic proteins linking TJ-integra/ mrmbrn.nc 
proteins to cytoskeleton 

.\) ZCI-! :\'\II OTHERS. 20-1 is the first TJ-associatf'd 
cytoplasmic protein subjectf'd to eX"1ensin' in\"f'stigation 
(4:3:31. ZO-I. ZO-2. and ZO-:3 are members of the nlPm
hrane-associated guanylate kinase (\IAGl-") protein fam
ily of signal transducers. It is characterized by a PS[)-R",.. 
Discs Large-zona occludens-I (PDZ) domain. a Src 
homology 3 (SH:3) domain. and a guanylate kinase (Gl-K) 
homology region (for re\lews, see Refs. ~n7. "r3~ 1. ZO-l. a 
225-kDa polypeptide. was first identified in the mernbraJlP 
fraction of hepatocytes. It was also localized to Sf'rtoli 
cell junctional complexes (59. 4:3T). In the mature testis. 
ZOo] is associated "ith Sertoli cell occluding illld nonoc
cluding junctional membrane specializations, such (l<; ttw 
subsurface filamentous specializations facing geml c('lIs 
(;"59:), suggesting that this protein is not restricted to T.Js. 
In two ~lDC" cell strains. which exhibit high and low 
electrical resistance. the ie\-el of 20-1 is similar. indicating 
the ahundance of ZO-1 in a given tissue doE'S not l'oITE'latE' 
\\ith the tightness of TJs (~:33). ZO-] is an as)lnmetric 
phosphoprotein that is peripherally a"ociated with the 
cytoplasmic surface of tlw pla'ima membrane ( 101 at the 
sites of TJs (4:33). ZO-I is also implicated in creating a 
mechanochemical linkage betv,,"E'en the submernbrane cy

toskeleton and integral membrane components of the T J 
instead of contributing to the TJ sealing propenips (for 
n'\iew, see Ref. -132) .. Recent studies hm"e shown that the 
PDZ domain of ZO-I is the binding site for the COOH 
temlini of claudins and occludins (15:3, ~ 1:3) .. indicating 
ZO-1 is a linker protein coupling the transmemhrane TJ 
proteins to the c)1oskeleton. ZO-I coexists \\ith ocdudin 
in a stoichiometric ratio of 1: 1 ( 1:):5.) (Fig" -1 I. The expres
sion of 20-1 becomes progressiYely restricted to ttlP cle
VE'loping junction in the tE'stis at the site of T,Js bPlwppn 
days 7 and 14 in the rat and mouse (Srn" correlating with 
the assembly of the BTB that takes places at - I :}-'I" days 
of age in rats. In addition .. two ZO-1 isofomls an' known: 
the a - and a - famlS, \\"hich. are predominantly exprpsspd 
at pubeny and adulthood in the guinea pig t('stis. respt'c
tiwly. implicating the significance of ,,- III the BTB as
sembly at puberty (:34~ I. ender conditions designed to 

preserw protein-protein interactions. ZO-2 (160 kDa) and 
ZO-3 (1:30 kDa) werE' shown to coimmunoprt'cipitate with 
ZO-] (178. 188. ~2:3). Both ZO-2 and ZO-3 share strong 
sequence homology \\ith ZO-I (for re\iew. see Ref. ~321. 

Both ZO-1 and ZO-~ are found in the restis: howt'n-°r. It I:' 

not known if ZO-:3 is present in the testis" :\ n?ct'nt :-;tudy 
has identified a new :\L-\fjl"J\ pr()[('in desi~.n.a[ed Pal."l In 

T Js in the kidnf'~" ,:1ti':;;)" which functlOl1s <l-- an adapter 
prorein linking till' mammalian homolog.s of Cnl111b:, ~U1d 
Discs Lost (the mamma.lian homolog of D,."s'·'pi,!ill I'11SCS 

Lost is Patj). Both ar£' proreins l'nlcial for t~pith('lial l'("U 

polarity in DnlsophiJa .. and this ('"(,mph:x. tht .. Patj-Palsl" 
Crumbs complex. in tunl anchors rn thf' TJ h~" intt'ra,cting 
with tIlt' PDZ domain of Z()-l : :~f~S. 41);1 FHL -1- . _'-gam" H 
remains to hf' dt?tenllinpd if such complf>x-rf'gularm£ \ .. t'll 
polarity pxists in tlw tPsri~" 

B) (.J\,;!"!.!\. Cingulin is the first T.J prntf'in Idt~nrltit-'d 
hy usin~ monoclonal antihodi('s \11.1. ~q and l~ ((lund in 
the rat and nHHIS(, f('stis I Sf'f' Tahlt:' 1 CUH!ulin j __ a 
14o-kDa phosphoprotf'in found at tht· cyt( 'pLiSllllC 

plaque of TJs from f'pitlwlial and endorhelial cell:-- :"10 

and is funlwr a\,,;ay from tht' :-;ir(" of the T,I than Z~.l-l 

(4:31 l. \oIlt'tlll'ipss. cing.ulin IS t'sst'ntial {(I cunft'rrlll£! 

TJ function h~" maintaining an Imlwnllt"ahlt"' harnt'r , ...... ,. 
S~l). Cingulin sharps stnl('wral h(llllOlll~y with (Iriwr 
('~·toskf'lf'tal protf'ins. such <l .. '" myosin rnd and param.\ (I

sin (SR. HI). Ht'('"('nt in \"itro imlllullopn'cipit.a.rilJn ~rud
it's han' shown that cingulin intf'racrs with {ltlwr TJ 
protf'ins. in panicular Z{)-l.. Z( )-2. ZO-:1. "-\F"I.~,. and my" 
osin ( 100 J. suggt'sting an in \"in) intt"racrion of dnguhn 
with 20-1 and Z()-~ may occur In addition. !."ing:ullll 
interacts with occiudin in \"itro (1(1(1 . Sludit, .... /1:. immu
Ilofiuorpscl'nt micros("opy han' I()("alizpd cingulm t(l rht" 
SaInt' site of ZU-l ar tht' basal companmenr llt'ar Ttlt' 
BTB in thp rat and mollSt .. tf-"'Slt'", 112 Fun:llt"nl\urt ... 
cinglliin is also found at til(' sp('rmatid-~t'n! dl ,·(,11 C( In" 
tact Silt'S consistent with its localization ar tllt' t"('IO
plasmic slwcializarion (t;~ I. 

I ) ~nIPLD\l\. Syrnplt'klll is a }:"".t.)....kI.a l,rort"m Inlt1all~ 
identified hy tIlt' use of monoclonal <unIt" I{ht'~ r(u~(·d 

against lateral memhra.n(" junctHmal ('xtrJ.t'I (,Il" n'\k\\ 

St'P Ref. -n~ J. It hil' hel'n icwallzt'd tu tll(' ~ltt· l)f Tb In 

polarized epitheli,L ~l'" wpll ~L'" 1I1 ~rt(,h cf .. lL ... l'~ imnHIIlO" 

histoetwmisrry and immunogold t'it'crrnn !"IUl"!"( l:-ot·, lIly. !Itlt 

not at T,Js in pndothdial (,(·lIs . ~;~I.; In ~ldditl(ln [II If:' 

localization 111 T.Js. s~lnplf'kin 15 a ubiquih)lL"'; {"q!HI1()IIt'n! 

of thp nuclf'oplasm in b()th l'pitlwlial and IlotWpitlwiIal 
('t'lls (~:k; /. :\loipeuiar cloning. of syrnplpkin h""L' sh{)wn 
that its cD\".-\ consist.s of a Wt·Il-(·on5t.'IYt'd }.:(Il.ak '"'-t~

quencf': hOWf'\"f'L S.\lllph"kin dOt'S nur shart' an.\ hUIllI)j" 
o~y with Z()-L Z()-~. or any of the Illt'mher~ of tht' 
:\L-\.Gl"}': family uf prorf'ins ,-1-I}:3 i. 

[l) (lTIIH ........ Wilh tht' us-(> of ("'Ipetron IllIC[(}S{·opy tt"ch
niqlles in conjun('tion with specific amib()dit'"'~. proTt.'in 
kina~ps. tWft'rotllmeJic / ;(1 prnrt'in~. small (;TP-binding 
protPins {such a~ RatdB <mel Rah l:) . " .. \.FY. :'n· "tlb~rr~ut'. 
,uHI ("-yes han' all bp('n lo('alizpd ro rllt' ("~l{)pla .. ...;mlt' "Ul"

fa("p of TJs (for r('\if'w. SPt' Rpf. :lUi. Hc.wt'\"er. Irk func" 
tions of many of thest"' Ilwlpcuh .. s an' no! ~n()wn fl)r 
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TABLE 2. Tight junction proteins 

TJ Proteim. Function(s) 
Molecular 
;'fa'ls, kDa Partner Prolein(';) ----.:..::, Reference Nos. 

TJ-integral membrane 
proteins 

Occ1udins TJ barrier 65-8~ ZOot 12. 152. 213. 313 
Claucjins T J barrier 22 ZO-1. ZO-2, YAP33. actin 151, 154, 21:"3, 254, 298, 301, :302, 

494 
JAMs Monocyte transmigration :.\6--41 zo-[ 22,.214. 285 

Peripheral proteins 
ZO-1 Scaffold proteiws1gnaling 21O-22f) Oedudins, cJawlins, Z( )-2, ZO-:i, cingulin, 10,27,99, 212, 213, 868, 405, 4:l:3, 

ZO-2 
ZO.:] 
Cingulin 
7HG 
AF-6 
Fodrin 

Cell polarity 
Scaffold protein 160 

actin, Patj-Palsl-Cnllllhs complex 
ZO-l, actin 

492. 494 
02. 178. 494 
26. [88,494 
90,90 

Scaffold protein 1:\0 ZO-I, occludin 
Scaffold prot.ein 140-160 ZU-l, -2, -;3, o('cludin. myosill 

10:-)-175 G11 
Scaffold protein ISO-IDG Ras. ZO-1 r)04 
Scaffold protein ~40 212 

TJ-associated signaling 
proteins 

A.'3IPIPar:i 
Symplekin 

l!)O-lHOl}OO aPKC' (e.g., PKC-s, PKC-A) 215, 225, 266, 4:lG 
2:l6 

Src substrate 
c-yp-s 
ZO-l-associated 

kina~e 

Ga 
PKC-f 
PKe-a 
19BI 

Trafficking proteins 
Rab3b 

150 
120 
--(;0 

:1n-41 
81 
81 
210 

2S 

Z( )-1 

Z()-l 

8G7 
460 
28 

121, 124, 88~-) 

124 
:370 
285 

202 
RabS 
Rab13 

Intracellular traffic 
Intracellular traffic 
Intracellular traffic 
Intracellular traffic 

2'1 
2~-24 

70-110 

G/C kinase. exocys! subunit:.:; 
()-PDE 

172, 202, :~5(j 

286, -509 
Sec6/8 GID 

TJ, tight junction; JAM, junctional adhE'sion molE'cules: PKC, protE'in kina<;;c C; PDE, phospi1orlipstera<;;C', 

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 t.o 
regulate TJ permeability since agents that dismpt 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, reeent sturlies have 
identified a new family of proteins designated junctophi
lins (JP). which consists of JP-l, -2. and <l (322). in the 
junctional complexes in excitable cells, such as heart and 
skeletal muscle (446). Although JP-l and .TP-2 were not 
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/sarcoplasmic reticu
lum (446). JP proteins appear to play an impOTtant. role in 
facilitating functional cross-talks between cells tlirough 
the ionic channels on the plasma membranE' and endo
plasmic/sarcoplasmic reticulum in excitable cells (211, 
322). 

C. Interactions of Signaling Molecules 
in T J Dynamics 

Rpcent studies on TJ-associated signaling molecules 
(see Tables 1 and 2; Fig. 4) have sliown that the T.J lias 
emerged as a platform for signal transduction to coordi
nate different c(~llular functions, in particular the dynam
ics of T.J functionality to permit tlie timely passage of 
cells. sucli as pr('leptotene and leptotene spermatocytes 
and ITlonocytes across the BTB and epithelium, respec
tively. However. tlie precise regulation of these events is 
not yet known. For instance, small GTPases. Cdc42 and 
Rae, known to be involved in actin cytoskeleton dynamics 
and cell polarity, bind to a protein complex containing 
Parr;, Pad/ASIP. and PKC that is found in TJs (for review, 
see Ref. 510) (Tablp 2, Fig. 4). When either Par6, Par3, or 
Cdc42 is overpxpressed in epithelial cells. it causes dislo
cation of ZO-1 from the site of TJs, rendering the loss of 
cell polarity. indicating tlie Cdc421Par61Par31PKC~ com
plex. along with ZO-I. may be critical to maintain cell-cell 
contact and cell polarity at the site of T.Js (224, 266). 
Furtheml0rp, ~JJ1all GTPases, such as Rho, Rae, and 
Cdc42. are impOItant molecules regulating TJ dynamics 
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\ia their effects on F-actin (for re\iews. see Refs. lSI. 
18~). For instance. Q\'erexpression of Rho\,!4 and Rac\'!~ 
causes disruption of the TJ strands due to a chaotic 
redistribution of ZO-I and occludin (2:30 I. It is known that 
these GTPases. such as RhoS. regulate the ewnts of actin 
organization by targeting yesides to the appropriatp sites 
in the membranous structures within a CE'll including the 
sites ofTJs and _-\Js (for re\;E'ws, see Refs. 18~, :")lO)_ ~t()rl' 
recent studies han' shown that hoth St'rtoli and gPIlll 
cells express small GTPa"es, such ao;; Cdc-!~, \"-Rao;;, Rac~, 
and RhoE (271-273). indicating both Senoli and gpnn 
cells are likely tu take pan in the r('organization of their 
c)1oskeleton neno,;ork to facilitate gerrn cell mOH'ment. It 
is ob\ious that studies of small GTPa.'iPS in tIl{' testis 
should be e\:panded to understand the prpcise regulator;.
pathv.;ay(s) by which TJ dynamics art" rt'glliatt'd lIfilizing 
these GTPa'5es (for re\;ew, see Rpf. :27:3). 

D. Molecular Mechanisms That Regulate 
TJ Dynamics 

Although major ad\-ances were made in the pa';t two 
decades identifying many constitllf'nt components of T.ls 
in different epithelia including the testis (Tahles 1 and :; 
and Fig. 4). the factors and pathwayts) that regulate T.J 
dynamics in the testis are poorly understood. :\eyprttw
Ie-ss, extensivE' studies havE' been perfomled using ppithe
lial cells. such as ~!DCK cells and keratino(')1es. cultured 
in yitro to identify and illyestigate the regulatory molf'
cules and signaling pathway(s) that modulate T.J d~11aIll
ics (for rf'\iew, Sf'E' Ref. 120.)_ To date. different signal 
transduction pathways arE' implicated in the regulation of 
T.J dynamics_ These include protein kina..,es, protein phos
phatases (26. 87. ~62. ~tH. :117. :3WI. intracellular Ca" 
(:318. 4:3-1. 48~). G proteins (~5. ~l~). calmodulin. ('.-\..\11'. 
and phospholipa<;f' C' (25, 218). On the ba"is of thf'st" 
earlier in '1tro findings, two biochemical models han' 
bpen proposed attempting to explain how small mole
cules, such a<; fatty acids, amino acids. glucosp, aIHf I~{;. 

can tran'rse epithelial TJs fluring food absorption and 
inflammatory responses. 

1. Th(' Cn'!'- switch model 

This model is based on the obs(,lyalion that dpplt:tion 
of Ca~- from ~IDCK cells cultured in ,itro induces imnw
diate disruption of the TJ barner, which is maIlift'skd hy 
a plunge in the TER across the cell epitlwlium (for re\if'w, 
see Ref. 120), l'pon addition of rCa> J to tlw ll1t'dia, cdl 
polarity restores and the T.J barrier reseals. It is also 
kno"", that the Sel1uli cell T.J hamer can he disnlpted and 
resealed by manipulating [Ca'- J in the culture nwdium 
(169). For instance. depletion of [('a'-J from the spent 
media of SenoIi cell cultures CaIl perturb tlw Sertoli ('1:'11 

TJ barrier \\ithin 15 min, and its replacement induct's tlw 

disruptpd T.J bampr to reSf'aJ within ~;(I IlHn, nw.king it 

indisringuishablp from control ("uirUrf'." i If)~)! nlt-,~~, [t.

suits unequin,cally demollstrart:' that :Ca'" -; play ... a \"t'I"y 

critical roll' ill thl' rpgulation of T.J d~-na.Jmc!" in thl:' tt.-';-:"[I~ 

Indef>d. calcium is a knO\\11 ("pll -",gnalir.::; rHHlt,{,tilt' Thar 

regulatps a ,-,ui('[:'o of ("Pilular P\"t'nt." fllr IY'\·lt'\\. "'t't.' 

Rt'f. :r;- I. 

Durin.g TJ <:L .... s{·mhly or db<l"~f'mhly. tltt> <.l.l'Un cy
tl )skplpTon undf'rgof's pxtt'llsin' I II d~ llh'ril.. .. 'Hir)n ~Ult! dt'llt ,

l~l11f'rizatj(jll. which is an _\ TP-dl'l'dHi(·nr t'\'t'nl !'"t'r "';t· 

For instancp, treatlllf'IH of ceil!' with c~l(whal<l"in. a dnI~ 
that disI1.lpt5 aCTill fllamPTlts. ('all pt·[1urh rht· paran'l!lIlar 
Ilani!'r 1-t:~(I). suggt'sting [lit-' signifit'~u1<'P ftf ll"\t.· (·ylr\-.;h:t.!

f'ton llf'lWOrk in T.J functiollality This III I Kit·l h~l"'th"~ll.t''''' 
(for r{',if'W, SI'P Hpf. l~O) that wht.'1! _\ TP }:o; (it'plt,ted fr- IIll 
thl' systPIll. ZO-1 Ift-'(,OIl1PS ~l<.;.s()ciatl'(l wuh !'~ll\"kt'lt,tal 

protf'ins, such .L'" fodrin. This. in run1. pull~ Zi I-I awa~ 
frolll T.J sitl's ('ausing TJ ll'akillPss. I -pnn rtTl!'TioI"t flf ATP. 
ttw ;:l<;;sociation bPtW('f'n Z( )-1 and fndrin ht-'(·'IJ1lt·~ di~

nlptf'(i. allowing Z( )-1 IlHlll't'uips to Il1()H' hack [t I 1'.T ",iTt,,,,. 

rPst'alin~ ttl(' T.f! -!;I";" J. Ttwsf' ilIodel:.;.. howpypr. ,q,p;:u-t'nrl~ 
c .. m only ('xplain hnw T.b IW("(lIllt' it'aky in \-itrf 1 tf' all! 1\\ 

pas.sage (If small Tllf)It'Cliit's ,md jim..;. Ttli .... l:-- III {'()!\tr..L"'! II' 

tht., dynamics of Sf'rtoli n'll T.Is that {"oll..;titl.Jtt, tht, BTB. 
which must disao.;,st'Illhlp to allow for tht· ll~b,-<U!t' of 
prt"it'ptfHt'nt' anll it.'Jlt(Ht'Ilt' sl'{,Illlat(~C~lt·'. TIlt"-t· lllf H"h'\", 

also do not takf' into ('(In,,id,'r,HlQn how tth· rt'n'nri~ 

identified TJ-il1lt'graJ m{,Illhr~uH' prntf·ins_ :--lle!: ,L'" IJ('\']U

dins. claudins, .uHf .J:\~L takt, parr JIl rht,s.t, Ilftlot·t"";." 

E. Regulation of T J Dynamics 

1. Rf'!/Il/tlliffll hy J,,-'d'~i~( Jlh/J_<"'}lhfll~il"lril"( 
fhl' illt'>~7jl(1y (~,- /;II/ns('.>.; (iUti }lhl'~'jJh{lt{f_""_" 

III ll1aInmaliall ("dis. ;:L" Il1l1('11 <.L";' :-';1.' !Jf the \ 't,lllllar 
protf'ins an' pho~ph()rylah'd (l~~ Iilu~trarlng tht· n·guia
tory rolf'S of protl'in phosphorylation. Indt'f>l!. r~ l"1 I";! llt , 
phosphtlrylalilJl1 flf jUIl('ti(llhls.s(H"lat('lj pr(ltt'llb i:-. kIU1\\'n 

to play a cnH'ial rolt-' in ,JUIlCliuJ) <l'''''llliJi:. .), .', FI)I" 

iIL';t.<U1Ct'. [~T(Jsinp kin .. L'-'ps of tilt' ~r(" fanuly ~U-t' (pund ar 
tlw silt':"' IJfT,b, and AT!' i S('l' Tahlt' .... 1 and -...: ~b Wt'li ,L-- Fi~..; 

-! .. md :- i I -!1·iO!. j3-Catf'Hin. all .-\..kbSOC1<lled prUT!'lI1_ bt:'
romf'S highly phosphorylatt·d in ~IT-tr..Ulsft·l"(t'd n'!b <'Uld 

is a puralin .. ' subsrraH' flf proteiI": KlI1<:bf':-- .~) f~t;('t'r1t 

studit's from our lahnratOl;'· ha\-t' delH!Jn .... rr.uf.·d rht", pn'~
enc(' of mYOfuhularin. a pwath'p prClff"r!", ryrl)...;,inc !,hll"'
phalast' ! PTPI in ~E'rtoli a.lle! gf'IlH l't'E:-- :..:,~:..:_ ~1'-4 II .... 
f'xprpssion is indw'f'd \\"11('1'1 ilk :'t·rtuli ct'll Tr harrier I..; 

hf'ing <.Lo;;SPlllbl('d in \irro :;t)"'!. FlIrtlWnlHII"t' a It'~t1 .... -

specific serinf'·t hn"'(lI1illt., proi ein kin;:L..;,t· j..; al:--l ~ If ItlIHi :n 
the IlHlliS(' (:lS). Thus both _\.Js and TJ~ appaft'nrl:. ~'1 !!bl"r 
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of the necessary proteins for signaling via tyrosine phos
phorylation. With the use of various PTP inhibitors 
(PTPi), it was shown that both f3-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 T.J permeability in MDCK 
cells in vitro as revealed by reduced TER and increased 
permeability to [:lHJinulin 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 T.J permeabil
ity coincided "ith an increase in phosphotyrosine immu
nofluorescence at the site of the TJ and with a redistribu
tion of F-actin, E-cadherin, and ZO-) when exanlined by 
confocal microscopy (97). More importantly, these 
changes can be blocked in MDCK cells and Seltoli cells hy 
the use of a protein tyrosine kinase (PTK) inhibitor 
(PTKi), such as tyrphostin A25 (26C1), but to a significantly 
lesser extent when a serine/threonine protein kinase in
hibitor, such as staurosporine, was used (07). Studies in 
MDCK cells have shown that the assembly, opening, and 
resealing of T.Js 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 phosphOlylation 
status of cellular proteins whose identities remain to be 
uncovered. Taking these results collectively, it is apparent 
that a decline in cellular phosphoprotein content favors 
the assembly and maintenance of the Sertoli cell T.J bar
rier, whereas an increase in cellular phosphoprotein con
tent perturbs the Sertoli cell TJ-permeability hanier. On 
the other hand, these resuJts present a biological di
lemma: if occludin molecules found in the T.J 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 (2(;2, 2G4)? Other 
studies have shown that tyrosine phosphorylation of AT
associated proteins, such as {3-catenin, y-catenin, and E
cadherin, can also reduce AJ stability and perturb cell 
adhesion, which in tum perturbs the T.J-permeability bar
rier (351). Taking these results collectively, it se<,ms log
ical to speculate that an increase in the overall phospho
protein content of epithelial/endothelial cells reduces the 
stability of TJs and AJs (based on protein phosphatase 
inhibitor studies). Furthermore, a local mechanism and a 
compartmentalized microenvironment may exist at the 
level of cell membrane, such as the one between prelep
totenelleptotene spermatocytes ,md Sert.oli cells, where 
reduced phosphorylation of occludin can open up the 
Sertoli T.J barrier, and an increase in ocdudin phosphor
ylation can reseal the TJ. Also, in studies lIsing a specific 
PTPi, such as vanadate, to block tyrosine protein dephos-

phorylation, PTPi can also inhibit and/or activate other 
signal transduction pathways, which in tum contribute to 
the observed junction assembly/disassembly events. Also, 
the assembly of TJs in MDCK cells is regulated by G 
proteins, phospllOlipase C, PKe, and calmodulin (2.5). 
Figure 5 depicts a hypothetical molecular model by which 
the Sert.oli cell T.f barrier is regulated by changes in 
phosphorylation of selected target proteins, such as oc
cludin. 

2. Regulation h)/ sm(l11 GTPases 

The Rho family of small GTPases belongs to the Ras 
GTPase superfamily of 20- to 30-kDa GTP-binding pro
t.eins. which regulates a wide spectrum of cellular func
tions (465). Like Rho and Cdc42, Rae cycles between a 
GDP-hound inactive state and a GTP-bound active state 
(for reviews, sec Refs. 440, 465). GTP-bound active 
GTPases account for only ~0.5-5% ofthe total GTPases in 
a mammalian cell (19, 465). These small GTPases also 
prO\~de a link bel ween growth factor signaling and reor
ganization of til(' :lctin c.ytoskeleton (277, 483, 515). They 
are implicatpd iu 1he signaling pathways that. regulate the 
initiation and turnover of cell-cell adhesion and cell-sub
stratum contact which are essential for 1) cell movement 
and 2) junction assembly (181, )82, 196, 320). Although 
many of the earlipr sl udies were performed in fibroblasts, 
reeent studies reveal that their roles are not limited to 
fibroblasts and not restricted to the actin lilanlent net
work (181, 182). GTPases are regulated by at least four 
types of proteins. These include 1) guanosine nucleotide 
exchange factors (GEF), which facilitate the activation of 
GTPases by promoting the binding of GTP onto GTPases 
(for reviews, see ]kfs. 231, 237, 465); 2) GTPase-activat
ing proteins (GAP), which stimulate the intrinsic hydro
lysis of GTP in GTP-bound GTPases, enabling GTPases to 
execute the desired biological function, this in tum ren
ders them inactive (for reviews, see Refs. 44, 252); 3) 
guanosine nuclt'otjrie dissociation inhibitors (GDI), which 
sequester GDP-bollnd GTPases prohibiting GDP to disso
ciate from GTP'JSes 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 havt' heen found in the testis (for review, see 
Ref. 273). For instance, the expression of (3-chimaerin, a 
34-kDa GAP that activates Rac GTPase, parallels with the 
acrosomal assembly of sperrnatids during spennatogene
sis in the ral t('slis (261). a2-Chimaerin, a 45-kDa GAP 
specific to Rae GTPases, is associated with pachytene 
spemlatocytes in the rat testis (183), whereas MgcRac
GAP, a 68-kDa GAP interacting with both Rae 1 and Cdc42 
GTPases, is expressed by spermatocytes and spermatids 
(464,455). Rho. Rae, and Cdc42 GTPases have also been 
shown to regulatf, the c-Jun NHz-terminal kinase (JNK) 
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and the p3S ~L.v' kinase cascades. therehy ImplIcating 
their inyolyemem in the regulation of Sprtuli celi ct~,;nam
ie's (270. 271). cell adhesion, c:md jun('tion assembly \-ia 
specific gene transcription pathways (lO~, ~PG, -US). The 
Rho family of GTP-binding proteins is also known [() 
regulate TJ assembly and maintenance \1a their effects on 
perijunctional actin organization in polarized epittwlia 
(320). ~loreoYer. Rho GTPases can bind to phosphOlnosi
tide kinases U52). illustrating that there is a functional 
linkage between GTPases and phosphalases,kinasl's. 
which in tum can affect Sertoli celi TJ d~11amics (2i):3. 
~(i4). The mR\' . .>, encoding Rac. Rho. and Cdc42 (~TPa-"es 
haw recently been identified in both Sertoli and gerlll 
cells (271), illustrating these cells are equipped with the 
machinery to link c~1okine surfacE' receptors to the un
derlying actin ('~1oskeleton network Recent immunohis-

t()Chpnllstry studll;"s han' also idf'ntifit"d tilt' pre';'(.'fKt' 1)[ 

lGL". It.ai'\', Rae 1. <Uld Cd('4~ (;TPa ..... t·~ In :ht" tt''S[iS. ~b~."

ciated hoth with :-:'pr1nlJ and gt'nlll't'll~ in rlw ~' •. f'!Hmift'nILL'" 

f'pidwlium I Ii!·!!. 

It is known that ctihut:'oT~'1 l'A.\IP ·llhc .. -\..\IP ha .... a 
bipha.;;ic (,f[f'CT on tilt-' ;L ... semhl~- .wel mamr(,!1,lilCP ofTh in 
Sf'rloli Cl'lls in \1tro {~l"" At 4-~11 ,1.4\1. Dhc\..\IP stimu
lates til(' as.··;pmhly of St'r1oli ('ell TJ-pf'mwabilny hanit'r. 
Whf'Tf'aS al 100-,,)00 ,u\1. It mhihit..; St·rtoli t't·ll r.f ~L .... ~m
bly c:md maimena.IllP. illustrating TJ funct1(ln,tlll~ In trw 
testis is n"guiated, at Ip<L'iT in part. by a c:\\fp·dt'l)t'ncienr 
pathwa~- i ~l~ J. Similarly. rn:"almf'IH (Jf capIlia.r.. t'ndotb'" 
hal ('plls is(Jiarr'd frolll human and r< I·dent t1f<Wb can :n-
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crease TJ resistance in vitro (372). When the cAMP level 
returns to its basal level, TJ resistance rapidly dedines 
(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 cAMPIPKA signal transduction pathway. Such 
changes in the phosphorylation status of proteins may 
trigger changes in TJ functionality directly or may medi
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 immunofluorescent microscopy havE' identified 
Ga i_2, Gao and Ga l2 colocalized with ZO-1 alongside the 
lateral cell-cell contact areas at the site of 1',)8 (121, 124), 
suggesting their possible involvement in regulating cell 
polarity. Also) overexpression of GO';:-, in MDCK cells in
duces a rapid accumulation of occludin and ZO-1 to the 
site of developing TJs without affecting E-caclherin distri
bution (383). These studies clearly demonstrate that this 
is an emerging area of research that deserves attention. 

4. Regulation by cytokines, protmses, and 
protease inhibitors 

Sertoli and germ cells are known to produce cyto
kines, such as TGF-a, TGF-j3, nerve growth factor (NGF), 
fibroblast growth factor (FGF), IFN-a, IFN-j3, IFN-'Y, and 
TNF-c< (for reviews, see Refs. 173,221, 2W, :30S, 41,,-417). 
Immunolocalization of TGF-j31, - 132, and - 13:3 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-j31 appears 
to be predominant in stages IV-V, but TGF-j32/j3:3 does not 
appear to be stage specific (66). In the adult rat testis, 
studies by immunohistochemistry have demonstrated a 
plummeting in TGF-j31 at stages 'vlll-IX but a surge of 
TGF-j32 at stages V-VI (449). TGF-j31 is localized in sper
matocytes and round spermatids in adult rat testes, and 
although TGF-j32 is not found in spermatocytes and round 
sperrnatids, there is an intense accumulation ofTGF-{32 in 
elongated spemlatids at stages V-VI (449). TGF-j3 in the 
rat. 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-XlV (271). In the rat tesl:is, TGF-tl'3 is localized 
predominantly near the basal 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 leptotene spermatocytes across the 
BTB by perturbing Sertoli cell T.Js ':270, 271). The fact that 
TGF-j3 is not stage speCific in the boar seems to preclude 
the significance of TGF-j3 in regulating junction-restruc-

turing events e1uring spemlatogenesis in this species. 
Needless to say, there are many biochemical 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, lIO), does not necessarily exclude its involvement in 
the events of junction restructuring pertinent to geml cell 
movement. Indf:'ed, oc:cludin is known to playa prominent 
role in the n~gl1lat.ion of TJ dynamics (for reviews, see 
Refs. 1:38, 29S). Furthermore, the movement of germ cells 
across the seminiferous epithelium is a progressive cellu
lar event, which takes place in virtually every stage of the 
cycle. Thus a molecule that is crucial to the regulation of 
junction restructuring, such ~.;; TGF-f3 and occludin, may 
not necessarily lIF stage specific unless it is linked to a 
specific event) such as spenniation, which takes place at 
stage V111. Furthermore, INF-y, TNF-a, and epidermal 
growth factor (EUF) have also been shown to affect TJ 
functionality in \,-itro and in vivo by reducing the levels of 
ZO-I, occludin: .."J-cadhcrin) and actin, or altering protein 
tyrosine kinases and/or phosphatases using epithelial 
cells derived [rom the small intestine (for review, see Ref. 
476). Also, TGF-j3 can perturb the Sertoli cell TJ-perme
ability barrier in vitro) possibly via its effects on occludin, 
daudin-II, and ZO-I by inhibiting the de novo syntbesis of 
these T.l-associated molecules during TJ assembly (270). 
For instance, addition of recombinant TGF-j33 to Sertoli 
cells cultured in ,itro during the assembly of the TJ 
barrier could aholish the transient induction of ZO-l and 
occludin expression (270). Earlier studies have shown 
that this transient induction of ZO-I and occludin appar
ently is needed for the assembly of the Sertoli l' J barrier 
by prmiding the necessary TJ building blocks (82-84). 
More recent studies have illustrated that the TGF-j3-in
duced disruption of the Sertoli cell-TJ-permcability bar
rier is mediatNI via tbe MEKKs/p38-MAP kinase pathway 
(271). Vascular endothelial growth factor, on the other 
hand, has been shown to induce phosphorylation of oc
dudin and ZO-l, which in tum affects the TJ-permeability 
barrier in diabetic retinopathy and tumors (15), suggest
ing cytokines affect T.l function via their effects on the 
phosphorylation "f TJ-associated proteins. Moreover, a 
recent study has demonstrated that the human ocdudin 
promoter is negatively regulated by TNF-a and INF-y 
(281). Furthennore. these two cytokines have a synergis
tic effp('t to block the expression of human occludin gene 
(281). Also, these results arc consistent with earlier find
ings, whieb showed that both cytokines can pert,urb the 
TJ-pemwability barrier in HT-29/B6 cells, a subclone of 
the human intestinal cell line HT-29 (248), when the in
tegrity 01' the T,j barrier was monitored by TER measure
ment (281). Howl'ver, tbe downstream transcription fac
torrs) that q1okincs, such as TGF-j3, utilize to affect T.J 
functionality in th,> testis remains to be identified. This 
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infol1l1ation "ill be crucial to identify innm-ati,-e targets 
or sites to penurb TJ flmction. which can block the 
mo\"ement of germ cells across the seminiferous epithp
lium. Other studies ha,-e sho\\11 that prot eases and pro
tease inhibitors are implicated in TJ/A.l assembly (for 
re\ie\\"s. see Refs. 1-17. 308). For instance. it was shown 
that the presence of a protease inhibitor. such as chloro
quine. indeed facilitated the assembly of a "tighter" Senoli 
cell TJ barrier in \itro when asses.'5ed by TER across th(' 
cell epithelium (:3~9)_ In addition. basic FGF and TGF-/3 
can affect Sertoli cell plasminogen activator (a seriI1f' 
protea';e) e::\."pression and production in \itro (217. :jIt)). 

Furthel1llOre. a recent study has sho"" that PCT (PCI. 
protein C inhihitor. a serine protease inhihitor) mi('f' arf' 
infeI1ile \\ith impaired spennatogenesis apparently 
caused by a disruption of the Senoli cell TJ banier. which 
is likely the result of unchecked proteol~1ic acti\ity in til(> 
seminiferous epithelium (.J6-1a). This ObSeIyation is con
sistent with rpcenriy completed studies showing that til(' 
assembly and disassemhly of Senoli cell TJ hamer is 
associared \\'ith transient induction of protea';es '-mel pro-
t('a"e inhihitors (82.. -195), and their acti\"itif's must tH' 
coordinated to maintain the integrity of the BTIl (:JO'II. 

Taken collecth-ely. these results illustrate the significancf' 
of (·J10kines. proteao;;es. and protea'5e inhihitors in TJ 
function. Likewise. they also demonstrate a tight physio
logical relationship between c,y1okinE's and protea..<;ps'pro-
tease inhibitors in the regulation of TJ dynamics. 

5. Regulation by Eel! and perilubullll' myoid (·"I/s 

As described in section IL-U. T.Js in tht-' tf'stis are 
closest to. instead of furthest a\\'ay froIll (\"5. other epi
thelial. the basal lamina. 'which consists of several layprs 
of matrices and cells. First. the hasement membrmlP is a 
modified form of EC~I of --0.10; J.Lm thick largely COI11-

posed of proteins. such as collagen. iaminin. fwpar;:m 
sulfatp proteoglycan. entactin. and fibronectin I for re
\ie\\". SE'e Ref. 1:27). In the testis. the ba";;f'ment mf'mbr;.uH' 
is acUacent to the Senoli cell epithelium. S('cond. immf'
(liately outside of the basement membrane. then' is a thin 
clear zonE' composed of collagPIl fibrils. Third. adja(,f'nt to 
(he collagen layer is a layer of perituhular myoid cells 
with some scattered fibroblasts (for re\iews. Sf'(, Rf'fs. 
117. 127. -tlS"J. Dup to such morphological intimacy hp
(ween TJs and E(,~I in the testis. it was postulated that 
the EC~I in the testis regulates the Senoli cpll T.J d,llaJn
ics (-115). Indeed, periwbular myoid cells in tlw ha'ial 
lamina are knOWIl. to regulate SeI10li cells \ia their secn'
tory products (418. 518)_ FunhennOl'e. t'OllagPI1 ""l' 
shown to facilitate TJ assembly in .-\6 cells. a kidtll,y 
epithelial cell line. by inducing phosphorylation of ZO-I 
(:216) and could stimulate occludin expression ,-md pro-
duction in human brain endothelial cells (:1Pl) .. -\ l'!-'cent 
rep0l1 has demonstrated that an antibody against colla-

gell. JY can indeed J)f'nurh thf' Sen(Jil cell TJ hamer tIl 

\irro. illustrating the significance of £C:\I in rt'g-ularmg 
SeI10Ii cell T.J d~Tl.amics (414 . .J 1;\;. Furtlwnll(m:·. it W,L';'; 

demonstrarf'fi that tilt' EC~I-nlt'(hatt~d efft'C'Lo;; on ~null 
cpll TJ dynamics are possibly Ilw(iIated na [ht' inrt)rac
[ions of EC\{ prorf'ins. such a<; ('~lokil1f'S" colla£!('n. l'ri~

teao;;es. and prntea."it' inhibitors. through a yt"[-fp ... bt' dt'-
finpci schemE' of E'\'f'nts (.J 14. 41:; 

Figur£' .~ depicts a h~vO[twtICal parhwa! h! which 
S(,r1oli cell TJ d~ll.amics an' rf'g-ulalt'd in the r;,u tt~~tb. 

This model is prepared haspci on ttl(' rt~n'nt firuiIn!!,. .. that 
Ser10li ('ell TJ d!l1amics are regulated b! 1 llrO!dll phn~

phorylation. l) small (;Tr'b(-~ .. J, c-X\fP. 4 prilk;l"'t'~ ~U\.d 

prott"L'i(' inhibitors . .-j) calcium. <uHl'; t)loklllt' .... ;L" I"t'

\"if'wpd allon'>. 

IY. MALE (,O~lRACEPTIO.'\ BY PERTI~BI.'\G 
THE DY.'\A.\IICS OF SERTOU CELL TIGHT 
Jl'.'\CTIO.'\S 

A. Introduction 

Ttl{> \-ariolls (jp\-ic{'s. pr(Jdu('!.~. ~U1d al'pr()adlt'7' tllr 
malf> ('ontraCt'IHi()1l ('uITt-ntly ,n-ailahh' for Hlt'n ~md (If 

lInd('r dt'n'jnpnwnt art' shown in Fieun' I'. ;md n'vJt>\\ t·d 

parlipr (:la l. Thf'st-' indud(.> appr()ad1t'~ Ii) IwI1l1n1 tht' 
function of tlit' hyp()thal~ulllls. plTuitary-. t{·~rb. t'I'Hhdy
mis, ;:Uld ~l)('nl.wtozoa Jwr St' ;t'" wdl a ... [lit' ham,,!" mt'th' 1<1 
(Fig. f)) (;)a I. _-\Il1ongs[ rlit'st,. tilt' Il\ost wHkl;.- lj:'dl dt"'dn' 

for m~ut' ('oiliran'ptioll today i .. liw condllIri. ~l. t\arrwr 
IllPthnd that wa" dp\'plnppd in tht, l"1tl1 (.t'!l!1lr:' f,-,r ft·· 

\if'W. SPf' Ht'f. 1;,)7, (Fig. ';1. Whilt' tb· ('!)nd"n-t:<- t'~'lli.:! 

used in industrializt-'d na'i()Il~. such ~b .J<ip~m_ \\'hi<'h t'"n
SUlllPd approxilliatt'ly {)IH'~fifth of ttl{' w(lrk!' ... ('"nd(IIll~. H 

h,-L'5 a rplatin"'l;; high failun- rate \-t'r"SlL'" ft'malt· Illdhl !'lb. 
such a'; tht' contran'plin' pill for W()nWIl 1· ... ,-;- _\nntht·r 
widely uspd irrf'n'rsihle mah' Illf'thl H:I i.:-. \-a."t·(·lilm~. I·w it 
is associaH'd wirh p()ssihlt, UllwaIlIt,d immUilf I\! )t:ii'al i'l )n

SPqUf'IH'PS. stich it'" the Pf'rsiStf'IH't· of hi!!h-ti[{'f antl~llt'nn 
,ultihodips for up tIl III yt'ars. alnng with ('h;UH!t';o; In 

tpsticuiar ll1.1lrphol{)gy (for ft'\-w\\'. ~t't' nef. 1 ~::: Fllr tht· 

pa~t sen-raj dt>(·adf's. dt'\"t'l()pnwnt (jf I1f'W and .... aft'f' CII[l

tr..H·pptin's for human mal('.:" h;t'" lar1!t:.>ly fll(·u:-.t'fl on 1 
interff'ring tht' h~l II I[ halamtls-Ilit ultary-tt' .... [ i('uiar .. LXi:' T I' 

disnlpt spf'nnatogPIlPsis .wd .... ' pn'>p<Uln~ \",HTlIlt':-; 

a¢ainst Slwcific ~U1tigt?n .... J"(·siding- (li! SI't'nllatl-,zoa ~ul{1 

malt-' rf>prodUdl\'/' Tract. Ill' prodll(·t'd by lht, h:-1H ,thala
mus, such ,-l'i gonacicnropin f(,jpa,"ilH': hnnnllllt' fil[ rt'
\if'\\·s. sef> Hf'fs. ·~(ja. :-:.·tl, with "OIlW s.U{·l't'~:--. For i:J

St.:U1(,P, administrar ion of ('it hr'r hig!) dl ):-;'t-~ (d k .. r II"lt'!'I lilt' 
or a comhination of H-'st (1st PI'< JIll' aml ... ~ lit ht,! i<' pr< ):";1'''[ 1Il" 
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FIG. 6. Current approaches for male contra
('pprion. This figure depict.<; the current ap
proaches in the field utilizing different rouies to 
pert,ufb malp fertility at the level of the hypo
thalamus, pituitary gland, testis and epididymis, 
and spermatozoa per se. [Modified from Alex
ander and Bialy (Sa).] 

EPIDIDYMIS 
u-Chlorohyd rill 
6-Chloro-(Hlro\~ -"ll!!ar~ 

~ulf<lsala-tinc 

I 
SPERMATOZOA 

f Contium 
Vasectomy 

Antihnd:,' against sperm·· 
s[lccifie :lOtig,en( s) {v;tc(:i IH'] 

can inhibit pituitary gonadotropin secretion, which leads 
to oligospermia or azoospermia (for reviews, see Refs. 
50a, 341). While its effects on spennatogenesis are revers
ible, exogenously added honnones 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 genn cell antigen(s) may be developed, its use in 
either man or woman could potentially have unwanted 
immunological 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 bloeking the migra
tion of preleptotene and leptotene spenuatocytes aeross 
the BTB to induce reversible aspennatogenesis. Recent 
studies have shown that TGF-(33, a Sertoli and genn cell 
product (for review, see Ref. 416), can perturb the Sertoli 
T,J-penneability barrier in vitro (270) possibly via its ef
fects on the p38-MAP kinase pathway (271). These results 
thus suggest that if one can pertmb the productiotl of this 
cytokine by testicular cells, this could perturb the TJ 
barrier to pennit the passage of developitlg spennatocyres 
across the BTB. Another alternative approach is to per-

turb T.Js in the testis and the underlying associated AJs 
causing depletion of genn cells from the seminiferous 
epithelium. ltlrleed. 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 
antispennatogcnic effects of both compounds are irrE'
versihle. Funhennore, a potentially innovative approach 
is to perturb one of the key TJ proteins. Because occludin 
is a Ca2

-' -indE'Jwndent intercellular adhesion molecule 
(399) known to confer to cell-cell adhesion likely via its 
first ext.ernal loop (the second external loop confers the 
TJ functionalit.)) (for review, see Refs. 138, 298), a dis
ruption of the occludin can also lead to a loss of cell 
adhesiveness. In addition, occludin associates with ZO-l 
at a stoichiometric ratio of 1:1 (153). This, in tum, asso
ciates with the underlying AJ molecule cadherin via fo
drin (for reviews, see Refs. 68, 351). It is anticipated that 
any changes in occludin can likely disrupt AJs because 
there are cross--talk,;;; between components of the TJ and 
the cadherin-catPllin system in the AJ (243, 456), such as 
those hetween Sertoli and genn cells. The disruption in 
TJs can possibl), induce a cascade of events leading to 
genn cd! release from the epithelium because of the 
disrupterl Als. Thus ·occludin apparently is one of the 
primp targets '.0 perturb BTB function in the testis to 
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induce reyersible infertility. In this section and section \1. 

V·le only re\iew and discuss approaches targeted at per
turbingjlll1ction d:ynamics in the testis -potentially~ useful 
for male contraceptive development since e~"1ensi\"P rp
,iews on other approaches. such as homlOnal contracpp
tion, vaccine development and vasectomy, have alrpady 
hePll covered in se\'eral excellent rpcent rE',iews and 
books (for re\iews. see Refs. 50a. lOla. ~92. :lH). Readers 
arE' strongly encouraged to seek additional infomwtion on 
these subject areas from these articles. 

B. Perturbing the BTB by Glycerol or CdC I, 

1. The glycProl mode! 

The use of glycerol to damage the BTB. which in tllm 
inhibits spemlatogenesis, is an imponant in \i\'o mudd 
for studying the biology of the BTB. Furthennore. it is a 
USE'fui model to investigatp the phenotypic conspquelH'es 
in the testis when Senoli cell TJs are compfomisf'd (1:36, 
486-489). When glycerol is applied intratesticlilarly. it 
causps long-term ao;;;pemlatogenesis in fats without any 
apparent effects on lR,vdig cell steroiciogeIlPsis, s{,n1m 
FSH. luteinizing homlOne. and testosterone lewis. ,rnd 
secondary spxual characteristics (-186, -lS7). Its antisper
matogenic effects ha\'e also heen shown in rahhits and 
squirrel monkeys (488. 489). On the other han(!. when 
glycerol was administered intratesticularly at a lcn.H'r con
centration, it induced much less stnlctural damagf' to thf:' 

spminiferous tubules when exanlined micfoscopically 
(206). It also alters the permeability of the BTB in the rat 
(136). These results thus illustrate that its antispemlato
genic effect may be largely mediated \ia its effects hy 
compromising the functionality of Sertoli cell T.Js. Indeed. 
recent fluorescent microscopy studies han> 5ho\"0"11 that 
the network of occludin, actin microfilaments, and miCfO
tubules in the seminiferous epithelium in glycerol-treated 
rats are danlaged (490). Such structural danlage to the 
ETB is likely to induce an immunological response from 
the s~:stemic circulation of treated animals, which in tllnl 

causes genn cell loss, Howe\-er. the precisP mechanism of 
action of glycerol in inducing male infenility is not en
tirely known. The major draw hack of this mod,,1 is that 
glycerol-induced germ ceIl loss and damage to thp tuhules 
are irreversible, 

2. The CdO.' model 

Cadrnirnn toxicity and its associated damagt> to the 
testis ha,-e been known sincE' the early 1900s (:-l. Cad
miwn-induced damage to the tesris inciudps a loss of riw 
pndothelial T.J bamer. danlage to the \'ascular system. 
edema. ischemia. and tissue necrosis (16, 1::>6, 180, 2S7), 
which can be pre,-emed by zinc 0:37). C del:,! also induces 
apoptosis in testicular tissue (50ll. charactelizpcl h~- an 

acrh'ation of endonudease~ a" a result of rhe loss of 
intracellular calcium (2fiP i. Suh""('(Flf'iH studIes han' 
ShO\\11 that cadmium causes dalnagl~ to :'t--'noil Ct~ll T.r.::. 
that constitute the BTB hoth in \l\'O, which O("CUf':<' bt~fort· 

\'ascular damage I HLL -lOt; J, Cadmium can al~(l pt~nllrb 

tilt' Senoli celi TJ barner in \irro ':2, :2F' . ,-\l illw df)s{'~, 
cadmium Call selecti\-ply C3.tbf' failul"t' 0:- :-,pt~mll<H1"n in 
the rat I an I, sugllesting that thi~ model can bt~ ll=-'-t'd Ttl 

study sel{'ctin' features of ~pt'mla[()gf'nf'SIS :\lthnugh 
cadmium-inducrd damagt> to the BTB in ,i\'n IS HT('\-t'r-;

ihIP, CdCI:2-incillcpd S-t>I1oli ("(>11 T.J-II-t"m1t'J.llillt~ h,UTit'r 
dismption in ,irro can Iw l"(>\'t'fS-t"d afwr cadmlUI1l is r('
IHm'ed from IlwdiuIll and cdl~ art' t~:Xp(lS-t.--'J Ttl Tt'7"tthrt~r

onp I S2 l. sll~gesting the preSent'f' of ,uHlrogt'lb ,--' .. ill pro
[pet Sen-oli cr-lls froIn CdCI,.:-indw'f'd damagt~ "':::. Indt'1-'tL 
tht' pn'SPIH'P of tps[osternne at ~ ,Ill \f. a CO[H"t'ntra, 

lion that is found in thl" Te~tis I ::!(~f~ n\I" ..;uch ~l';; In ~ht' 

retf' Testis fluid .Uld sPll1iniff'fnu..-.. tuhular ft11ld ·k:.! 
which is ~-lOO--fold higtwr than tht, If'\'f'l nft~ro"tt'fOIH' in 
thf' s~'srf'Il1i(" circular ion ( - :.! n\! ' C,-ill protect ~'f'rwli Ct'Il~ 
from tht' CdCl:,:-indlH't'd ctama!!E' to the T.J-pt'nllt'ahillt~ 

barrier (8::!), InllllUl1ofiuol"('sn'IlT ('( lIlfo('al Ilucn )~{ '( lpy 
studit>s han' shown that ('rl('I __ calL"-t'S (!Jsorg;:unZ.;1[IIHl t)f 
T.r-;:L<;.snciated microfilanwlll .... in ~noli Ct·jb in pankular 
in stages \lIl, ;1_<'; wt'll ,l'" st.agt'~ II-III !Uhlllt~~ 1~1--l, H.,w
e\'pr, microfilament hundles in St.'noli cf'll~ in :'Iai!t· .... ilt'
fore stagf' \111, and in peIituhular myoid ('ell...; art' no! 
afff'c!t-'d hy tht' ('dCI,: Trpatnwnt i Uq. nW~t, n-'~ulL"" rIHl:' 

suggpst that microfilanlf'1ll hundlf'''' In ~>!1(l1I cdb att' tht, 

primary tar,gPI of Cd(,l~, whost' t'fft'CT I ... ~1~U!t' dt'!'t'ndt,1lt 
\p\,t>l1lwips'5, tht' pn'cisf' IlWcil;:Ulism by WIlle}; t d\ '1_ in, 

duces BTB disruptioll is not t,ntlf('l~' known H"l "'lit In 

,itl"o studif's han' shown Thai ('d( 'J __ a.l.-.;o cau"'t'-:-' ;1 fedlll"

ri(lI1 in (){'cludin t'xprr-ssi(JJl in :-;-r'!1(1!1 l'('lb IT .... rt'!llJ)\al. 
coupled with tht' pn'st'nCt' of Tt':-'tr I-"TCfOlk, hr l\\'l'\"t'L {"an 

induct' nccludin t'xpression {"au .... IIl~ tilt' rt'~'ajllH.: "f riw 
pen-urhf'(1 St-noli T.J-pt'lllH'ahliiTY hamer ':': (tTtwr :"Hld

ips han' sho\l.-n that E-{'adlwIin i~ alS(I !Jnt"' of lht' primar:
targNs of CctCl~ (for l"f'\'jpw, *(' Her. :{,--:':2 TIlt' ;-;ignrtJ

cane£' of E-<"adtwrin in TJ functionality ha,,,;, I~t~r: kHI l\\T\. 

for 1l1Or(' than tW(1 dt'cadf's, For lIbT.;U1{'t' (iddlil! ,n flf 
anti-E--{'adherin antihody III \1P('f\: Ct'II... ll": ,-itf,' 1'all im, 
pair res('alin~ of tiH' C;r - (kplt·ti(}n-mdul'~o{l TJ I,",,"nne-
alJility hamPf disnl}1rlnll ' l-;-~-l 1_ Tht, pn--':,-,('Il"t' fli l'dl '1_ i'~Ul 
caus{' r(,distribUTion of E-cadhf'r1n in ('acr .-:2 ("t,II.... illr 
n"\'jpw, Sf't' Ht'r. :~;):2 L It wa...;. al"-i'l -"h('\\T, tha: ("d-' ("Ilm

l)('tPd with tiw bindmg of Ca-- tl) thf' plJran\p ,'ail-mIn 
binding motif of E-cadJwnn :F.:-; Funlwnnllrf', ~tudlt'S 
using \1I)CK .Uld LLC-Pr.::~ ("('Ib ;)7,4 culrl.ll"t'd m \lTrtl 

han' shown that trealIlwnt (Jf tht,* t"f'lb willi cadmium 

(,~Ul (';:lUSt' tht' rl'disrl"ihuTlol1 E-{'adlknn, ~'~Hl:-,llH:! t! [I> 

l1lo\-e away from Ilw silt, of ,-\.Js al ~hl' {"t,ll-n'!l bordn ~Uld 
hecoming diffusl'ly localizf>d in t he ("~-101 ,1<l.;;m lor l"f",lt'\\ , 

Sl'f' Ref :3;)~). Thi~ i." possibl~- ;:uded hy ~mall (;'TP,l"t':-; 

Thesf' rpsuits ThliS iliuSTfalt' that a cht'nll('''u t'LWY tlU[ 
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can perturb TJ functionality can indeed induce male in
fertility. Again, the major drawback of this model is that 
the CdCl2-induced BTB damage and male infertility an> 
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 CdCl2 and glycerol. These 
other models are not being discussed in detail herein 
because either their mechanisms of action are not medi
ated at the site of TJs and/or AJs or they are not entirely 
clear. For instance, Sokol and colleagues (419-421) have 
shown that lead exposure can result in reduced fertility 
and sperru counts in male rats, but this effect is mpdiated 
via the hypothalamic-pituitary-testicular axis since serum 
testosterone and FSH levels (but not luteinizing homlOne) 
of lead acetate-treated rats were significantly reduced 
vems 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-n-butyl phthalate (DBP), di-(2-ethyl
hexyl)phthalate (DEHP) J 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-ethylhexyl)phthalate (MEHP) can 
disrupt vimentin filaments at the site of Sertoli-germ cell 
AJs (358), which reportedly also induces a surge in the 
expression of testicular Fas receptor and gem) cell apo
ptosis (358). This latter study (358) thus suggests that 
some of these toxicants, such as phthalates, which induce 
gerru 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 phthalates and 2,ii-hexanedione, 
are irreversible illliess 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. 

D. Disruption of Sertoli Cell T J Dynamics In Vitro 
and In Vivo by a Synthetic Occludin Peptide 

1. Induction q( oceludin expression during the 
aB,S(:mbly of the Sertoli cell T J-permeability barrier 

When freshly isolated Sertoli cells from 20-day-old 
rat testes were culmred in vitro on Matrigel-coated bicam
eral units or dishps, it was shown that the Sertoli cell 
TJ-permeability harrier was formed by days 3-4 when 
assessed by eith", TER across the Sertoli cell epithelium 
or otDer parameters, such as the restricted diffusion of 
[:lHlinulin or l'-'j.·HSA across the cell epithelium (82, 166, 
167, 169., 270, 4[10 I. This assembly of the Sertoli cell TJ 
barrier was also accompanied by a transient but signifi
cant inducLion in the expression of occludin and ZO-1 
(82-84, 270, 4[15). Such an increase in TJ protein produc
tion may be used t () provide the necessary building blocks 
for assembling T.Js. 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 (· .. ll dpnsity at which T.ls could not form due 
to a lack of proximity bet ween cells (84, 4(5). Although 
these results aft' corrohorative in nature, and the actual 
involvpment of occludin in Sertoli cell T.J assembly is still 
lacking, they ~uggest. that a disruption in the functionality 
of one of the TJ proteins, such as occludin, may perturb 
T J dynamics in I.he testis. 

2. Disruption o(the Sertoli cell TJ barriC1' by a 
synthetic OCcfllciin peptide 'in vitro 

To verify the physiological significance of the above 
in vitro studies, which suggest that an induction of occlu
din is requirE'd for the assembly of Sertoli cell TJs, a 
22-amino acid ppptide was synthesized, which corre
sponded to pari of the second external loop of rat occlu
din (Figs. 4 and 7) between residues Gly-209 and Asp-230, 
NH2-GSQIYTICSQFYTPGGTGLYVD-COOH (Fig. 7) (12), 
and is known to confer the T.J function (for reviews, see 
Refs. 1:38, 298). Sf'IJuence alignment of this second extra
cellular loop reveals that it displays extensive homology 
anlOng differenl species (Fig. 7). When this 22-amino acid 
peptidf' at a cOIlC'pntration of either 0.4 or 4 fLM was added 
to bicameral units when the Serl.oli cell T.J barrier was 
being assembled, ils presence significantly reduced the 
Sertoli cell T,J-penneability barrier dose dependently (83). 
\\'hen this peptide W3..<;j removed from the Sertoli cell 
epithelium, the perturbed TJ-perrueability barrier gradu
ally resealed, making it indistinguishable from control 
cultures (88). In contrast, the inclusion of another syn
thetic peptide at 4 fLM, NH,-TKVNERYELCDTYPALLAV
PAN-COOH, conesponding to residues Thr-156-Asn-177 
of yet anothN ral Sertoli cell product, myotubularin 
(rMTM) (262, 2i.ic1), failed to affect the assembly of Sertoli 
cell TJs in \it.w (8:3). These results clearly illustrate that 
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th" assembly of the Senoli T.T barrier is a ctY11amic ewnt 
re-quiring de no\'o synthesis and assortment of T.J compo
nent proteins. such as occludin. into the sites of T.Js. 

ll1ese results are aL~ cOIl."iistent \\1th an ('artier shldy 
by \rong and Gumbiner (--l96) who had ust'd two --l-l--amino 
acid ~l1the-tic peptides based on chick occiuciin. which (,O\'~ 
ered the entire first and second e>.-remalloops. to pen urb T.T 
asse-mbly in ,XenoPlls kidney .\6 epithelial cells in \1tro. 
Howeyer. only the --l-l--arnrno acid s':-'-l1t11('tic pt>ptide based on 
the entire second e".,emalloop could "enurb T.J iL.,s{'mbly in 
this cell line (4961. TItis disruption of the T.J banier possibly 
resulted from the use of the s)l1thetic (x'ciuciin peptide by 
the cultured cells to constnIct TJs, \\lIDP tl1PY 31"(' homolo
gous to a specific segment of the e".,racellular domain of 
ocduciin. they do not hayp tl1E' stnlctural confol1nation of 
the entire- molecule to reinforce TJ flU1ctionality . .-\S such. 
the T.J penneability barrier becom<'S disrupted. ..\Jtema
tin'lr, thesE' peptides may fonn a homotypicaliy interlo('king 
associabon \\1th the corresponding intact occiudin moleculp 
between apposing Senoli cells preventing the as..semhly of 
"tight- and -functional- T.Js. 

.]. Rerersible disruption nfsp{>Ymatogrnesis in I'il'() f).1/ 
intmfrslirular injection of a ;!;!-ami~l() arid 
occiuilin pcptide 

To define the in "iyo physiological rele,',mce of the 111 

\-itro obsen-ation described abo\'e. which illustrates that 
the oceludin Jleptide can penurh the Senoli cell T.J harripr 
assembly, studies were performed to pxamine wlH'ther 
this peptidr- can indeed perturb spemlarog('l1esis and tIll' 
BTB when administered in \iyo, Two s~llthetic peptidl's. 
';H,-GSQIYTICSQFYTPGGTG LY\ Tl-COOH. COIwsjJond· 
ing to fPsiduE'S Gly-:208-A<;p-:2:30 in the second t'xtran·llu
lar loop of rat occludin I see fig. 71. and ';H.T", "'\ERYELCDTIl' . .>J.L\ \ l'A';-COOI!. corresponding to 
residues Thr~ 156--Asn-171 of rat myoTuhularin (~tj~. ~tH). 
wert' used. Adult rats reC'eiYed eithpr saline or n'hi('iP 
without (controll or \\1th (test) I.,) mg of tlw con·t·spond
ing peptide per teslis at three sires II:l,i. Ifirl. :ISI, hy 

intratesticular injPction. It was ShO\\11 that intratpsticular 
injection of this purified occludin ppptide caused <1 rpduc
tion in testicular size and weight by as much as ;j(r,-, within 
4 \\-k compared with comrol rats reCei\1ng no trf'aTnlf'nt. 

n-.hicl(· alonp, and m!'Oluhularin lwpri<\f> ,,~. 'ftlrphtllol!· 

iral analysis of tht-> rrp<1rf'd tf'sti~ n-'\"('ait"d that fl)rl!"f' ad
nU1(,(,ci g('nll ('ells. stich as E'iongawd ~pemlari(b. b('g .. m {II 

df'pie-tP from the- f'pitilf'liun1 hprwppn ..... and I'" day~ after 
occludin peptide' trf'atn1l'nt. \1;'L<.;.SIH' rlt"plf'lInn of l!t'nL 

('t'lIs from till' ppitiwliuIll W,b dt'TP('If'd in \-ir1ually all tilt' 

tubule'S e'xaminE'd hy:2:- clays aftt'r uccluciin jwptldt' rrt'~H
ment. In additiun. the st'fl)iniff'r()u~ ruhuies- uf Iht, I )-(Y\U· 

din-tJ"pah--'d tf'SIf'S shnmk signiflt-,unl!. wllh tht, lUblll~u' 

dianwU'r h('ing rpdw't'd hy "L<';' much a .. ...; :2() -:~-, '. \..', lmpar,·d 

with control rats or wsws n'ct'i\'ing \'t'hidp tlr mynTllbll' 
larin ppptidp. (;pnll ('t'IL" tWg,Ul HI repopuiatt-' rlw f'pitih" 
liUI1l aftt'r:27 days posto('dudlll pt'ptidt, trt'alnh'Ilf. H). -1-:
days, sppnnatoc!1t'S w('rp \'isihk in all thf' rubuit''';' t'X;Ull

ilwci .• mci the morphology of tilt' "-f"minih,rtlu~ t'pltlwhum 
apppan-'d illdistinguishahh' from {'ontrol rat. ... hy Ii....; day .... 
showing full rp('(l\'pry from till' nn . .'ludin p-t>pwit'·lI1dun·d 
testis damag('. Tht' fact that tht' tpqp", r('('I)\'t'rt'd allll()~[ 

('()mplptt'ly Within ..If) days SlI!.!..gt'SL'" thaI 'l't'nn~H{I~{ll1Ia 

wprp not cif'Stroypd hy tilt' occludin p('pudt' tn'atll1t"m ,~ 

4. ('(ElI tI/I' (!f-c!/ldin ]If'ptidl' ri~l'iY.";'JI1) di . .:.roV !hl' nrn 
in thl' mt If's,ti,,, ill I'inl/ 

Rt'{'('llt srudif's using :':"'I-B:-:":\ admII11:'Il'r,'d If' tIlt' 

jugult:u- \'pin to monitor the diffusioIl of tjn~ tra{'f'f from 
till' syslt'mic circulalion acros:-- the BTB Imp tllt· rf'k 
tPsti~ fluid i I-~TF) .. md til{' sf'miniff'rOllf'. thlld :,TF tf! 

a'->spss tht' integrity of tilt' HTB hy micrnpunctuft· !t"ch· 
niqw' aftt'1" ocdllciin pf'JHldt, tff'aInwnt han' Yh·ldt·d "'nIHt' 

imponant ohst'f\"aliolls. First. a dl~n1pIlnn 'I( tIlt'· BTB 
indppd had ()(,(,lIlTt'd f()lI()wing an imrate'lH'ular inj~'i'tH)n 
of ()('ciuciin peptidf'. since theft' wa." an a("('u!nuiaIloI"L elf 
l:":-"I_B~:\ in tilt' ~TF and nTF in tiw p{~ptid,··rr,'<u,'d rt':"o!l~ 

ht'twt-'t'tl :2 ~md f) wk pn~ttr('atnwm cnml'art'd ,nth titt', 

ulltreatt'd t('stis in 111(' S;'Ullt' rat afwr Infu~l"n I.f :--I·H~.\ 
through the jugular H'in ....:i ~'('()nd, rh· !'t'PUl!t--'--lH' 

ducpcl damage to 1111' BTH W;'L" rt"\'('I''S-lhlt,. ,met' rhf'rt' W;:L'" 

a drastic clt'dill{' ill :":'I-H~:\ accumu!ati()n !!1 b; Ith ~TF 

and RTF hy 1::: wk. coinciding with lilt" ft'cm-er: .. of titt' 
f'pithelium (8:3). funlwnnon'. Ilk If'\'f'lllf radJ\l~h'li\lTY 111 

tlw STF ;,md HTF ("ollt,('tf>d fn 1m tl"t'art'!! ra!.~ twcanlt' 
indistinguishahlE' from controb .;..:~ II:mlaQ:t' tl I rlw BTB 
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appears to be occludin peptide specific, since the rMTM 
peptide failed to perturb the BTB function. 

5. Mechanism. Qf occludin pept·ide··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 pept.ide-induced 
disruption ofTJs and the associated AJs, since itis known 
that TJ disruption can damage AJs. possibly via changes 
in E-cadherin (243, 456). These results also suggest that 
there is cross-taik between T Js and AJs. For instance, it 
has been shown that CdCl2-induced damage to TJs can 
reduce the expression of E-cadherin and/or its redistrilJU
tion at the site of AJs (243, 352). Other studies have also 
illustrated a functional linkage between T.Js and AJs. For 
instance, when TJs in MDCK cells were disrupted by 
[Ca"+] depletion, addition of antl-E-cadherin antibody 
along with the replacement [Ca'-] could prevent the re
sealing of T.Js (179), illustrating that. a disruption of AJs 
can prevent TJ reassembly. Moreover, it has been shown 
that E-cadherin expression was highest in the rat testis at 
14 days of age just before the establishment of DTD (500), 
suggesting the assembly ofTJs requires the recruitment of 
E-cadherin to AJs 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 inunu~ 
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 clauclin-ll knock-out mice, 
in which a complete loss of T J 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 T J 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 Call 
possibly be achieved by the use of a recombinant modi
fied FSH having only the receptor-binding domain but 
lacking the hormonal activity. If a contraceptive peptide 
can be conjugated to such a recom binant FSI! 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-

itive\y charged lysine alld arginine residues (185, 195, 39S, 
399, 45:3), for delivery. Recent studies have shown that a 
functional protein :LS large as f3-galactosidase (120 kDa) 
can be delivered t.o cells intracellularly ,ia an intraperito
neal injection coupled to Tat-PTD (Tat, transact.ivation 
protein from len1,ivinlSE's) with a sequence of NH2~ 
RKKRRQRRR (;,[18, :;99). In this respect, it is noteworthy 
to mention yet another approach for male contraception 
based on the existing knowledge of TJ dynamics is to 
hamper the translocation of preleptotene and lept.otene 
spermatocytes across the BTB by shuting down the Ser
toli cell TJ barrier. For instance, cytokines are known to 
perturb the T.r barrier in many epit.helia (for reviews, see 
Ref. 476 and ",cr. mE4). Other studies have shown that 
the assembly of the Sertoli cell T J barrier is associated 
with a trallsient plummeting of TGF-f33 mRNA expression 
and protein production (270, 271), Indeed, inclusion of 
TGF-f3:; to Sertoli cells cultured On Matrige1-coated bi
cameral units call also perturb t.he Sertoli cell T J barrier 
by affecting HlP pxpression of oecludin, ZO~l, and clau~ 
din-11 (270) possibly via the MEKKs/p38 MAP kinase 
pathway (271), suggesting that TGF~{33, at the very least, 
is one of the molpcules inducing the timely opening of the 
BTB. Ironically, these results suggest t.hat if this TGF-f33-
mediated regulalory pathway( s) can be delineated, the 
BTB can be shut down by blocking TGF-f3;) action using 
SB202190, a specific- p:;S MAP inhibitor (354a). A recent. 
study has demonstrated that SB202190 can indeed block 
the TGF-f3:J-inclucf'd perturbing effects on Sertoli cell TJ 
barrier (271). 

In thjs conlpxt, it is noteworthy to mention that the 
use of a goitrogen. such as 6-propyl-2-thiouracil (PTe), to 
induce transipnt neonatal hypothyroidism in rats can in~ 
crease test.is weight and size and germ cell production, 
but nol body weight, in adulthood (9Sa, 9Sb, 9Sc). PTU
treated rats also display delayed expression of Sertoli cell 
products, such a .. <;;: androgen binding protein, dusterin, 
inhibin~!3B' ann hpmifcrrin, a spermatid~specifi(' protein 
(52a). FurtherrnOl'P, rats treated with PTU since birth until 
postnatal da.y ::;" displayed qelayed BTB assembly (116a). 
While some TJ structures were detected by electron mi
croscopy, extensive TJ development consistent with the 
assembly of the !lTD that took place on day 15 in nomlal 
rats was not det('ct(>(l in PTU-treated rats on days 15 and 
25 (llGa). It is not known from t.hese reports (98c, 116a) 
if the BTB W'"S ever formed in PTU-t.reated rats. Also, the 
maturation of Sen.oli cells wa" delayed in PTU~treated 
rats since Sertoll cells continued to divide after da:y 15 
(116a). This also contributed to the increase in overall 
Sertoli cell and g"rrn cell number, as well as testicular 
weight (98a, 98b, 98c). These results thus suggest that a 
transient disrupt ion of the BTB at puberty can lead to 
changes in Sertoli cell function and testicular develop
ment. Fmthenllore, these studies also demonstrate the 
significance 01' SP110li cells to the development and func-
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junctions (All hf'tween Sf>rtoli and germ cdJs and the <L<;'<';O('lalf'd signalin,l! llIojecuit'" tIl .. \.J:.; Tlu~ f!S!ur.· \\';l" !,n-J,~u-,·d 

ha.'>f'd on the following articles and r('\if'ws dl, :5-4. :ri, .,:2, li-t. Ill. 1:-7. :2t'..'i. :{JI:-'. :{.~:!, -t.':7 4',1 .jt;';, ,"-,{r; 

tioning of the testis. Yet it is not kl10'Wll from tlws(' 
reports whether spemlatogenesis wa<;; affecfPc! wlwn til(> 

BTE was perturbed in adult rats. PTl- apparf:'ntly (',U1 onl~ 

exert its effects in neonatal rats during the first postnat.al 
wf'ek (days 4-8). This time frame appears TO tw Tht' 
critical period in which rats respond to this trpatnlPnt 
(98c i" For instancP" if fYrl' treaTment twgins on dny /'\ Of 

later. it fails to affect testis wf'ight and daily spenn pro
duction, but it is not known if the 8TH can he damaged 
(98(' ), 

In summary, recent ad\"aJlct'S in studying TJ dynam
ics ha\"e pro\ided an unprecedenred opportunity not only 
to Wlderstand the biology of genn cell mo\"emeIlt duting 
spemlatogenesis, but they will also be helpful in designing 
irmm-atiYe approaches for male conrract'ption" 

\' .. .\c'liCHORI~G (OR ADHERI~G) Jl·~CTIO'\S 
I~ THE TESTIS 

A. Functions of Anchoring Junctions 

.\ndlOring or adhering junction ... Tahle 1. FIg" ... Illlk 
c~l(1skeletaJ elf'Illt'l1tf-. fr(J1ll 0I1t' (,pI] eithl'r tu ~UlOlht'r ('dl 
or to the ('xu<ict'lIl1lar matrix tTt'arlllg a Ill'!WI Irk that 
maintains tissup integrity. In orhf'r tis~up". sudl ~b tht' 
('pidemlis. the> anchoring junction aJsfl act.;,; ;L;'; a fir~r lint' 

of deft'IlSl' against tlw "xTf'mal t'm'irllnnH'nr fnI' rf"·h'W. 

sp(' Hpf. :210 I. FunlwnllOf(-. tlH'ir cOnlJ10nt'II! pnHt"lr::-' 

'e.g." cadlwrins, calf'nins. ~md pI:?!"!':: ~U"t" :"I~nal tr~UL"" 
dU('('fS anc! can induc{' rranscriptional ac{!\-a!lrln ~-I_ -i:;-;- , 
acting £L"i tht' platfonll for :"i~nal rraJ15dtll'li, )1: Ily rt-iawu! 
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an extracellular stimulus to nuclear activation of genes 

(for reviews, see Refs. 18, 468). More import.antly, th" 

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·life of 

an anchoring junction structural protein illust.rates that 

Sertoli-genu cell contacts are subject to extensive' alter

ation and remodeling, which are regulated by some yet

to-be defined mechanisms and signal transduction path

ways. The classification of different anchoring junctions 

can be found in section nA2 and Table 1. In the following 

section, most of the discussion is focused on cell-cen 

acttn-based AJs (Fig. 8), one of the four typps of anchor

ing junctions (see Table 1). This is the only anchoring 

junction type in the testis that has been subject.ed to 

intense investigations. 

B. Proteins of Anchoring Jnnctions 

1. Cadherins 

Cadherins are transmemhrane 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 cadherins are 

found in AJs and desmosomes (a cell-cell intennediate 

filament-based anchoring junction, see Table I and Fig. 2). 

Cadherins found tn cell-to-cell AJs link to actin, whereas 

those found in desmosomes link to intermediate filaments 

(2, 191, 205, 2:34, 235, 244, 314, 44.1-445). 

A) CLASSIC.'.1 CATHERINS. These include epithelial cad

herin (E-cadherin, 120 kDa), neural cadherin (N-cadherin, 

130 kDa) , placenta.! cadherin (P-eadherin), and liver-cell 

adhesion molecule (!rCAM) (80, 132, 176, 234, 2:35, 2(19, 

423). The intracellular COOH-terminal domains of cad

herins associate with f3- or y-catenins at the site of AJs 

fonning the cadherin/catenin complex, whereas the extra

cellular NH2-tenninal domains of two cadherins residing 

in adjacent cells interact homotypically (Fig. 8). These 

complexes are the functional cell adhesive units (177). 

a-Catenin in tum interacts with f3- or y~catenin-bound 

cadherin, linking this complex to the actin cytoskeleton 

(365). The interaction of cadhelin and catenin also re

quires Ca2 + (1, 2, 191, 203, 485) and is regulated by 

GTPases (177, 232). In the absence of Ca2
+. cadherins are 

inactive and susceptible to proteolysis. F'urthemlOre, the 

cadherin cytoplasmic domain contains consensus se

quences for phosphorylation by casein kinase-2 (CK-2) 

and glycogen synthase kinase (GSK) (265). Inde<,d, phos

phorylation of cadherin in vitro increases its ability to 

btnd to f3-catenin (265), raising the possibility that the 

cadherin-mediatcd cell adhesiveness can be regulated by 

the extent of its f3-catenin bindtng. However, e\~dence is 

lacking that a modulation of f3-catenin binding can affect 

cell adhesion in vivo (for review, see Ref. 177). Recent 

studies have also shown that both E-cadherin and f3-cate~ 

nin are recyclable proteins, which can become internal

ized and recycled back to the plasma membrane by Rab 5 

GTPase (257). 
F1) UESJl.IOS()]l.V.j. CADHEH.INS. The major desmosomal cad

herins are the desmogleins (Dsgs) and desmocollins 

(Dscs), which art' known to participate in cell adhesion 

(58, 245, 246) in the cell-cell intenuediate filament-based 

anchoring junctimls called desmosomes. Three Dsgs and 

three Dscs are known to exist: Dsgs 1, 2, and 3 as well as 

Dscs 1, 2, and T Other desmosomal proteins are desmo

plakins 1 and II (G~, 245, 246). Recent immunohistochem

istry studies have demonstrated the presence of dpsmo

glein arOlmd spermatids (493). Still, this class of 

anchoring junction remains to be characterized biochem

ically and fUIIctionally in the testis. 

2. Caten-ins 

There are four types of catenins, namely, CK-catenin 

(- JOO kDal, f3catenin (85-88 kDa), y-catenin (80-82 

kDa), and pI20'·'" (90-120 kDa) (332), which share high 

homologips with c:ytoskeletal proteins (246, 485) (Fig. 8). 

The f3- and y~c:aienins interact with the cadherin cytoplas

mic domain in a stretch of sequence of ~100 amino acids 

(200), and ,,-calenin (also an actin-binding protein) links 

t.he cadherin to the actin cytoskeleton (177, 235) via its 

interactions with a number of actin-binding proteins, such 

as o:-actinin, \inculin, ZO-l, or directly binds to actin itself 

(209,365. 477,±82). It is also known that the binding of 

,,-catenin to ZO-I can affect the strength of E-cadherin

mediated adhesion in nonepithelial cells; however, this 

effect. is not delee-table in epithelial cells (209), suggesting 

the role of "alenins in different. cell types could be differ

ent. Also, f3-calenin is known to fonn complex with LEFI 

TCF fanlily of transcription factors and t.he tumor sup

pressor product APC (204, 474). Recent mutation studies 

have revealed dusters of amino acid residues found in 

f3-catenin that are used specifically for binding to LEFI 

TCF. APC, axin!conductin, and cadherin (165, 474). Based 

on this evidplIcf', it is clear that ,B-catenin, in addition to 

its stnldural role in Als, also functions as a signal trans

ducer. In this regard, it is of interest to note that overpro

duction of cadhcrins inhibits the transcriptional act.ivity 

of f3-catenin (137), suggesting the cadherin/catenin com

plex is an important platform for signal transduction. 

Furthennore, catenins also exist as a free pool of intra

cellular proteins and are substrates of protein kinases 

(191, 485). Fnr instance, tyrosine phosphorylation of 

f3-catenin an(Vor y-catenin (also known as plakoglobin) 

(106, 332, ~114 'I correlates with the loss of cadherin-medi-
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ated cell adhesiveness (:33, 288, ~06), possibly by causing 
the cadherinlcatenin complexes between apposing cells 
to moye 3\\"ay from each other (111, 17/). Indeed, recem 
studies haye sho\\TI that /3-catenin is the pUlari\"e sub
strate of Src (:3-I8a), Howe,'er, how such changes in the 
phosphorylation status of the cadherin/catenin complex 
lead to the loss of adhesi,'eness and how they affect the 
carenin ... cadherin binding are not knOWTl'~ It was recpnrly 
proposed that there are pools of acti\"(> and inactin> fomlS 
of f3-catenin in manm1alian cells, regulating the catlhcrin 
catenin and the ~-\PC ... a.xin complex and the dO\\11stn~am 
transcription e\'ents (163). Howen~r, it rpmains to tw 
detemlined if such actin" and inacti\'e pools of catenins 
indeed exist in \ iyo. If they do. what tt1('n t ri~gprs tllP 
con\"ersion of acti\'p from inacti\"E' foml. and \icf' \'prsa'~ 

J. Yectins and ({radins 

In addition to the cadherin/catenin ('omplpx, llectins 
belong to an emerging new family of AJ-intpgrai IllPIll· 

brane proteins fOlll1d in most .Us. The intracelluhu' do ... 
main of pach nectin molecule interacts with an afadin 
(formerly called .\F6 anti was originally found at T.JSI 
molecule. an F ... actin binding protein, to f0I111 the afadin, 
nectin complex (~(), 20" :,?U, ~cl8, n8) (Fig, 81. ,'>'fadin in 
turn interacts \\ith ZO-l, a ... catenin, and ponsin tpollsin is 
a putatln' afadin ... binding protein) (:)07a) (SPp Fig. S) in 
the c~toplasm at the site of AJs. A recent study haor.; shown 
that a short stretch of sequence of o. ... catenin. rpsidups 
:385-651. contains the putative afadin binding site (:\.180), 
A.s such. afadin ('an bind the nectin/afadin complf'x di· 
rectly to actin or \'ia Cl-catenin (see Fig. 8). Both l1f'ctins 
and afadins are immunoglobulin ... like cell adhesion mole-
cules (~6, 207, :3[)O, ~:3g), Two ,'aMants of afadin are known 
to date designated 1- and s-afadin (20,), which are ,'aMants 
of AF ... 6 and are putatin> effector proteins of Has GTPasf' 
(440). TIlE' afadin/nectin complex is highly conc(>ntratf"d 
in AJs and is found at the sanle site of the cadherin' 
catenin complex (~:39) (Fig, 8), \\l1ile the afadinmcctin 
complex does not interact directly \\ith the cadlwlin 
catE'nin complex structurally O:J9), nectin and cadlwrin 
interact "ith each other \'ia their c)iopla. ... mic domain ... 
associated proteins (<:38) (Fig, 8), For inst<Ulce, neetin 
was shov .. TI to recluir ZO~ 1 and Q ... carenin to (he IwC'tin 
afadin complex (;"j07aj, possibly enhancing cpU adhesion. 
Yet. the precise n1Pchanism by which afaciiluw('tin afft'cts 
cell adhesh-eness is not known. Presumably. It expns 
its effE'ct." da the c~Loskeletal organization and polariza ... 
tion of epithelial cells . .-lJso. it is not known if thf' tt'stis is 
using this .-V functional unit side by side with the cad
herinlcatenin complex to regulate AJ cI~11aIl1ics. RecP111 
studies han> shO\\TI that in afadin - mice. the orgaIliza ... 
tion of AJs is sen>rely impaired (Z07). FunhennoH', 
muuse embryos lacking afadin display disrupted stnlC'" 
tural organization of cadherin-based ,.\.15 and TJs in polar· 

ized f>pitiwlia (207"). These results seemingly sugg,est thar 
there is ('ross ... talk betwe('n the lwctin afadin and cad
herln;catenin compipx('s and T.Is and thaI hoth COIll

plexes may iilt(>~l('r C'ooperarin'iy at til(> functional It'\"el. 
FunilPmlOre. the ilE'ctin afadin C'omplt'x may playa rull' 
in ttlP communication !Jptween .-\.J:5 and T.Is. ~l!)("t' a dt· ... 
lption of tlw afadin genE' afTpct.s both .-\.J ,wd T.J funniol1-
ality (~n7" l. \"pctin is a growing family of .-\.J i!lTt'~ral 

memhn.uw prntl'ins with foul' IlkmtWf'. known to dah'. 

n,ul\t·!y. Iwctin ... I. -2 .... :3. ,mel --t all of which aff' lIl1IllllI){ .... 

gl()hlllin-t~l)p (':\.\Is (-l(;. ~C). :l(Mt. :)(4. :)~;o \t'('fll),l and·~ 

an" also Ilwm/lt'fS of tlw pnlio\inl.' rt"cf'ptor .gPl1t· farnil~ 
(!l:), qfiJ, wherf'as npctin-:11S-:j k[la b a ll1f'mb·t'l' of [ht' 

alpha twrpt's \'inls r(,("ppror fall1ily :~.-ll·la \t,(,tin-l IS 

ahundantly pxpressf'd in tlw hrain. and lH'crin-~ and .::: an' 
found in \'inually all tissw"S. inducting tilt' tt'~T!~ :)~j.(l. 

Thf' ('xpn's..<.;ion of Iwctin-:2 is sta.~t' ~Jlt'dfk in tht· ml'Ju~t' 
(pst is. and immllll()iustlJdwmistry srudit'~ haxt' :-:hown 
that ir is lar~{'iy n'strictf'd 1)('{wt'PI1 Spt'mla[ld~ ~Uld ~'r1nli 
cells at st.agps \'--\111 !-ttli. likf'I~'r() lit"' at the SHt' of api"al 
ES. It ha.<.; n>(,l'nrly iWPIl rppoI1t'd thm IWctIn-:2 i~ pft'''';''nt 
pxdusin'ly in :-;PI1oii cpils and nt'{'rin ... :-" in f'lotl~'Uf·d "'Pt'l'
matids {:nlaJ. alltlwing tilt' hetf'J"(lt:-'Vi(' intt'ractll)fb (Ii 
l1ectin ... :2,'afadin and np('till"':~ ,uadill at tlk SHt' of apical E:-; 
Tlwst' rt'sulrs also suggpst that til(' Twctin-afadin ("ornph'x 
is OIl(' of thp thn'" ('onstilllt'IH prott'in ('ompit'xt''''; of the 
E~ hesidps n,·,J31~intPgrin 1,ullinin 1f'.'2: .. larnllHn 1:': t"t):".1 

(:2-l-la. :HIl. ·l-;-(J) ,uHl tht' cadtwnn l'aIPI1lIl ("Illlll,!t>X ";!'. 

~GO. 27-;-. -t~n I. Funiwnllol'P. an iIH'rt',bt' in f)TIISlIH' ph! 1";

phor:\"lation of IlPctin-2(1 is det(>ctPd In rt'spons(' to rWI'tln' 
afadin ... mediatNI ('pll ... n:·ll adlwsion :'::;-;-a For U1~{.aJh·t". 

tllP USf' of an i.U1li-E-<'i.HUwrin <mtihody to di.'i-nlpr .\.r~ I'an 
rpciul'P I hp t)Tosinp phosphol'ylation of Iwctin-:.>\ I"k l:-'.~ibl~ 
al Tyr-;j(J;-J ! :2;~7a l. Thest' results fllnlH'r suppnn tilt' po:-;.· 
ruialt' that then' are cross ... talks hi:·twf·t~n till' l'adht'nn 
('alpnin and IlP('tin:afadin ('omplpxt's. \"ectlIj·::; IS i.,."lltlWH 

to han' thn'(> splicing \",:ui~Ults of Ilt'ctin-:b. ·:-:3. <md -.\~. 

(:l90 L \ectins interact with each (JItwr homo- o[ ht·t.t·ro ... 
rypica.ll~· ('onfcring cpll-{'plJ 3cUwsion acthiril':" tl-t'rWt'en 

a(ljan'llt ("plls 1:3(" I. :~9(1). Trd.llsgt'nic malt> mit't, tacKmg 
Iwctin-2 an' inft'nil(' with abnomull (,~1oskt'ldon and <il'''' 
fpeLs in nudf'ar morphology in spt'nllali{b with I1llt()chl)[\' 
dria found in t11f' head of spf'm);:md:-. from stt"ps It"1-l(, 
instpad of confining to tht' midpit'('t· -I,:, Tht'":"t' rt'sults 
thus illustratt> the cnlCial functiun of tht' Il!'CWl afadm 
complex in malf' n>pro<illclin' fllIlI"tlOn. 

Tf'stin, .Ul .-\.J·(l<.;.sociatt-d prnlt'lI1 Fi~."" Wil'" ong\· 
nally iejpntifipcl in ~'n(lll (·t'il-f'nril.·ht"d ('Ultul't' medium 
(77)' which W<:l'" suhsequf'lltly puntit'd tfl apIJ~U't'nt hnm( .... 
~eneity (7:3. 7:-:)) .• wel its full-lf'ngth d I\A wa ... I.·lnned and 
Sf'quf'llct'd { I 71l. .\nalysis hy :'I)~P.\(~E ~UH: prOTt'In nu
crospquencing han·' c!t'IlHlIlsrratt·d that ti·~tir: t"lJn~I~L"" IIf 
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two molecular variants of 37 kDa (testin I) and 40 kDa 
(testin II), which differ by only three amino acid residues 
of TAP found in testin II versus testin I fmm the NH, 
terminus (75, 78, 171). AB 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 19805, this Sertoli cell gly
coprotein has been extensively studied, and the following 
features can be ascribed to this protein. 

While testin is a Sertoli cell ",cretory and testoster
one-responsive glycoprotein (73, 75, 167), it becomes 
quickly associated with the Sertoli cell surface at the site 
of Sertoli-germ cell AJs, in particular between Sertoli cells 
and late spemlatids, following its secretion (169, 170). 
Immunogold electron microscopy ("~M), fluorescent mi
croscopy (169,516), and other biochemical analyses have 
shown that testin binds to the Sertoli cell surface via its 
interaction with a receptor-like protein, possibly the cad
herinlcatenin and/or nectinlafadin complex and an AI
associated protein, particularly at the site of ectoplasmic 
speCializations (169,170,51:3,516,517). 

In adult rats, testin is confined almost exclusively to 
the gonad (l71, 513). Sertoli cells are the principal source 
of testin in the seminiferous epithelium, and genn cells 
isolated from adult rat testes do not express or secrete 
testin (171, 51:3). 

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 (7,3, 75, 169, 
170). This is in sharp contrast to other Sertoli cell prod
ucts, such as androgen binding protein, 0'2-macrogiobulin, 
and transferrin, which are concentrated in the luminal 
fluids of the male reproductive tract (7:3, 7'J, 169, 170). 

Studies by immunofluorescent 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 1m 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 spem1iation 
strongly suggests its signaling role in ~tU dynamics. 

A surge in, testin expression is not detectL'd when 
either the Sert.oli cell TJ-permeability ban·ier in vitro is 
perturbed, such as by depleting Caz+ from the spent 
medium, or when the blood-testis barrier in vivo is dis
rupted by CdClz or by glycerol tn,atment (166, 169). How
ever, its expression is greatly induced wllf'n AJs are per
turbed both in vitro and in vivo (78, 166-110. 222). These 

results thus demonstrate that testin 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, it" level declines during testicular matu
ration (73, 75, 171l). However, depletion of germ cells from 
the adult rat testi" in vivo induced by X-irradiation (222) 
or by treatment with either busulfan (78) or lonidamine 
(170), which disrupts AJs, can induce a surge in testin. 
When germ ceU, repopulate the epithelium, the level of 
testin declines rapidly. Removal of germ cells from Ser
toli-germ cell ('oC'[lltures by hypotonic treatment, which 
disrupts Als betw"en Sertoli and germ cells in vitro phys
ically, also induC'r~s a surge in testin expression (170). 
These results il\>Jstrate that a disruption of AJs induces 
testin expression, but when AJ functionality is rebuilt, its 
level sub~ides. Thesf' observations, however, are not the 
result of dowIIrqlulation of Sertoli cell testin expression 
by germ cells, sinn' neither germ cells nor their condi
tioned mE'dia lwr Sf' affect. Sert.oli cell testin expression 
(169, 170). 

Takpn colleclively, these results clearly illustrate that 
the secretion of I.estin by Sertoli cells is in response to t.he 
disruption of Ser101i-geITll cell A1s, suggesting that this 
may be an AJ-wisociated signaling molecule. Based on 
these unusual fpatures of testin) this protein was used to 
screen more l.h~Ul t.wo dozen new compounds related t.o 
lonidamine [1-( ~,4-dichlorobenzyl)-indazole-3-carboxylic 
acid], which is a molecule previously shown to perturb 
the Sert.oli cell actin filarnent 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. antispennatogenic effects 
without any noticeable toxicity using adult Sprague-Daw
ley rats, which i~, ba..;;ed on the unusual features of testin 
as summarizpd herein (79, 168). 

5. AJ-associ(Jt('d 8'ignaling molecules 

Several signaling molecules are found in AJs, which 
include Src, Csk. CK2, GSK, and p120ctn (9, 51, 177, 284, 
450). Protein phusphorylation of these molecules in tum 
regulates tlw cadherin-catenin complex altering cell ad
hesiveness (1, J12, 177, 265, 349, 361, 394, 450, 468) 
Indeed, these signaling molecules are implicated in sper
miation (49:3 J. p 120cm and J3-catenin can also induce gene 
activation upon entering into the nucleus, illustrating 
their physiological significance (9). However, the precise 
biochemical mechanism by which phosphorylation of the 
cadherinlcatenin complex induced by the iV-associated 
signaling molp(,l.lies, such a...;; Src, CK2, and p120ctn , that 
can perturb the AJ function is entirely unknown, Further
more, p120ctll is known to bind to the membrane proximal 
segment of cadhf'rins, and this interaction is required for 
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adhesive acti\ity (17, 3:!6, 4:31. 506). HOWE'H'r, the mech
anism by which this interaction contributes to changes in 
cell adhesiyeness is not yet clear unless the stnlctural 
interactions of p120Ctll and the membrane proximal Sf'g

ment of cadherin are known. Pre\10US morphological 
studies have suggested that pl:20Clrt is possibly a compo
nent of the interrnediate fUament-ba<;ed desmosoll1P-like 
AJ in the rat testis (Ti5'L A more recent study by immu
noprecipitation hWi demonstrated the presence of ar least 
four p120dl1 isoforrns in the testis (2:26). Inullullofluores
cent microscopy using a monocloncal antibody against 
p 120cm has shown that it is localized ben'o/{:"en Sertoli celis 
and fOW1r1 spermatids in a stage-specific pattenl in tht' fat 
testis, heing expres.5ed hetwt'en stages I-IX. hut not XlI
XI'". and highest at stage nIl U261 coinciding with sper
miation. 

fJ. (JOWl'S 

Studies hy immunohistochemistry ha\-e demoIl
strated the presence of fmlhrin (175) and espin (:JIII in 
cell-cell AJs using actin filanHmts a<; attachment silt's in 
the testis (Tahle II. Plakoglohin is also detected in cell
cell desmosomes using intenllediate filaments 3.." atta('h
ment sitE'S (l06) in the testis_ Howeyer. \-irtually no stud
ies can be found in the literaturf' to probC' til{' physiol{)~
function of these moleculE'S in the regulation of testicular 
A.J d)TI1anlics. 

C. Current Status of Research of AJs in the Testis 

TIlree major families of C-\.~[s including the cadherin 
family (Ca> delWl1df'nt), the immunoglohlllin (Ca~- in
depf'ndent), and the integrin supf'rfamilies are found in 
rodent seminiferous tuhules during development ~Uld in 
adulthood (61. G:2. :JJ:3l. Among ti1f's(> thn'(' familil's. cad
lwIins are thp most extensi\-ely studied C_\~ls in tlw tpstis 
(G3, 109. :321. :3.t6. 500). In addition. \-cadherin plays an 
important rolE' in regulating ceil-cell interactions ill tlw 
spmilliferolls epithelium (11. 6:3. 27(3). For inst;JlHT'. tht' 
binding of round spem1atids to St'rtoli cells is mediated hy 
~-('adheIin (:~21. :3-46). Immunohistochemistry ~Ulalysis 

has shown that the recruitlllt'nt of t3--catenin rn tilt' Sl~I1()li 
cell junctional complex in the [Pstis corn·latps with thi? 
forrnation of the blood-testis banier (61 J. illustrating [Iw 
tight functional relarionshilJ between :Us and T.Is in the 
testis_ In the rat. {31-integrin. a si,!!nal transdu(,er and a 
cell-matrLx AI prott'in (Table 1). is found at the sitt, of E~ 
and at the Sertoli cell-spennatogonia ilHt~lface at stages 
1-\111 (6:3.335. :]:36). illustrating the testis is utilizing this 
cell smiaC'e receptor for signal transductioll_ Tlll' Iwst
studipd and characterized transmembrane adhesion mol
ecule in the testis are n,_;{31- and n~f3I-imegrins (:3:3(). :3:-17. 
:388). which are members of the cell-matrix anchoring 
junction (see Table 1). Howe\-er. tlw signaling pathway( s) 

that n'gulatf> the d~ll31nics of ,ulCh()nng junction:-- art" 
entirely unkrlOwn. A rec('nt sruct~- r("pun.s thaI tllt' dpwII
Srrpalll signaling ('H·nts pel1inent to tht' rt,ftulatioll of f> 
d)llaIl1iC's arp llH'diatt,d hy tilt' (j, i3~ -1!1tegnll r","_'t'tl'I' \la 

integrin-linkt'd kina.-.;p ! Ill';:, ,:ll( I, Funht'nllf ,rt"'. tlt'( ·lin 
afadin appears tn ilt> ,m import.anL A1 fUlll'[lona_; UIlI! in :ht' 
testis sinn> homozygouS null malt-' min- !ackil1<2. Ih'l'[J:'l-~ 

an' stl'rilp and their spt'nnatozoa dlslda~ dt'fe,'c", m "y
toskeleral ,md Buell',u- Ilwrphnjog.\ ---I.: 

Tht' hpst--rharact erized (,t'II-I( l-n'lI ~mcholln:.; junetif In 

tH)(' using ;:Ul actin filament arr.adUllt'1H ~Ik In lht, k-..;rt..; 

(i.i?. AT) lH'tW('(,Il S('rtuli <md gPllli cdb i ... rllt' E~ ... t't' 
Tablt' 1 ,Uld Fi.gs_ :2 <'uHI ~ ) ! fl)I' rp\-H'WS, :-;t't' Hd'_ ... _ 1-:.- : ;--l 
471 J. In til(' tt'stis. tlien' art' two tyPt'~ of E:'. cit':-;II!!lar.'d 

apical and ha<;al ES I :{7 --I L Apil-al E~s an' found 11t-,tWt't'!l 
S('!1oli (,(·lIs ;:Uld tilt' adjacf'1lI ht'ad~ (If df'\'t·!IJplIl:'; ,,;p~'r

Illatids: b<l<.ial ESs afe pn'sent ht'fwP-en ~'noli \ 'db;L' wi'll 
;:l"i hetwPl'Il Spnoli ('plIs ~u\(l spt'nllaToc",lt'S aT !lit' [J;l.'';{- (If 

ttll' spminif(>rous t'pit IwliuIn. This pt'nnir .... tht· I ,;L"lt!t· f If 
spl'nnat()cytl'S across til(' f'pitlwiIuIll \-la cycii(- di,L ... , .. t·lll
illy ,md n'assPIllhly of thl's(' jlln('tion~· --I':~(. ,i-:-l Tf 1 dall-. 

thp moit.--'culf'S Ihar han' 1H't'n posltin'l~ Idt'llliti"d m tIlt, 
ES art-' ;:t<-; follows: actin. (t-acIlJlin l-f') rim/'Ill. I ~.-, 
('spin (iUl actin hllldillg pro{('in' ,:{ll. \inculin ;-:-!. :~--I'" 

f31-intf'grin (:;}O. :IS7. :~''-ii. paxillin. gt·br,Jin l"'lf;i myff
sin \'IIa (1,S,"Ial. and Ill"': I:ll{ll. II w,L"llIlSlulated IkH II.K 
a spnne-thn?OllllH' proTt'ill kina .. <.;t· I Ilf:. 1 ,,: . I~ an IITlIII If· 

tant signaling molpcult· n'gUlaling E~ d ... l1,UlW· ... fOf rt-
\-i(~w, st'l' Ref. 470). ILl\. Inn not L\I\ :";(1'. ~:'r \\~b 

found to colocalizt' with p;-intt'gnn aT tilt" "'iT" f If E:' ... :n 
tlw testis !:HOI. Bpcaust' it W,l'" ~hll\\TI that jl!:l1"'I',/tf>r:,

rosirlP prolt'ins are high I ... ' concf'nrralt'd at tht' ... llt· ... f ,f If.t· 
ES I :HOJ_ tht,sl' ohs!'rYation:-. ~'t'rn to :->lI~!!t':--l Il<a: rl:!· 
dynamics of E~ an' rt'gul;:llPd. at It',L ... t in par. 1,:- l'ff.fJ'itl 

phosphorylation. Indf>('d. tIlt> pho<.;ph()rylakd 1''ll1n ,11" F:\i\ 
W~l" sho\\Tl to localizt, primarily at Tlll' :"itt· flI ;q'lc;d 1-> aT 
tht' adlumillaJ CfJlllpannlPnt (Jf th(· .... t·IHlIlift·[(lu:-- ,·!,ltht·
lilllH acUacpnt ti J til{' ~t-'minift'n Jll~ tlltluhu' lUllit'n 11.-, 
This pattenl of hwaIiz:tti(JIl is in ... hall' {'!)!lIra .... ; :,' 1"_\1\. 
which W;:l"i found largt'l~· at ttw sitt' I ,f t"L ... ,d [~ ., I' '. -t 1--' 
_-\Jso. it W,l<'; prqpu~t-'d rhat tht· u,3:- In al'l{';t~ E:, all,j 

(t.,f3~-intt'gnns i h,l .... al E~ I found in til!' E:, In ill!- 1,· ... T1S art· 
tht:' primary C:\\Is. Wht'rt';L'- rht· (adtlt'nn t'a[t'nm {'(In:
plt-'xt's are liki..'l ... - tlst-'d for c!'ll .:ulht':->ion t,t'[\\-t't'll :-'t'!1t ,:i 
('{'lis I :jlll! (Fig. ~ L If u, B;-int{'erin ff lund In ~,'n, ~il (·db af 
tilt' Silt-' of ES aT tilt' adlumillal t'lHllj!annWI1l f If rht, :--ell\
inifpffHls ppithelium :)11), i-. Ttk ('t·1l (t(Hlf':-oi()n 1lI1llt'cuk 

what is rlH' {'ont'sponding hindmg par:!kr II. ~f·!lr. f ·db ' 
It must be !)()[NI IhaT tilt' conn'ntirmal pannn ('!-ltllt'gnrl 

ill 311choring junction i~ l;uninlll. which l~ u..;u:dly rt'
strictpd to EC~I i St-'{" Tah!(' Ii. :\ n'('\'!1L :-o.tlldy lLti('t,d il<b 

reported tIlt' localizaTion of iammlIl " -d'lail, ;L .... <'. rtf 1I",kbt·-
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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 o.d31 Yl-chains, which 

are confined to the basal lamina in the testis (244a). 

Ironically, this study thus suggests that laminin Y3-chain is 

one of the three laminin chains at the site of ES that 

constitute the binding partner of o.Gf3cintegrin. Moreover, 

these integrin complexes are being used as the platform 

to transduce signals downstream via ILK, instead of F AK, 

to regulate AJ dynamics (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 spemlatogene

sis and spermiogenesis. 

D. The Functional Unit of AJs in the Testis 

1. Does the codherin/catenin complex e.rist 

;n (he (est;s? 

In the classical actin-ba"ied AJ [one of the anchoring 

(or adhering) junction types between cells. see Table 11 

found in epithelia, the functional unit is the cadherin

catenin complex, in which the cytoplasmic tail of E-cad

herin interacts with f3-catenin. This, in tum. binds to 

cy-catenin, vinculin, and the actin cytoskeleton (for re

view, see Ref. 177) (Fig. 8). However, the presence of 

E-cadherin and c<-catenin in AJs in the testis has been an 

issue of controversy (11, 63, 109, 177,2(7), and the coex

istence of cadherin and f3-catenin at the same site in the 

testis between Sertoli and germ cells, in particular, has 

been the subject of discrepancy (63, 228, :1I0, 312, 500). 

For instance, immunohistochemistry studies also failed to 

localize N-cadherin at Sertoli-spemlatid junctions (11, 

63). Although the presence of f3 .. catenin in AJs 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-eadherin and 

catenins has been reported in the rat testis using Northern 

blot and semiquantitative RT-PCR (84, 22B, 812, [i00), as 

well as by immunohistochemistry and immunoblotting 

techniques (500). There is also a transient induction of 

N-cadherin, E-cadherin, and f3-catenin mRNAs during the 

assembly of Sertoli TJ-permeability barrier in vitro (84), 

as well as during the assembly of Sertoli-gem1 cell AJs in 

vitro (260). Further studies by immutloblottings using 

antibodies specific to cadherins and catenins and lysates 

of Sertoli-germ cell cocultures also confiml these earlier 

observations (260). More importantly, studies by immu

noprecipitation have pulled out f3-catenin with an anti-N

eadherin antibody using cell lysates from Sertoli-germ cell 

cocultures (260). Similarity, N-cadherin can be pulled out 

using an anti-f3-catenin antihody in the same experiment. 

Furthermore, the relative concentration of N-cadherin 

and f3-catenin in these lysates is present in a stoichiomet

ric ratio of almost I: 1 when visualized by immunoblotting 

(260). As such, these results demonstrate unequivocally 

that Als in the testis are utilizing the same cadherinl 

catenin complex as the functional unit found in other 

epithelia (for review, see Ref. 177). A recent immunoflu

orescent microscupy study has demonstrated N-cadherin 

at the Sert.oli-Sert.oli as well as Sertoli-spermatocyte junc

tions ncar the hasal compartment consistent with its 10-

calizat.ion at AJs (227). Furthermore, it is also found be

tween Sert.oli-Plongated spermatid AJs at. stages I-VII and 

appears to be stage specific (227). The inability of detect

ing the cadllPrinicatenin complex at. the site of ES be

tween S,'ltoli cd'" and elongated spermatids in the adlu

minal compartm(~nt of the seminiferous epithelium by 

immunohistochemistry can be of several rea'3ons. First, 

the ES can 1)(' const.it.uted largely by "'6131- (in apical ES) 

and "nf3,-integrins (in basal ES) as reported earlier (310) 

or by the ne,tinjai'adin complex (see sect. yES) (Figs. 2 

and 8). And t.he cadherinlcatenin complex may only func

tion a.:.; a signaling component at the site of apical ES. 

Second, if Ow al!ove postulate is true, the cadherin/cate

nin complex will likely have a short half-life and low 

abundancy at I'::::; rendering it undetectable by conven

tional technique. Indeed, the balf-life of E-cadherin is only 

-5 h in confiuent epithelial cells (291, 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. However, it must be caut.ioned that additional 

functional AJ units other than those that have been de

scribed may be present in the testis at the sites of Sertoli 

cell-spermatids in light of the existence of testis-specific 

AJ, such as tlw ES (for reviews, see Refs. 374, 378, 470), 

which can be operating alongside with the cadherinlcate

nin complex to pnsure rapid changes in cell adhesiveness 

to accommodate the t.imely event of germ cell movement. 

Indef"d, an afadin-nectin complex has recently been found 

in cell-cell Als adjacent to the cadherinlcatenin complex 

in epithelia (4~ln), which may be one of the yet-to-be 

confirmpd ES-functional units in the testis. Furthermore, 

deletion or rf'ciuction of the classical eadherinleatenin 

complex cannot eliminate the morphologically normal AJ 

stmctures (]()..t 4(4) 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-hinding protein, is known to interact 

stmcturally with the F-actin (:380). However, it must be 

noted that E-c:adherin -j- mice died at the embryo stage 

around the j inw of implantat.ion (255a). Also, E-ead

he-rin /- null mouse embryos display severe abnormali

ties particularly in the cells that constitute the morula, 

which becoIllE' 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 danlaged cell-cell contacts 
(364a). Similar defects are also detected in ~-cadherin - -
mice (35-1a) with se\'ere cardiac defects (273a. :35-1a). 
FurthemlOre. j3-catenin - - mice also display ahnomlali
ties during the embryo stage at gastrulation: in particular. 
cells are detached from the ectodermal cell layer ( 180b). 

E. Regulation of AJ Dynamics 

The E'yents of AJ d;vnamics and their regulation in the 
testis are one of the most intriguing phenomena in sper
matogenesis (62. 6:3. :308. 379. :380.1. since geml cells must 
migrate from the basal to the adluminal compartment of 
the seminiferous epithelium while they also remain at
tached to the epithelium (see Figs. 2 and :11. How these 
('vents are regulated in the testis is largely unknO\\iL At 
present. it is accepted that AJ d!l1anlics are regulated by 
se\-eral pos.."ible pathways and/or mechanisms. 

1. Changes in the functionality of tlw 
radlu!ri71lcatellin comple~res: thefuuctioualuuit 
ofAJs 

Recent studies hm"e shown that tlw A.I functional 
unit is regulated largely by the .. ".I-associated signaling 
molecules. such as SrC', Csk, CI\2. and p120dll

. For in~ 
stance, rpeent studies have shown that selective uncou
pling of p120ctfl from E-cadherin can inducE' the loss of 
cadherin-dependent cell adhesiyeness 1401 I. This is 
largely mediated by changes on the phosphorylation sta
tus of the cadherinlcaterun 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 p l~O<"tn 
(28:3). Recent studies have show11 that the downstream 
signaling pathways by the adhesion ffOr-eptors. such a.o;; 
cadherins and integrins. which regulate AJ dynanlics. con
\'erge on the ~l<\P kinase cascade (141) .. -'..s such. an 
unprecedented opportunity to study the rf'gulation of A.J 
dYTl~mlics is now a\'ailable since the ~l-\P kina"e ca5cadf' 
can modulatp actin polYIlwrization and cell migration \ia 
their action on thp myosin light-chain kina.'w (:2·l:2). ()th
ers. such as the phosphatidylinositol-o-;"kinase (PI-oK I c,m 
regulate the COnf0I111ation and scaffolding of {he focal 
adhpsion protein \'inculin (l~). Surprisingly. very few 
studies haw been perfomled in the field of male repro
ductivE' physiolog .... to study these event.s (for re\iews. see 
Hefs. 61. 62. :J08). For instance. the presence of cadherins 
in the testis was not knO\\ll until the early to mid IPf()s 
(13:3. 1(9). which is more than two decades after the dis
co\'ery of the cadherinlcatenin complex (for re\iews, see 
Refs. -W3--W:;). It is increasingly clear that .. v proteins. 
such as cadhprins and catenins, are responsible for the 
attachment of germ cells onto the epithelium. since anti-

bodies against cadherin_~ can penurh the an.achmt'lH of 
geml cells onto Senoli cf'lls j :3:~ 1. :J4'~ I. which is a prt'rt"'"q
uisite of subspquem --\.1 assemhly. Ironically. if tht.' func
{ionality of thest' proteins can he disnlpted or ('ompn,.. 
mised, gC'nn ('plls can no longer an.ach onto tilt' 

epithelium and ''''ill he (h:plewd from the testis induci..ng 
infertility (79. R:3. It}~h Other srudies ha\"e ShO\\ll t"~1()'" 

kinE'S may also playa significant ralt> in dw rPgularioIl of 
.-V d)11amics. For in_"taJlcP, E(iF and ht"">patocy1t> g.rnwth 
factor!scattt'f factor can reducp cell-{'pll contacts causing: 
cell dissociation and scatH'ring from (>ach othf'r wirh!lut 
apparent effecL'i on thE' E-cadlwrln calt;'>nin i..'omplt~:X in 
\itro (-106, -lSI J. HOW('H'r. thp underl~ing mel'hanL.;;m that 
mediatE'S thes(> changes is nor known. Rpt't'Ilt "tlldlt:>~ 

han·' shown that C'!1okines can abo affect TJ functilJIl. 
For instance. TGF-t):~ can penurb tht> a ... St"'mhly uf tIlt' 
Sertoli n'lI T.J-}JpnlwahiliIY hanit'r 1 ~7n" which b tnf'dl
atpd \'ia tlw ~(EKKs·p:l.."-~l<\P kina"" pathway. hy affeel· 
ing ttw tinlPiy f'xprpssion of o('cludin and Zt }-l Iwt'dt'd [I) 
ao;;sf'lllhlf' T.Js (:271). Because rhf'rf' is a tight fUI1ctwnal 
linkage t)f>tween TJs and .Us 1 rp\iewf'o in St"'{'L [::E. liw 

rf'IH)rted f'fff'cts of ('!10kinps on ('pll-{'pll cont.act may tw a 
result of disnlption on T.Js rallwr than a dlft'ct f'fft"'t'[ on 
:\.1 functionality. 

Prott'in phosphorylation of .-\.J-;:l"i..'1 ,"("iated prott"'m~ 

plays a cn)cial role in tlw fegulation of :\.J d!llanHc!-' I·t. 
Ill. 177, WH. :H I). FOf inslann·. t!TosillP phosphorylation 
of thf' ('adherin-('atenin ('omplf'x ha.' heen implicatt"d in 
the rpgulation of.U d!11amics, 111·. sincf· r~T{.slnt' phtl~' 
phor:,:lalioll of this ('omplf'x afft'"croS thf'lf ~l, ... nClaUI)n 

(;371). Src. a putati\"f' protein t)Tt~inp kma..."'t .... l~ ~U\ :\.J

associatf'd signaling molt'cule ,:)1. ~~: st't'- also Tahlt- 1: 
Fig. S) that IlP('onws ('oncf'ntfatt'd at tllt' sit~· I If AJs 41l.!.1 

Sre can also hp(,OTllf' hl'<nily phosphofyialf'fi dunng .\.J 

<:L'i.."-;('mbly (-t{){) J. Src is also known to [{>gulari" l't'll-{'t"'ll 

adtwsion in k('raliIH)('!1PS f fH l. Indf'pd. ~n·-indlI('t>.d ty· 
rosine phosptHlr:.·Iarion of rhp '·{'adhpnn·{'att·nln \'IH11-

plE'x can lpad to tIlt' loss of n,n adlw~i\"t'llt',,,;; , I '"'-l .\ 
mono rpcent immullohistodwllli.stT}· Stllrly ha ..... :-;hown that 
SfC is a stag:p-sppcifk prof{>in ill the rat t~""Sti:-;. bt'IrH! 

highest at stage \ III at thp silf' of ES hNWf't"1l ~'n~ lit ("f'll~ 
and f'lungatt'd spf'nnaricis 1 4~n:. Furtlwnnort'. ~ ':-;k <utd 
Ff'r kiml<;(' i Tahir 1). hoth of which an' .-\.J-;:l"'$onah'f! 
signaling molecules and putariq· prott'in r~T{)sillf' kin<l"-t'~. 
are also found in tilt' rat testis 1 4H;~. IndeNt. a te"StI.s-
specific fonn of Fer kina...~f' dpsi!lnated .IfTT was found T () 

be restricted to spf'nnat()("~1t'S at tht' paCh~1f'1lt' ~ta~t' of 
meiotic proph,L'w ! :;:r;' \ Other studif'~ han" shown thm 
Fer kina'>p is a~s()ciated v.ith pl:2!')'":l at tht" SHf' of :\.b 

! ~:·lS). Surprisingly. Fef kinasp null micf' an' fertdt· 
with apparently nomlal spennatogpllt'si:-; hut dlspla .... rt" 
dU(,f'd ('onacrin phosphor:.·larion (1117" sug,gf'sting otiwr 
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FIG. 9. Structural formula of loriidarnine [1-(2,4-dichlorolJenzy\)
indazole--...1-carboxylic acid] where RJ = Rz = Cl. 

testis by causing depletion of .genn cells from thp semi
niferous epithelium. While the precise mechanism . by 
which gossypol induces genn cell loss from the epithe
lium is not yet known, lonidamine apparently exerts its 
effects by perturbing the adhesion of genn cells onto the 
Sertoli cell, since the cytoskeleton network is one of the 
subcellular target., of lonidamine (279). Furthennore, 
electron microscopy studies have shown that lonidaminc 
can induce damage to the Sertoli cell cytoskeleton and 
microfllament network (119). However, the efficacy dose 
range and safety margin of gossypol, similar to lonidam
ine, are very narrow. Also, both compounds are nephro
toxic after prolonged use (for reviews, see Refs. :16, 412, 
475). Furthennore, 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
ceptives, since their mode of action apparently is at the 
site of Sertoli-genn 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 banier in vitro (166) but can perturb the assembly of 
Sertoli-genn cell AJ in vitro (unpublished observations) 
using a Sertoli-genn cell coculture assay with fluorescein
labeled genn cells (309). Taken collectively, if a chemical 
entity based on these known structures can be properly 
modified and synthesized to perturb AJ functionality be~ 
tween Sertoli and genn cells, in particular between Sert.oli 
and late spennatids, 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 fonnula 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 presenc" of a substi
tuted benzyl group in position 1 of the indazole ring (see 
Fig. 9) is essential for the antispennatogenic activity. 
Furthennore, it seems necessary that Rl should either be 
a halogen or a methyl group. Second, the antispennato-

genic activity increases rapidly when Rl and Rz in posi
tions ortho and para are Rl ~ R2 ~ Cl or Rl ~ CH3 and 
R2 ~ C:l (see Fig. 9). If the two substituents are in a 
different pOSition. then the activity considerably de
creases. Third, the following two analogs are shown to 
have potent aJltispermatogenic activity. 

B, Disruption of Cen 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 (20:1, 2~4, 323) have shown that this can also 
become a model to study the AJ dynamics in vivo while 
inducing reversible infertility in nlale rats receiving treat
ment (for review. see Hef. 292). For instance, chronic 
testosterone withdrawal can cause a stage-specific de
tachment of round spennatids from the seminiferous ep
ithelium (29:.1, :324). When adult rats receive low doses of 
testosterone and estradiol via Silastic implants, this in
duces serum testosterone and estradiol levels suppress
ing pituitary luu:-'inizing homlone but not FSH release 
(293, 2!14, 323, :124). As such, intratesticular testosterone 
level reduces by >[I{)01o versus nonnal rats. While round 
spermatids continue to mature from steps 1 to 7, the 
conversion of 81ep 7 to 8 round spennatids fails to occur 
as a result of their early detachment from the epithelium 
(293, 32:3). When the intratesticular testosterone level is 
restored, a rapid restoration of spennatid attachment is 
detected within 4 days alongside with the nonnal spenna
tid elongation process (323). At present, it is not known if 
this androgen depletion-induced genn cell loss is medi~ 
ated via a disruption of AJ dynamics between Sertoli and 
genn cells. A recently completed study has demonstrated 
that at the timf' of androgen suppression, the actin-con
taining domain at the site of ES between spennatids and 
Sertoli cells appeared to be damaged (325), suggesting 
that the eadhelinicatenin- or afadinlnectin-induced cell 
adhesion function may be disrupted (for review) see Ref. 
292). t>;eedless to say, this is an emerging and potentially 
important in \ivo model to study AJ dynamics in the testis 
and a novel mali:-" contraceptive approach. 

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

1. Backgrollnd' discovery of AF-2S64 and AF-2785, 
two potent i a{ male contraceptives 

Lonidamin,' '1~( 2,4-dichlorobenzyl)-indazole-3-carboxy
lie acid], a derivative of l-indazole-3-carboxylic acid (Fig. 
9), is a nonsteroidal and nonhonnonal anticancer drug 
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(279,408-410) ha\ing a potent antispermatogenic effect 
(412). Administration of lonidamine to adult rats h~' ga
\'age at a dose of 20-50 mg/kg hody \\1 II HI, 170, 21;>; I 
induced a massivE' depletion of germ cells from the S(,Ill

iniferous epithelium. By ~-4 wk after a single dost' of 
lonidamine at :)0 mg/kg body \\1, the tuhules W(,IT' dpH)id 
of ,irtually all elongated spemlatids, round spennatids, 
and some spenllatoc:y-1es (119, 170), ;:md rats ht'C<UIW 

infertile (268). Lonidamine apparpntly E'xerts its effects hy 
disrupting and rearranging the mirrofilanwnt elt'mt'llts in 
the Sertoli cell plasma membrane (279), which is part of 
the cell adhesion junctional complex necessary to allow 
the anchorage of gemI cells onto Sertoli ct'lis in the 
epithelium, At doses ranging between I ng;ml and 10 
Ilglml, lonidamine was not toxic to Sertoli cells in \itro 
(1'10): howe,"er. its adnlinistration in ,ivo at ~?}....;)() mg/kg 
body \\1 induced morphological changes in Sertoli cells at 
thE' ultrastructuralleyel as manifested by tl1(> yaeuolation 
and retraction of the apical c.\ioplasm at the sitE' wht:'rp 
immature spermatids attach onto Sertoli cells 1110 I. This 
wa5 followed by the enlargement of the intercpllular 
space bern"een Sertoli and germ cells, E','entually leading 
to the release of immature spermatids into the tubular 
illlnen (119} This action of lonidarnine on Serroli cells 
mimics those obsern'd in lonidamine-treated epithelial 
squanlOus carcinoma (A4:3]) and melanoma 1~[]41 cP]ls 
by disrupting the C'ytoskeletal network (~7~j. 2,s:2l. ()n tht' 
other hand, lonidanline was also shown to inhihit rpspi
ration in condensed mitochondria found in spennatios 
and spemlatoC'~1es or tumor eelb prp\"iOlL,;ly SPI1sitizNl hy 
irradiation, but not in Senoli cells or other somatic cells 
both in ,i\'o and in ,itro (14:3, 144). Such an effect on 
cellular respiration may also confer to thE' unwa.!1tpd cy
totoxicity on lonidanline, _>Jthougb the antispemlatogenic 
effects of lonidarnine are worthy of further inn'stigation. 
it wa<;j not developed into a male contraceptin> due to its 
nephrotoxicity and irre,wsibility: instead, it was used as 
an antitumor drug in chemotherapy 1410, 4121. '>;ecdless 
to say. this compound. if properly modified to pliminatp 
side effects, could become a novel male contraC'eptin~'. 

l"nfortunart'iy. all ('ffon .... t() (if.n'lnp rww dt'rh·ati\·t'~ 

ha",pd on tht, {'Of{' stnlCtUrt' of lonidamine for malf. cnn
tran'lHion cP<L,,>pd hpcaus{' of tht, high cost .... of ~Tt't'nIIH! 
hy ('onn'ntionallllPthods r -InH. -Il~!. In adctuinl1, a ,,{Tt','I1-

ing a'is.ay targptpcl to identify IWW <uIalng~ of !III1ld~UlUIW 
hy dt'plf'ting ady;:uwed gemI (,plls, such a<.; late "pt'nnarHb 
hut Hot spennatogonia, froIll tht' ~t-'mil1ift'rnu~ t'pltht'li1lnl 
was lacking. In ;:m ('arty study from Ihi!"' laboratory. 
lonidamint' W,-L<'; shown to indun' a :"urgp in te..;;;ticular 
tf'stin pxprpssioH within :2-1 h ' 17111. long lwfort' ~!t'nll \'t'll~ 
werp spen to depif'h' frolll thi.' i.'pltht'liuI1l. whICh ht'("~Ullt' 

'isihlP only hy dH}.}S 4 -I; after a singh· oral rlf)~' [n'atmt'IH 
of lonidamillP at ~;)--?)'(l mg kg body \\1 . 170 TIk"t· ft'"Sult .... 

thus suggE'sr that when lonidamiIH' t·xt>rt .... it:. t'fft't,t.:-- on 
the Sertoli c('11 ("~loskt'lpral network. u somehow acri
'"a[(>s the f'xpr(>ssion of {('stin. TIH-:>Sf' Obs·f'I"Yariolb aisii 
illustrate that IPstin is a tlspful mark('r to idf'nIify nt'\\ 

male eontran'ptin's ('xpning their effect.:"' sJ">t'C1fically ar 
tllf' sire of Sertoli-genn c('11 _\.Js. stich a ... E~. t'a.ll~llH! AT 
clem'age <mel gt'nn ("('II I()s~ from tlw t'pltlwilutn. IHdt'~;d. 
we han" utilizf'd this unwmal ff'ailln' of t('-stm :n a1', In \"1\ (I 

as..~y to SCTPf'Jl on'r 2() llPW analo.g~ 1)( lonidamHH' and 
have identifif'd two new cht'mical ('miuE'S. :\F-:2.~1..t <.md 
AF-~7S?i. which spf'{"ifically df'pif'tf' sr){'mlawis froIH tiw 
epithelium (7~1. }f)." 1 I Fig. If),. \\llih' it rpI1l<:UI1:, [j) ht' 

derenniIwd if ;\F-~:'~{).t and AF-:27S·~ are indE't,d ~tlitab!t, f(lr 
contl"";:l('pptin' Ust' for human malt'S without tht' .. jilt' ,{
feets of eitlwr lonidi.uniIW /)r g(js,s~l)nL reC't"ntiy I_"(~'rnplf'[t'd 
toxicity Sllldit's on _\F-~3r'4 p-erfonnpd hy h(",'n~t'd tOXI

cologiSTS according to Fr ~od and Ilrug Adminl .. tr.uinn 
guidelines han' indicatt'd that thIS is a prOI1Hsmg c"U1di

datt' compound, For mstance. the rect'nrly ~'omplf'tPd 

acute toxicity study using the Irwin dose rangr· 1 (lif-LUof) 

mg -kg hody \\1 ! hy intrapf'ritOIwal injf'CtlOH or ga,·age in 
mire and rats perfomwd hy liCPIlSf-d tnxlC()ln~ists ft"

n'alf'd that _-\F-~:3G-t did not inftw"llCt· any nt" tItf' nt>ur()
logical or autonomic parameters. :\IOrf'OH'r. hn!h .\F-~7";.; 
and _-\F-~:3G--l did not induct· rE'W'fSt.' muraI1(lI"l 1Il .' .... fl,:nil'

!lclla typhi~lIl1rii1H{ or Esr}"to"irJ/ia {."li" tly ~!"UldaId mu
tagenicity tpst.s (unpuhlished ohsf'ryations .lJS{', \'llro-
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mosomal aberration tests in CHO cells revealed 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, 1(8). 

2. Bi.ological effects of AF-2364 

A) ANTIFERTILITY EFFECTS: EFFICACY MIl REVERSIBILITY. 

When adult Sprague-Dawley rats were treat.ed with AF-
2364 (Fig. 10) by gavage, AF-2364 could not suppress 
fertility hy 100% during t.he first 2-:l wk alter 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 2i5 
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, 1(8). 
More importantly, the antifertility effects of AF-2:,64 are 
reversible. 

B) EFFECTS ON TESTICULAR MORPHOLOGY, TESTICULAR WEIGHT, 

AND BODY WEIGHT. When the testes of the treated rat., were 
examined histologically using a regimen that was effec
tive to induce reversible infertility, geITIl 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 persist.ed 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 100010 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 (70, 168). 
Furthermore, AF-2364 had no effects on body weight 
(79, 168). 

c) EFFECTS OF AF-2364 ON THE HYPOTHALAl\1l!S-PITCITARY-n;S

TICHAR 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 
reginlens were quantified and compared with control rats, 
no significant changes were deteeted throughout the en
tire treatment period versus controls (79, 1(8). These data 
thus demonstrate that the hypot.halamus-pituit.ary-testic
ular axis was not impaired by AF -2364 when the fertility 
of treated rats wao;;; affected. Moreover, senlm microchem
istry analysis revealed that the serum levels of serum 

glutamic oxaloac('tic transaminase, serum glutamic pyru
vic transaminase, and alkaline phosphatase (for liver 
function t.ests) as well as blood urea nitrogen, glucose, 
creatinine, albumin, y-glohulins, sodium, and potassium 
(for kidney function 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, illllstrating that neither liver nor kidney 
function was afl'ectpd by AF-2364 (79, 168). 

s. Elfect.s of AF-2785 on rat fertility; 'its cJfica.cy; 
seru.m FSH, llIt('irdzlng honnone, and tcslostermw 
levelB; 0')1(1 other paranwters 

With the use of five different treatment regimens of 
AF-2785 (Fig. Ill:, to study it.s effects on the fertility of 
adult rat.s, it was shown that AF-2785 is also a potent 
ant.ispennatogenic compound (79). However, this chemi
cal entity needs t.o 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 n'CDvered more rapidly. Also. all treated 
raLc;; recovered t.o full fertility in each treatment regimen. 
Similar to AF-2~lG4, AF-2875 induced germ cell depletion, 
virtually all elongated and round spermatids, from the 
seminiferous epit.hdium (79). Testes were indistinguish~ 
able from control rats histologically when fertility was 
rest.ored in the AF-2785-treated rats (79). Germ cells also 
repopulated morc rapidly in AF-2785-treated rats than in 
AF-2364-treated rats. Furthermore, AF-2785, similar to 
AF-2364, did nol alter the serum levels of testost.erone, 
FSH, and luteinizing honnone in treated rats compared 
with controls (7!1), 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 alfect.ed by AF-2785 at doses that 
were effective to induce reversible infertility. AF-2785 
also induced a decline in testicular weight in treated rat.s, 
which returner! 10 norn\al more rapidly t.han AF-2364-
treated rat.s (7D). Also, AF-2785 had no apparent effect.s on 
body weight (7!1). 

D, Molecular Mechanism of Action of AF-2364 

The mechanism by which these drugs induce germ 
cell Inss from tilt" seminiferous epithelium is not entirely 
known. Nevertheless, both compounds induce a progres
sive loss of genn cells from the epithelium, which begins 
with the latest slages, such as elongated spermatids, to 
earlier stages, such a..c;; round spennaticts and some sper
matocytes. This drug-induced, stage-dependent. germ cell 
loss can be explained as follows. It was postulated that 
the two analogs uf lonidamine exert their effects by acti
vating the casc[I(I,' of events leading to the cleavage of AJs 
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between late spermatids and Sertoli cells through a yet
to-be-defined mechanism. For instance. lonidanline is 
known to induce rearrangement and disruption of the 
cytoskeleton network in Sertoli cells . .'1.4:11 epithelial 
squamous carcinoma cells. and ~1l4 melanoma cells (119. 
270, :282) Given the fact that these two new analogs share 
similar structural features with lonidamine I see Figs. (I 

and 10). they may indeed utilize the same mechanism to 
induce changes in the Senoli cell c~1oskeleton network 
Inrlpf'd, both compounds failpd to perturh the a.~semhly 
and maintenance of the Sertoli cell-TJ barrier in \itro 
when the TER and the influx of FITC-labeled dextran 
from the apical TO thf' basal compartment on bicatlleral 
units across the Senoli cell epithelium were assesspd 
(unpuhlished obsen·ations). These data "u('- consistent 
with an earlif'r report from this lahoratory shm ... ·ing that 
lonidamine has no effects on the Sertoli cell TJ banier 
(161)). :\lore importantly, with the use of an in \itro assay 
to monitor the hinding of fluorescein-labeled geml (,PUs 
onto Sertoli cell epithelium as described (:309). which is a 
prpreQuisitf' of tllP subsequent AJ a.%emhly that is known 
to complete within 24-48 h in \itro (G5. l:r,). hath com
pOlmds were shown to perturb til(' Sprtoli-geml cpll .V 
assembly (unpublished obsen·ations). A recently com
plet ed morphological study has shmm that the AF-2:1IH
or .AF-278S-induced AJ-disnlptivf' acti\'ity hptween Senoli 
cells and latE' spermatids is more efficient than that he
tween early spennatids/spennato('~1es and Sertoli ('ells 
(,9. 168). and they had no effects on depleting spemlato
gonia from the seminiferous epithelium (79. lt381. If tlwy 
did. these effects would han:' heen irrf>\·ersible. It is pos
sihle that the testis-specific _-Us. such as ES and tubula
bulbar complexes. and their constituent proteins hf'twpen 
Sertoli cells and late spermatids. are more susceptihle to 

these analogs. Indeed. rats treated with .-\'F-~:lfH rlisplayed 
a drastic induction in carlllPrin and caTenin (~(jO). and hy 
7~1.J days posttreatment, the entire basal compartment of 
the seminiferous epithelium wac; encircled h~' an intense 
inUllunostaining of cadherin and catt."'nin (unpublished 
ObSeIyations), suggesting its site of action is at the !eye! of 
_-Us. Also. these compounds were selected in the initial 
scrpening for their ahility to indu('p tf'stin ('if!. H3S I. which 
is an _\.J-as..c;ociated signaling molecule stl11C'lUrally and 
functionally linked to __ \.Is (169-li'11. The relatin' long lag 
of response of genn cell loss. -- 4 -11 days (70. If)"";) after 
either rhE' .\F-:2:3G4 or AF-27S.5 treatment. seemingly signi
fies that the AF-:2:1tl .. .t-induced AI disnlption consists of a 
cascade of en'nts that triggf'rs atl induction of t(,5tin 
before geml cell loss from the epithelium Cilll ht' histo ... 
logically detected, Indeed. a recent TepOI1 has shown that 
AF-~:)(H initially acti\'ates the cell adhesion ll1olpc'ulf' Pl
integrin. a component of the apical ES (:110 l. which in 
turn tranduces the signal downstream \ia the RhoB 
GTPasp/ROCK U\IK signaling pathway at th" site of .-\.Js 
(:272). 

While these compollnds appear to bt? potelliial can
ciidarf's for malp contracf'prion. ;:ill Imn~lling but Impor
tant Question remains to he (U1~wt'red: Would tht'Sf> com
pounds also disrupt _Us in other t'l.llIhelia thar ~Ut' prt"~t'm 
in \irtllally all or~<ms'.' Ii is oiniuu!" that this qU(':"Ilon Illllsr 
be addressed carefully and rhnr(Ju~hly S-f'\'t'ra! Ilbst'IYa
tiqns suggest that tht'Sf' compounds indfLt.'d tar<.!t't rht'lr 

effects exclusin:-Iy 011 It'siis-spt''citlc _Vs ht·twPt'll ~;nuli 
cdls a.nd spellnarids III t1lt' :'ot'lllll1ift'r{)tl:-' t'}llIikliulH . .;,uell 
a..'\ ES (;~n. :r;-,'\-:3",0. -l7n, First. rh(' S1..Tt't'nln..:! d ... ...;......:1.y that 
W,l5 used to sel{'ct tiws(' Iwo c,Uldidatl:"' ("omll(lUntb IS 
ha.<;{'d nn 111('ir ability to IIvlun- Tt>.;,TII1 t'XllI·t':-;. ... ]!ln -:-\j 

Testin is a St'noii ("('II product prl-dl1minantly acnlIllU

lated at tht' silt' of specializt'd A .. b. :,-Ut'h ;i_'" E:-:. bt'{wt,t'll 

Sertoli "md lalt' spt'nll<1.wb ,h~l"'t'd 011 hil Whl't1lk~tl and 
immunognld plpC"troll Illlt'f()s("()PY analy~i:.; if):'. 1:-11 
whost- t'xpn.>sSi()Il is knowll to ht' induu-d Wilt-Ii :-:'t'n, II!· 
genn cell :\.Js an' disrupted I ilft< it.~l. 1:-\\ It i ... kl"li)\\11 
thaI ESs and whuioilulhar ("omp!t'xt'';' '.::. :i-:-:, .. ~-:-!l aft' 

sppcialized :\.Js restliCTed only to tIlt' It'sti:-o. \I(lft, rt'{"t-ml.\ 
compiPtPd studit's han' abo illu",trau-d thal ';'I.lI"h an in
duction of IPsrin is limitt'd to tilt' disl11111loll of .-\.b hur n(\r 
tht' S('rtoli cell T,Ts ill \-i\'o ~md in ntrn -:-~l. It .... ·. lr'~'" For 
instanc(>. trl'atnwnl of St-I1o!i cdl:-, in \-irr! I with iHI1lriam
int' fail(-d 10 pel1urll tht' ;:l"SPlllhiy ,md Jll~untt'n,Ull"t' Ilf tilt' 
S('noli ('pll T.J harrit'r in \'iuo ! 1'.(" Thu.!" tilt' ~Tt'('nltl~ 
a.<.;.s..'1y h::L'" limitpd our initial .;,t'an·h 10 Hit·nllfy c.uHhdatt' 
compounds that would spt-nfically di';'l1lpt [e"':llt"lliar :\.1:-;. 

such as ES. hut !lot {hOSt' found in Ililngonadal tls.."':Ul'S 

S(>('ond. with t1l(> USi' of a tn-atnlPnt n'g:lI1WIl thar I',ill 

induct, H'H'rsiblt, inft-nility III adult ral~ hy :\F·:"';;)lq·. iT 

wa'\ shown thaI tilt' gross Illorphology (If tht, kl!iIwy ~Uld 
!i\'pr W;.l<.; nol damaged hy _\F·:.!:~r·.-l dunng [llll!l!It' illsr~.· 

logical illlalysi!-'. which i~ in shall' t."Ontr<l<;:t {, J th,· dnlf!· 
in<iuc('d gpnn ("t-ll deplt'rion f[oIll tht· t-pltht'lIlHl; Ih [Itt' 
tpstis (7!l, It',..")!. TIlt's,- n-sults thlb illustraIt' thar tilt' :\.b ill 

hoth thf' kidlwy and lin'r art' apP;u"'lltly lllla!lt'ctt'd b.\ 
:\F-~;~I"H. lllirct. r{'sults flf 4"nlIll mi{'rndH'nH~try ha\'~' 

shm .. ;n that hoth tlw ki(iIH': .... and lin"r fUIlC\l(llb ;.ft' ullar

ft'(,tt'd hy hoth ("ompouncb lISiIlf! a In'atmt'l1l n't!llllt'n rh;H 
can inctucp rPH'rsihlt, inft-nility in tIlt' rat -:-~'. if~'" .;,u£

g('sting rllt-Sf' {'('mII(nlIld~ an' lH'illwr Ilt'I,hnl!'I:\:lt· n,'lr 
iwpatoIOXit·, at It>~b! at tht- <lOSI'S that art' t>fft'\'!l\t> rtl 
induct" rp\'prsihll' infpnility in tht, rat. WI. Irk b nl!\\" In 

progn-s..-.; [t I inn"st i!!ali' t Iw signal t1-..mS(itWllr ,n par h \\ a~ : :-' 
hy which :\F-:>H~-l i~ UliliZt-d 10 p,'nurtl :\"f:.; hdW!'t'fl ~\'r
toll ('plls and iat(' Slwnllatids. ~uch a..<.; tilt' E~. _-\nd Ihl"'; :\.J 

stnlt'turf' likel.\' ('(lIbISb of tt'Stlll a.nd intt·t!ntl. 

\1/. COSCU-DISG RE\lARKS 

In Ihi~ rf'\it'w w(' han' stlmm.uizt'd ... ·.l!Ht' I):' lilt' 

recent dpH'iopnH'llt ... in tht' ~tud~' rlf.lUIH"ti!rl"l d~ll<unl\..''''; in 
the H'sris and rhf'ir physi(JI(l~i('al .... i~Iliii{"a.n!·t' ", It'';'[!cular 
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function and spermatogenesis. Most of the studies per
formed in the past two decades investigating Sert.oli-genn 
cell interactions (for reviews, see Refs. 173, 221, 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. Ironically, a huge 
disparity exists between the study of TJ and AJ dynanlics 
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 a.s 
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 fert.ility 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 pharmacology 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 development 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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