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Adhering Junction Dynamics in the Testis Are Regulated 

by an Interplay of f31-lntegrin and Focal Adhesion 

Complex-Associated Proteins 

MICHELLE K Y. SIC DOLORES D. ~!RlX WILL ~!. LEE. "'"'' C Y.-\_'\ CHE:\G 

The Population Counci/1.\f.K. F.S .. D. D .. \!.. c. \".C.'· Center (or Biomedical Rc~earch . .\"t'll }"t",r-1:. .\"t":. r,.~i:; fi_ii"l:] :. C':.; 

Department of Zoology r\\".JJ.L.1. L"nil'ersity a( Hong Kong. Hong Knng. Special A.dnl!TJ1~tra:::·~- R.-.::::~--·: ,-,--("f;;•:<"~ 

During spermatogenesis, the movement of developing germ 

cells across the se-miniferous epithelium associates with ex

tensive restructuring of cell-cell actin-based adherens junc

tions tAJsl, such as ectoplasmic specialization tES. a testis

specific AJ junction l, between Sertoli and germ cells. 

Although this event of genn cell movement is essential to the 

completion of spermatogenesis, the mechanismtsl that rE"gu

lates AJ restructuring is largely unknown. L' sing Sertoli-germ 

cells cocultured in dtro to study the regulation of AJ asSt"m· 

bly. it was sho"''ll that this event associated with a transient 

induction of IJl-integrin, vinculin, p-FAK-T)T397
, and phos

phatidylinositol 3-kinase tPI3Kl but not the nonphosphory

lated form of focal adhesion kinase IFAKl, paxillin, and p130 

Cas. Furthermore, p-FAK-Tyrl97 was sho\'\---n to coimmunopre

cipitate with 131-integrin, vinculin, and c-Src both in dtro and 

in t'iro using Sertoli-genn cell cocultures and seminiferous 

tubules, respectively. These results seemingly suggest that 

the testis is using constituent proteins of the focal adhesion 

complE"x (F AC) found in other epithelia betwE"en cell and ex

tracellular matrix to regulate AJ dynamics. To further con

firm that p-FAK. a putative FAC protein in other epithelia, is 

inde-ed present at the site of ES, immunohistochemistry and 

immunofluorescent microscopy were used. The p-FAK-Tyr-191 

and p-F AK-Tyr576 were found to localize almost exclusively at 

DL"Rl:\:G SPER\J..\ TOGE:\:ESIS, PRELEPTQTE'-.:E and 

leptotene spermatoc~·tes must tran~it..,catt:' acw~:' the 

blood-testis barrier \BTB), ,,·hich is fL)rme.._-:1 l'y the intt.·r

Sertoli tight iunctions {T_lsl near thl' hbal lamin,1, enterin~ 

into the ad luminal from the basal cnmpartmt.'nt (lf the sern

iniferous epithelium fL1r further de,·dllf'H\ent ( f,..,r r~..·vie\,-:<-. 

see Refs. 1 and~). This timet:-; nw,-ement l,f de,·eh..,pin~ ~erm 

celb is essential for spermatogenesis; it .1bP .bSlXi.1tt.'':' \nth 

e'ten.si\·e restructuring of the actin-ba~d cdh:dl. interrrtt_'

diate filament-based cell-cell, and actin-bast'd cd!-m,1tri' ,11.i-

Abbrt.·viattLm~: .-
\F-2_~. l-\2 ~-Di..:hk,r .. ,h.'IlZ\ \1-tn~.-bt<'l~'·-~-..::

.nh,in-

drazid.e. Al. .'l.Lihert'n~ jun..-:twn: BTB. ):.\(,.._,,:J.-te-.tt-- \.',Hrlt'C ( .. i-.._ rr,>tetn 

tYW~ine kina~ that rh .. --.-,;.rh .. )r;:btes -.r..: t<1nHh' ktn.t~·--- ES. ~'\:hlr\.1--tnt,· 

:'Pn:i<1hzatwn: Fl2, Ham-"' Fl2 nutrit•nt mi,turt'. L-\L f._x,ti adhe"-h'li 

c~'mpi<=''-. L--\h. t .. xa\ adhesi,..,n t..,na,;..•· fiT C. t1lll'r~·~..:~·tn ~~'tht,x:\ .1n.1h' 

GCC\\. );t:'rm ..:t:'ll·..:llndttil'Ot::'•.-i m~mm: i..;l ~·'F Jun~.·tt,m. ill-.. \1\h .. ·_~ru;

ltnked kina~e: lP, tmmum-.rrt'l:ll'lttti .. ,n \1, .. rt'\,1tt\,' nw\,...,:ubr m.1-.,.. 

\:P---kl. :\nnidd P--h': Pl:>k t'h''~rh.tti .. h-\in,,,.it .. -.1-.'--ktna"'•': rl ~~ l..h 

}'fl1tein en..:cx-l..:'d. by Crka~ ~ene a\-.,-. c.tlh•.J Crk-,t-.:-(Xt.lt<-Yi ~'f<':t•m 

P\15F. rhen~·\meth;- bultllnvl t1u,,ridt·: Ptdln.-.t-l.;li':. ~--.h,,-.ph.lt
tJdnh>

~itol .f,::;-bi:=;rh,--,~ph.tt._>;
 .SH: Sr.: h .. ,m .. 1\,,:-::;,- 2 d,,mam: Sr.:. a rr,'lt'Ln 

tryo:=-tne kinas<:> of tht::' tran~t .. ,rnuns ~t'nt' <.1t R''lb -..u..::,,ma 'tru-. 1 bt-....h:i.(.,._ 

Src. thi:=; t.1mih- include~ hn_ ). t':". F~r. L\·n. H..::k. Ld,,_ Bli-.. ,m.J 1 rk 

rrotein~1: Tl. ti~ht mndil'n 

the site of apical ES with weak st.aining at the basalES in the 

seminiferous epithE"Iium in a st.age-spt""Cific manner. being 

highest at st.ages \1-\lll. In contrast~ FAK was largt~ly n:-· 

stricted to thE" basal compaMment but voith weak ~taining at 

the apical compartment. ""hen rat.s Qoere treated with 1· 

!2.4-dichlorobenzyll-indazole-3--car-bohydrazidP 1 AF -23641 to 

perturb Sertoli-genn cell A.Js. an induction of tJl-intt'1trin. 

vinculin, p-FAK-Tyr-19
-;-, PI3K. and p13(J Cas but not the non· 

phosphorylated form ofFAK and paxillin was also detected in 

the testis, coinciding with the time s()('rmatid!ii bt:--gan to de

plete from the epithPlium. indicating their involvement in .-\J 

disassembly. ThE"reafter. the lE"vels of vinculin. p-FA.K-Tyr
1~7 • 

PI3K. and pl30 Cas in tht" tE"stis plunge-d. coinciding with tht:' 

de-clining pvents of AJ disruption "M"h('n virtually all spenna· 

tids were depl('t-ed from thE" epithE"lium. Taken colle-c-tively. 

thPSl' rt'sults suggest a bifunctional role of p-F.-\K bt>-ing in

volved in the evt:'nts of ~rtoli·gf."rm N>ll AJ a.ss.embly and 

disassembly. In summary. thE" e,·ents of AJ dynamics in the 

testis, in particular at thE" !>it.e of ES. art' n'gulated. at lea~t in 

part, by proteins that are found in thf." FAC in other epithelia. 

such as .Ul-integrin, vincuHn. and FA.K utilizing the int.egr-inl 

pFAKIPI3Kipl30 Ca~ signaling pathway. 1En.docrinolog~· 1-t-a: 
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herin~ il'r an...:h,,rin~t ittndl .. -.n_-._ J.!...._-. lrh1\\f\ .1-- ,1 .. ihcr~.'n-. 

junctinn:- t.-\l"l . .._ie-.m,,:"-{,nk :un~.·th'Ib Mh.i i,x,1) .._:,,nt.1..-t"- m 

other t?pithelia. re-..pe...:ti,-d~ ·r·._,r Tt'\-1'-'''-,.. X'\.' R...r-._ l-'-• F .. ·. 

h"~pla~mic :'-f't.....-:iali;~1th111,.. ·E~:--' .nc --r"t.-..::t.~;u~·.._i ,l...:tm-b.l't.'--:1 

cd!--cdl _.\f ... uni~.lllt.' tl1 the k:"-ti:-- Tik~: .Ht' r,,un.._i in ~'rt,,lt 

(t~H,.. at th.t.' :"-ik..; tn \\-hk·h J~._•\ d~'rm.,:: .1.n .. i m.1t1.Ht' :"-f't.'m"t.1tt<.·b 

attad1 (arical E::-1 ,m._i t't.·tv.-e~·n S....rt,-.ti ..:~.'ll~ .1t tlk b.1 .. ~1l Ll'm

p,1rtnwnt if-,1,....11 E~: Ret ... _ l -l .. l.Ih1 ;__ Tilt:' mrn .. 'h'r ,,f b-,1 ... 1! 

.uh.-:1 ·1f'ic,1l FS ar~..· l':--'"'-'ntui h'r tlw Dh1'\~,.'md1t ._,f ~r't.'rm.lt•'·

..::-:te_--. a..:rl, ... :-- the ~·nHnif~.-r .. ,u:-- ertti1t.'llurn !', .1n .. i t\-w nl'-'"' t.'

nwnt ,..,! :'perm.1tt .. i:-- .1nl1 the rt?iL'J"-t.' ,,t· :'-t""·erm nn._, tht.' tut-.ui.H 

lumen at -..r•t.•rmt,ltll'Il · :- re-..~""-'>:tl\ d: 

~'\era! rr,,km ... ha\ .._, b-L''n l~.ietHtilt\..i ,1t tht.' :--ltt.' ,,f ES 111 th~.· 

tt.>sti:--. \\-hich mdude ur"Jl mk'::nn ~~ ~~ \II"t..:ulin 1h11: n· 

,Ktinin 111 i: !tml'nn · l•.'• e,..t'tn l:.· nn .. 1~in \"11.1 1 L'-1: ..::-Sr...: 

1 1-l J. C :-k. 1 l-l1; mk'~rin-hnk.c..i k.1
n.1~-t.' , !L k • · t ::- ,_ :::::d:--l1ltn 1 I tll 

plw::.ph.1ti,-iylnh':--it,,l -t_::;-h:--rh .. ':-rh,He Pt~.iln_-:.1 -t :-11'. R.et 

ltl\; rhl'_-:.phl'liW--itidt?-
~rt'>:ltlL rh•':"-rh,

1 h~-..1:'-t.' l." 'lr-•: Fvn .. 1 

membt?r l't th~..· Sr..: tam1l~ f'r .. ,km ryrc1:'-ll1t' ~H\.1~' 1:-- 1 . k.~,.•.1r 1 

! 1.-:.•: ,1n..i tt..>stin 1 l~i . .=:t~,_ l:L't littlt: I" k.n .... wn .1b-...'ut tht.~' n"tl'l· 

t'ett!e::. f(>~ardin~ tht.•ir tunctil'l1 ,1n .. i ft'~Ld,1th1n tn the k~t1-. 

In thi:,-; rerL'rt. we h.we :rnt~ti:::Jt~i th~.' r .. ,[e~ .. ,f Jl-mte~rm 
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and vinculin in AJ dynamics using Sertoli-germ ceH cocultures i11 vitro. These proteins wer(' selected because they are known to colocalize to the actin filament bundles at the site of ES in a stage-dependent manner (9, 15,2 I) and are putative constituent proteins of ES. Recent studies have shmvn that 1-(2, 4-d ichlorobenzy 1)-indazole-3-ca rboh vd razide (A r-2364) is a potential male oral contraceptive that can induce germ cell loss from the seminiferous epithelium possibly by disrupting the Sertoli-germ cell AJs, such as ES, in the rat testis, without affecting the hypothalamus-pituitary-testicular axis (22, 23) and AJ structures in other epithelia (for re\-ic,.v, see Ref. ] ). Also, this compound is neither nephrotoxic nor hepatotoxic (1, 22, 23) unlike its analog, lonidamine !H2,4-dichlorobenzyl)-indazole-3-carboxylic acidj, which is knov,rn to disrupt the stress fibers and microfilamcnt network in Sertoli cells when administered in uivn by ga\·age but is toxic (for reviews, see Refs. 1 and 24). As such, this AF-2364-induced germ cell loss is being used as a model to study the cascade of events leading the disass1!mblr ofSertoli and germ cell AJs both in viz,o and in I'itro. Studies by immunohistochemistry using a spl'cific phospho-Tyr antibody have shown intensive staining at the site of ES (14, 15), indicating that at lea't some molecules dt thi' site can be tyrosine phosphorylatt,~d. There are also reports illustrating focal adhesion kinase (FAK) can bt'come tyrosine phosphorylated in cells upon integrin clustering or during integrin-mediated cell adhesion (fo:~ revie\VS, see Refs. 25-· 28). Activation of FAK occurs during its interaction with the cytoplasmic tail of the clustered {31-integrin (for re\·iew, see Ref. 26). On activation,autophosphorylation of FAK at Tyr397 takes place; this in turn creates a binding site for the Src homology 2 (SH2) domain of Src or Fyn (29, 311) and other effector molecules, such as phosphatidylinositol-3-kinase (Pl3K; Ref. 31). The coupling of Src family protein tyrosine kinases to this FAK/Src complex can further modify FAK by inducing phosphorylation of FAK at Tyr"' 71
' <lnd T yr"'77 in the kinase domain activation 1o_op, which enhances its catalyst-ic activity (32), or else at Tyrn-~, which creates a bjnding site for the adaptor Grb2 SH2 domain (33). Besides, Src kinasL'S Ciln phosphorylate other focal adhesion-assodilted substrates, such as paxi!lin 134) and pl30 Cas (35, 36). Treatment of cells with cytochalasin D, also known to disrupt actin filaments in ES (37, 38), that disrupts the actin cytoskeleton can also inhibit the phosphorylation of FAK (39, 40). It is therefore logical to speculate that j31-integrin at the site of ES activa_tcs FAK, leading to changes in Sertoli-germ cell AJ dynamics. To test this hypothesis, we have investigated: 1) the protein levels of FAK, p-FAK-Tyr'"7

, Pl3K p85tt paxillin, and p130 Cas during Sertoli-germ cell AJ assembly and disassembly both in vitro and in vivo; 2) the localization of FAK, p-FAKTyr147, and p-FAK-Tyr"7
r, in the seminiferous epithelium from normal and AF-2364-treated rats; 3) colocalization of p-FAK-Tyr397 with vinculin, a putative ES-associated protein (10, 15, 21), FAK, or Z0-1, i1 putative TJ-associated protein (41) in the seminiferous epithelium by immunofluorescent microscopy; and 4) the constituents of the molecular complex that is present at the site of ES by immunoprecipitation using an anti-p-FAK-Tyr397 antibody. These results suggest that the dynamics of ES, a testis-specific, cell-cell actin-based AJ structure, are regulated by some of thf~ same component 

Siu d a!. • Adhering Junction Dynamics in the Testis 

proteins, <jLJCh ,1s FAK and /31-integrin, that are found in focal adhesion complex (FAC) in other epithelia at the site of cell-matrix fc·cll contacts. 

Materials and Methods .Animals 

.\f,l]t> Spr<lf_:;ll( Dawley rats ranging between 1 and 120 d of age were 
obtained from ( hilr:cs River Laboratories, Inc. (Kingston, MA}. Rats wen-' killt•d by c-: 1~, asphyxiation, and testcs were retnO\'ed immediately for the ;solation of tl'sticular cells or for RNA extraction. Tiw use of ,mimJls for :-.tuda's described herein was approved by the Hockdeller Cnin•r·sity Anirn.rl C,1re and Usc Committee with protocol no. 97117 and 00 Ill. 

Preparation ol testicular cells and spent media 
Scrtoli !'ell (11//un'c. ~1crtoli cells were isolated from 20-d-old rats as previously dcscribcc1 

( Jl!, -+2). At low cell density (5 X 104 cells/cm2
), 

intcr-Scrtoli Tl:-. L• ,u~d not form because of the Jack of dose proximity betWl'Cn ctolb rl'r::J,·rrng them incapable of assuming the columnar sh~1pe, \'\·hich i.e. C:Wl/Ht)Jl in Scrtoli cells when they form TJs in -udro (42-44). i\'om•tlwl1·s~·,_ b,)(-h AJs and communicating gap junctions (GJs) were present (l'i, ~-1·,. !~oldted cells were plated at 5 >~ 10"' cells/cm2 in 100-mm P<.:'tti di~h('S in Y ml serum-free Ham's F12 nutrient mixturc and DMHA (F l2/D\1E \1, Ll, \ ol I val; --4.5 X 1011 ce!ls/9 ml/100-mm dish) SlJpplementL'd witlr i :'i ml\-1 HF.PES, 1.2 g/liter sodium bicarbonate, 10 
J-1./!,/ml bo\'ine in-,ulirr, "i gg/ml human transferrin, 2.5 ng/ml epidermal gnnvth fa,·trlr, 2(1 !ll1~/ li!('J" gcntam icin, and I 0 Mglml bacitracin. At high cell density (0.5 or 1. Ill" cells/cm2

), all three types of junctions (Ds, AJs, Jnd Ch) Wl'fl' formed. In some cxperiments, cells were plated on 
~CJtrigcl-cnCJted (CoJL-rborati\-e Biochemical Products, Bedford, MA; diluted l :7 \-'\ ith Fl2/I Jt-,.'lf\1, vol/vol) 12-well dishes (Corning, Inc., Corning, NY) at J densit1.· nf I X J()" cells/em=- as previously described (19, --i:S, 46). These cu!tun_'.' were incubated in a humidified atmosphere of 9'5'~;, air and .S'\, CU- (•:ol /\ ol) at 35 C. Unles::. specified otherwise, time 0 represents Sertoli L<'li cultures that were terminated approximatdy .3 h after plating. After -+~ h of incubation, cultures were hypotonically treated with 20 In'l-1 r·r·s (pH 7.4) for 2.5 min to lyse t11e residual germ cells (47), to be follo\•·ed bv two successive washes with F12/DMEM to remove gL'rrn cell dt bri~- \redja were replaced every 24 h. For adult Sertoh cell culture~, ~-·.ert(lli ccllt-t were isolated from rats at 45 and 90 d of age\'\ ith d puritv r,f <ipproxim<ltely Y5% as previously described (48). The purity of thl''>l' St•rtn!i cell cultures were analyzcd microscopically (48, -l9J <1nd by Rl-I'CI~ u~ing primer pairs specific to markers of Leydig 

cells (J{::l-hnJrox} ~ter. lid dehydrogenase), germ cells (c-kit receptor), and pnitubu!.Jr /11\\li.i d'lis (fibronectin; Ref. 50). 
Germ cell cu/f,trt'fi. -Jut. :I ;c;t·rm cdls were isolated from 90-d-old rats by a mechanicCJI procl'du ·"-' <1~ prc\'iously described (51). Scquential filtration::. were periormcd !o r·emo\·e ceJiular debris, spermatozoa, and elongated spcrrnatids. \\'h 'I" the final preparation was analyzed by DNA flow cytometry as l'r' ·\·iou::;ly described (51) and direct microscopic eXilmination (.31), it c• •n:,i::ted largely of spermatogonia (17%), spermatocrte'> (18",-,.), and -·ound (prpstep 8; 57~',) and elongating (step 8) spermatid-; (8",ni. Thl'sl' gc•nn cells had a purity of greater than 95% \vith nPgligible somCJtic cl'il ,:('Illclmination when examined microscopically and asses::.cd b>,' othcr cr'1t• '[l,,l, such as RT-PCR to amp! if\' tcstin;a known Sertoli cell F'rnduct (_:;J. "i."~); c-kit receptor; a spermatogonium product (54); 3,8-hydnn y steroid dehyd rogenasc; a Leydig cell product (55); and fibronectin, <l rnitubuL1r myoid cell product (56). The cell number of freshly isolated germ c,_·lb \\·ac; determined by a hemocytomcter. The desired cell density ""',lS, J]·,blined by reconstih1ting cells in F12/DMEM, su~1plemented '.\·ith h nr \1 sodium lactate, 2 mM sodium pyruvatc, 20 mg/liter gentamicin, ,l111l 10 .u:g/ml bacitracin and were used within 1 h for coculturc e:.perimt'l" ts. In st>lected cxperiments (see Fig. 78, hm>cr 

pan!'/), elongMr'd spt•rm.~tid:-. were not removed by omitting the glass won! filtration steps. 
To assess dlilllgl's in t<~rget gene cxpression in germ cells during 

mnturcltion, gcrrn cells 1.\'l'fl.' ,,!so isoli:lted from rat tcstes at 10, 15, 20, 45, 60, 90, and 2Jl(l d (lf agr' ,'·, dc.~cribed above. Freshly isolated germ cells 
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\,·ere terminated \::ly R.'.--\ 51.--\ T-bO (Tel-Test Inc __ fnend~\Vllf'•.:l. f\1 t't.~r 

R'\.;A e-..tractit~n. 

Prq'.l•·,;t ion L:' _('tniJ c·,·!l-c"<'11,irhcnt.i mtdw.•1: 't..~L-C\ I' Fur th .. • t~r .. T.uat~<•n 

ot GCC\ L fre~hly is..,bted ~t:rm cell~ \\-L'rt' ._·ulhirL'I..i at P._\ · JtY' (t'\b (n1 · 

in a ll'CI-mm d.1:"h !22.5 • w-- ..:db q m\ ll\1-mm dt .... hl .md in..:ul~.1k..-l. 

in a humidified atnw:-phere .._,f y:;·· .. air .1nd _:; . CCI:(\,,) \ ,,]l at _\5 C r,>r 

1t-> h. St~ent media \\·ert.' (o\le .. .-ted . ..:~._·ntritu_>;l'd. .1t ~~\1 · \ tur 1 h t._, renhl\ e 

n•sidu.1l ~erm cell.;;, iollm\l'd Dy 3t\\) '- \·t .. ,r 1 h h> rem,,\·e.:e\lu\,u .. 1d>n-. 

and de~i~ned CCC\! CCC\ I were ..:<..'IKt:ntrMed D_v a \tinitan t.1n~enti.1\ 

ultra.tiltratiLmunit t.\tilhr .. ,r .. • CLlrp .. &-dtl'r .. t \L\1 equtrt~ .. ·d \nth .. ·i~ht 

\tintttm !-"'late:- [rebtiY<.' nwk>t:ular ma~:' t\t,l..:uh>tt .1t \t1 \...D.1j .• 1!kl. 

filtered thwu?'h tl_:-p.m tilkr units. The 1-"'Wkin (L'nknt w.1~ t•:-:.tim.lkd 

h· C0 .. ,mas:c.i .. • Dlue d~-e-bmdin~ JSs..1v u~tn~ BS.-\ a~ ,1 ~t.wd.ard 1 =;:--1. T,, 

stud\- the etfe-ct::-L,f CCC\t pL>k·in <'11 S<>rt..'l! ..:ell tar~<.'t ~'-'IW '--''P'-''"i,,n_ 

CCC\1 were in..:ubated with S..'rt .. ,li cell,; ..:ulturt..'Li alt,ne t't'r :" Li at:; · 

\\)~,-ells em= tna ll\1-mmd!:"h 1 ·--t5 ·- lt1- ..:db q m\ medium ~~L'r~h ... hl 

at .1 LL)tKentrat!tlO ,,f 1. 51.\ 5(11.1. and I"\'~' p.~ rwtein ml i,,r: h bdt'fl' 

terminatton f .. ,r R'\.--\ l'-..tradtL'11 

Pr,')\1'',lfi,•n t'' '1c'1.'~·;_J/•!,· \'<'r."i ,,-1!_~ T,, analyze th<-' di~.-•..::1-. uf !1<1!1\ !.It•\,· 

~enn ..:ells L'n ~rtp\i cell J3l-inte~rin .10..-l \·in..:ulin e-..rr~.-·-.~1\111. ~erm ..:,·\]... 

iso\.1ted fre>m adult rJt tl':'h:>~ \\-t'Tl' :'k'r .. ·d .u -t- C f,,r .lrFr .. )'im.ltl'!:- :-t- h 

in f 12 D\\E\1 \nth 2\11..1 m~t plwm·lmdhybu\t .. -.m-1 ilu,,ridl' { P\ I~Fl ,md 

2 111\l EDT.-\. Tht>St:' nonnable ..:db . ..:Lmlirnwd l)\- ~.-·n·thn,:-irw r<.'L1 Lh-.. · 

e_-..c\u."-WO te,;t 15f.l. Wt'rt' Wil,;hed h\"\(l' in F\2 o~dE\t"l)\' L·entritll\.::.ltl<'l1 

at f.L1(1 ·, (. 1(1 min .. ·a..:h, ,md b\·ert.'t..1Lmt,, tlw ~·rtult . ..:~.-•11 {-t-_:;' · lt1" 

Ct>lb 9ml-Fl2 0\\E\1 rcr 101..1-mfn di:-h! !lhltll'byer th.1t had l"t."-'1\ ..:ul
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tc1und m :·:~-.· ha,i bt.'t"n d.:t..'(tt·d b...t•,-t"'t'n S...•rt,,h ..:d\-. .1nd -.ter " ~r-.·r

mJ.tid-; 111 --::-~,, lt'".ll Thi::- j.., n .. ,t enttrt.'lv "llf}'n"\11~ t~·.:.lu~· FS ..::.m b .. • 

·orme·..i l:>et•\-._'t:'n St.•rt..,li .:db .1nd stt>r~-: ,;, r,nm~-t :-~~·rnul\ .. 1-. :•: :·::' tf'2 
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doses of AF-2364 (L 50, and 500 ng/ ml) and terminated ,lt specified time points. 

Treatment of Scrtoli cells with AF-2364 and !onidami11e !1-(2,4-dich!orobenzy!)-indazole-3-carboxy!ic acid]. Sertoli cells (0.5 X l(Jh cells/em=') it>olated from 20-d-old rats as described above were cultured for .S d alone and then incubated with 1,50,and 500 ng/mlAF-23h4 for 1 hand terminated thereafter. For lonidamine treatment, Sertoli cells were cultured for 2 d and then incubated with 1, 50, and 500 :::-tg/mllonidamine for 24 hand terminated thereafter. 

Treatment of germ cells with AF-2364. Germ cells (22.5 X W' cells/9 ml per 100-mm dish) isolated from 90-d-old rats wen· incubated immediately with I, 50, and 500 ng/ml AF-2364 for 1 h and terminated thereafter. 

Semiquantitative RT-PCR 
Total HNA was isolated from tissues •Jr cells bv R;'\1A STAT-60 (TelTest), and RNA concentration was quantified by Spectrophotometry at 260 run using an RNA/DNA calculator (model Gt>neQuant Jl, Pharmacia Biotech, Uppsala, Sweden). Semiquantitati\·e RT-PCR ~vas performed essentially as previously described (45, 46, 65, 66). To enhance the detection sensitivity and to yield semiquantitative dat<1 for cmalysis and comparison after densitometric scanning of the rc:oultant autoradiograms, a trace amount of [ y-32P]-labeled primers WE're also included in the RT-PCR tubes. Briefly, the sense primert> of a target gene and Sl6 were labeled at the S'-end with fy-' P]-dATP (specific activity, 6000 Ci/mmol, Amersham) using T_. polynudE·otide kinas<-' (Prom ega Corp., Madison, WI). Approximately, 1 X W' cpm were used per PCR and the ratio of the [ y-:nP]-labcled sense primer of a t<~rget gene tn f y-' 2P]-L:.lbeled 516 was the same as the unlabeled primErS. To ensure the linearity of a target gene and 516 during their amplification, 10-,ul aliquots of PCR products at 18, 20, 22, 24, and 26 cycles were withdrawn and resolved onto 5";0 T polyacrylamide gels using0.5X TBE (45 mM Tris-borate, 1 mM EDTA, pH 8.0) as a running buffer in preliminary experiments. Abo different concentrations of primer pairs, reverse transcription products and annealing temperatures \vere used in preliminary experiments for each target gene to ensure its production and SJ6 in each PCR experiment were in linear phase. Because of the disparity between the endogenous levels of a target gene and S16, the linear phase of the housekeeping gene, such as S16; was close to its saturation phase. For the target gene, its linearity ·was at its exponential phase in the PCR. It is because of this disparity issue we IMd made every effort to include results of immunoblot analvsis to verify dahl of RT-PCR Furthermore, the additional protein analy;;is ensures~thc1t the detected changes in mR.t'\JA levels indeed translate in·:o functional proteins, which are the effectors to induce any phenotypic and/ or cellular chcmges. The PCR products were visualized by ethidiun bromide staining and autoradiography was performed using X-OMAT AR film (Eastm;m Kodak Co., Rochester, NY) after gels were dried. The autllellticitv of the f'CR products for {31 integrin, vinculin, and 516 (Table l) was Confirmed by direct nucleotide sequencing as pre\'iously described (.fh, 61). 

Immunoblotting 

Total Sertoli-germ cells lysates were obtained from cncultures plated in 12-well dishes at specified time points. BriC'fly, spent media wf're removed from each well, and 1 ml SDS lysi~ buffer \\as added to the remaining cells. The solubilized cell suspension was transferred to a microfuge tube, Yortexed, incubated at room temperaturt' for 5-10 min, 
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and centrifuged at 1.5,000 X g to remove cellular debris. The clear supernatant was ll">l'd as whole-cell lysate. Protein content was estimated by Coomassic blue dye-binding assay using BSA as a standard (57). Equal amounts 11f proteins (·-100 ,ug/lane) were resolved onto 7.5% or JO':'o T SDS-polyanylarnide gels by SDS-PAGE under reducing conditions (0) and o.ll"ct.':oblotted onto nitrocellulose papers. Membranes were blocked \vith 6''·o nonfat dry milk (1\Jestle, Solon, OH) in PBS-Tris (10 mM sodium pllCl-;phate, 0.15 M NaCI, 10 mM Iris, pH 7.4 at 22 C) containing 0.1 ',, r">•:een 20 (vol/vol). For immunoblotting, the following primclry antibuCie·; were used: rabbit anti-{31-integrin (catalog no. sc-8978, lot no. 822·1 ), rabbit anti-FAK (catalog no. sc-55H, lot no. J051), and mouse anti-PP.K p'!Sn (catalog no. sc-1637, lot no.] 101) \\-'ere from Santa Cruz 13iotechnol(lgv, Inc. (Santa Cruz, CA). Mouse anti\·inculin (catalog no. VCJLH, lot n.). 7CK.J.S77) was from Sigma (St. Louis, MO). Rabbit anti-p-FAK-Tyr''-· \dtalog no. 07-012, lot no. 21019) and rabbit antip-FAK-Tyr~7" tc:;t,llo~ no. 07-157, lot no. 20262) were from Upstate Biotechnology, he (Lake Placid, NY). Mouse antipaxillin (catalog no. P13520, lot n< 161 and mouse anti-p130 Cas (catalog no. P27820, lot no. 7) were from·; r;msduction Laboratories, Inc. (Lexington, KY). These antibodiPs wen· known to cross-react with the corresponding target proteins in rats a-: . ndi..::ated by the manufacturers. After the t-~rim,lr'i antibody incubation, membranes were incubated with either one of the following secondary antibodies depending on the source of the pn;11.-1n· antibody. These include goat antirabbit lgGhorseradish pero,.idase (catalog no. sc-2004, lot no. G091) and goat antimouse lgG-h_w,er,tdish peroxidase (catalog no. sc-2005, lot no. H231), which wen' t•urchased from Santa Cruz Biotechnology. The blots \Vere then de\ clnpc:l with an enhanced chemiluminescence system using a kit from Am·.'f:'h;lm Pharmacia Biotech (Piscatawav, N)). We have listed both the cat: [t,g c1nd lot numbers for each specifiC antibody used in this report bt'Ca .1se pn'liminary experiments have shown that several antibodie:. from otJ1t·r wndors failed to yield satisfactory results. 

IP 

About :lOO J.Lh rmtein of whole-cell lysates of Sertoli-germ cell cocultures (in ~·250-"iOil 11.l sample size) terminated on d 2 after addition of germ cells onto thl:' S<:'rtoli cell epithelium and seminiferous tubules after 36·-4A h in culture, and lysates of adult rat testes were pretreated by incubating with ::i ;.d normal rabbit serum for3 hat room temperature to be followed by ~W J.d protein A/G PLUS-agarose (Santa Cruz Biotechnology) for 1 ·1 to eliminate proteins in the lysates that would otherwise nonspenfically bind to rabbit serum proteins and subsequently bound to r•rotein A/G PLUS-agarose. The lysates were then centrifuged at 1()()(1 .< X for 5 min to pellet the agarose beads and supernatant was colh·cted. Two microgram of either anti-FAK or antip-FAK-Tyr1''7 antib{ld\' were added to the supernatant and incubated overnight. Thereafter, 2(] J.Ll protein A/G PLUS-agarose was added to the lysates and incubJ.t1'd for 4 h. The samples were centrifuged at 1000 X g for 5 min ro co!lt>d pdld. Supernatant was discarded and the immune complE·xes were wa"'hcd fnur times with IP buffer. After the final wash, the immunocomplcw~; \vere resuspended in 50 ,ul SDS-PAGE sample buffer [0.12) M Tris pH 6.H at 22 C containing 1% SDS (wt/Yol), 20% glycerol, I .6°/•J 2-ml'f•, afltoethanol (vol/vol)] and heated for 10 min at 100 C to extrac1 the prr,tt:'ms. Beads were pelleted by centrifugation and supernatant was colit>dt'd and resolved by SDS-PAGE using a 7.5'/u T polyacrylamide gel c Yler reducing conditions and were immunoblotted with moust~ anti-p-Ty:- (p-Tyr-100; catalog no. 9411) (Cell Signaling Technology, Jnc., fle·.·l·rly·, \1A) or anti-FAK antibody (for FAK immunopredpital·lon cxr~el·imenl); and anti-}31-integrin, anti-vinculin, anti-c-
TABLE I. Primers used for semiquantitative RT-PCR to assess the steady-state mRNA lenb of }31 integrin, vinculin, and 816 

Length Annealing 
(bp) temp. used Ref. 

(C) 

Target gene Primer f>€quence Orientation l'os·tirJn 
}31-Integrin 5'-GAGGAGGATTACTTCAGAC-3' Sense 519-5:::7 303 58 81 

5'-AGCAGTCGTGTTACATTC-3' Antisense 804--821 Vinculin 5'-CTGGTGGACGAGGCTAT-:J' Sense 21:34--:2.l50 290 59 82 
5' -ATGTTTCCAGCCACAGC-3. Antisense 2407-242:3 Sl6 5'-TCCGCTGCAGTCCGTTCAAGTCTT-3. Sense 15-:38 385 58-59 83 
5' -GCCAAACTTCTTGGATTCGCAGCG-3' Antisense 37tJ-:lH9 
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Sr..-: (catalog .0"- S-C-~U36.1L't nl1. CU51: ,~nta Cruz BiLllechn,,J,,:-:~·1. L'r 

p-F.-\K-Tyr'" antib(h.-1.~- tt<.1r P-FAK-Tn"' immunoprt\:irJt.HiL'n t''-f'\-'r

imentl. \\-hole-celllysate:<- ~.1t. S.;rtoli-~erm ..:ell (Ll<.:uitures iSL'bted ,,n ,-l, 

2. and testicular \~·sates and Llr ~mimterou-; tubular lysatt>S with,,ut 

incub,1tion with antibLldies 1.1r with incu'bati,,n with nL'rma\ rabbit ::-enm1 

were use·d a:<- negatin~ ..:ontrob 

Immunohistochemistry 

ImmunohistLx:hemistry wa:; performed ILl kxa\iu F.-\K .md p-FAK m 

the ,eminiterous epithelium ot normc1l an,i .-\F-2.3N-treated r,lt test"'"" 

essentially as pre\·ious\~· de:'-<:"ribed lb..~-7Ll) using H1stostain SP f..1ts 

(ci"\talo~ OLl. Q5-61-t?q tr,,m Zymed LaboratLlri6. Inc CL'fF· 1Burhn~,1me. 

C.-\ Briet1y. ammab were killed by C02 asphy,iatiLm. Teslt:.'":" were 

rt'mm·ed immediatdy. embedded in O.C.T. (Llmpound t\\i\e,;. ~~enhf!..:. 

EIJ....h.::rt, I'\ 1. and truzen in liquid nitrogen. All tissue t-kxJ....s ""L're sk,rt'Li 

at - ~Ll C until used. Frozen ~cti~.,ns IS p.m thicJ....l were cut at <~Ll C with 

a disp0::-able t>lade in a cryt,,;tat 1 Hacker. Fairfi.;\d. ).;) l .1nd nwunted ,111 

F'oJ:·-L-lysine !Sigma. \1, > 151..' kDakoatet.i gbs:-; :-;\ide.,;. St:-ctH'n:-' wer.; 

,lir ,hied at n•um tempt'raturt'. fiwd in n"llxiifit'd B(.lUin ·" ti'atiYe for ::.-tl' 

min. and washed thoroughly with PBS 1ll) m~1 so~ilum phL)sphat.:>. l'-15 

'-i ''-:aCl. pH;-.-! at 2.':' C). Streptavidin-bi,,hn pew,idase immun,,stainm~ 

\\"'1:'- redL1f01t'd as iLlllO\\"S. Briet1y. fi,ed sections \\"t'fe treated \\"ith 3 

hydrL'gen pew\.ide in mt>tham1\ fL1r ~min tLl blc~.:k end<.l~t'nL'll" pt'fL''

idase acti\·ity. Tu minimize tht' nonspecific ,mtibl~o.:ly bindinr.:. ~~:cti,,n:<

were incubated with a serum bkx:kin)"; SL'lution 1 Zymed LabL'ratunt'"::'. 

lnL. Ct,rp. l Dr l(l'' ,, nonimmune gtlat serum. ~tiL1ns Kere then 1n..-:ubatt'd 

with primary antibodies in a moist chamb.:r M 35 C Ll\"emight. Primary 

antibcxiies were ust>d \,·ith the following dilutiL1n: rabbit .mti-FAr-:. 1!:~ 1 

tt' l.lLXIL rabbit anti-p-FAK-T.vr'~- tl:ll'IO to l:2SOL .1nd rdbbt antl·p

f..\K-Tn'-"' 11:2ll Ill Ll50l Sectkm.;; were washed thL'rnughh· with PB~ 

anLi inCubated with bohnyl.lted ~L,at ,mtirabbit lgG tor .31.) min and then 

\\·1th the strepa\·idin-pt>W\.idase CL'Il\uhate tor l\.1 min. St.'L·tiL'O.S "·en' 

twated with the aminc>ethYkarbazo\e ml,hlrt' \Substr.lte-.:hn.lmLlgL'n 

mi,turel for ::.-Itl min. SectiL~ns were CLlUntt'ro>tained in hematL,wlin anli 

mclunted. ~tiL'ns \\·ere e'amined and ph~.1topaphed m .1 8\.--h) iO\ym

ptb Corp., \\eh·illt', ).;\ 1 u.sin~ planapc..:hromat · ll'. · :'.ll .• md · --1-11 

l'bi<'Cti\"t"S and an ."2 . .1. blue filter 

All micro~raphs were di_..::itally -l(LlUired us in~ a di~ital ima~in~ ..:-.1m

er.1 10h·mpus CL'rp.l interi.1.::ni to .1 \l,lcmtosh G-l CL'mputer runnin~ 

under \\ac ()So_:__::. and an.1h-Le~i bv .-\JL~be Ph,ltoshL)F 1\'t•r-;i,,n :-.111. .-\t 

least 5lLH),.) SJc"'<:tiLms were e~amin~d twm each tt':'h:' ,1nd ,;t \e,;_:;t thTL't' 

r,lt-. were us.;d per time PL'IIlt in e.1ch e\.perimentdl st't. CL'ntr,)b CLm

'-'lSted L)f: ll st.....-:tions mcubated with PB5 in.stL'ad ,,f the spL'..:-ih..-: pnm.lr\ 

antibod\·; 2) ;;e..:-ti,lns incubated \\·ith m1rmal r.1bbit serum .1t tlw ,...J.me 

,_--::ilution- as (lithe srl'cific primary .1ntib.-...._1~- but L~mittin~ the pnmM~ 

an:ibodv incub<Hil,n: 3l the St'.:tmdar~ anti'olx1y repla.::ed with n<'rmill 

r,;hbit ::>erum: and --1-) ~tions incub.1ted with the rrimary .m!Jb,-....h- that 

had been preabsvrbed \\"lth h·""';te~ L~t 5<.·minifewu::; tubule~ ,,r L"l'nlrL'l 

reptides pw,·ided by the manuf.1..-:turer \StiL·h as ~;nt,; CruL Bn'tt"Ch

JWIL,:;yl. c,1ntml and e'perimenta\ ~Jidl":' were immun,,stamed :-1mul· 

t,nwoush· in th.; ,;.ame e'renment ""-"":-i,,n_ FL'f pre.;bs,~rbt:-(1 c,mtn~b. 

,J~Tro'iriMtely 51."\ I p.'f, pr,1tein ~.,f :-emmifen.~tb tut>uk !~·s-;te ll'>r ~l\1 

,li~ bkxking rep tide if a\·ailable fwm the .mtibl-....h" wn,i.~rl In l\l j.i.l 

·mmunL'preciritation b~Her bet' abon"l was ,1d_l~ed h' 21\l p.l Jdute~i 

r.1bbit dnti-p-F.-\K-T\TN, rabbit antl-r-F.-\k-TH' ~- ,,r rabbit anti-F.-\k 

.1nd incubated o\·emight at -l C with a~itatllln bt'f,,re tt w.1s tJ"-."'Li f,,r 

immunostaining. In all e'rerimt'nt::- . ..-:~.mtr,,l ,..\t~1t":' yiddt'Li n.mdetl'\:1-

,;ble stainin~ i\lustr,;tin~ ;;p-t."C:Ii..-:lt~ ''t the -.t,1imn,:: TL'"u\t.s 

I m m u nof7uorescent microscopy for co[O<·alization of p- FAK. 

t'inculin. Z0-1. and FAK to the ES in the semir1i(erous 

epithelium of rat testes 

To wnfirm results L'i the immunopr ... ....-:irlt<lthl!"l t.''-F'-'rtnwnts th.;t r·
FAK the phosph0rdatn-i lacti\·,;lt'dl i~. .. rm ~'i FAk llhi<-'-'Li ,b.,...,X\.lte-.; 

\\·ith the apical FS at th._, adlumin.1l ._-:,,mr,;rtnwnt ,,f tht' 't'minit·._,r,,u ... 

erithe\ium. immunLlt1liL)res.::ent mi..-:rL1SCQFY was perfL1rmed t::":'~'nt!,lll\ 

as pre\·il1usly described for testin 1::Ll) and cadht'rin ..:,ltl'nm 1~)1 ir,,m 

this laboratory DLll!ble-t1uore.;cent prLlbes. namely t1UL1fl>.s<.:t'in iSL1 th!,>

c\·anate (fiTCl and CY3. \\·ere U:'t:'d ILl CL)\cl(.;\ize r·F .-\k with vin.::u\in [.l 

r"utative E$-a!'SlX"iateLi F'rlltt'in ill\ I:>. 21 \, which .,.._,n.-ed as ,; P'"ltl\"e 

<l1ntwl]. ZD-1 [a TJ-a.;;s(xi,lted pwtein in the testi:- 1-lll. whi.::h s..·n.·ed ,;:::. 
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Results 

Relatire exprest:ion of t31-mtef!r;'' :•: :~·;._-r-toi: aru:i g._·n·• c~..·,'L.; 

and Jf,.;; dt't'elopmt'rJfal rej!u:atwrJ "' Serrt•:: G•:._:· l!t'rm ,y,';'_,· 

and tht' testJ~ 

1t i~ OL""~tl'1.i that nw~t L1! tht' .Bl-mtt.'~rin m the :>(.'miniit'rl'U' 

epithdium i~ LL'ntril>tth."d t-y ~rt~'li rather th.1n ~erm ..:t'lb m 

all a~e..._c,.1mine'--i e'\..:ert in rrlTub-t•rt.1i r.1t:' i Fi:::- l. A-Fl. Tht• 

~kaLh--~tak tnR,.\ il'\el,,t· Pl-:ntl'::_rin rt'm.1int:'-...i rt.'l~1ti\·d~ 

.-.t~..~c:lLh· durin~ St.·rh1li ..:ell m.1tur.1t1~'n Fi~ l. l.- ,1n(t Dl. lb 

e'\pres~ion P:· gt..•rm ..:ell:-- ~..,\ummekd ~ira,ti-.:.1\ly ..Uh.i bt.-'-l:",mw 

alml)."t undt'ted<lble alter:\"~ li ~'t .1~t' · h~- l E .1nd F;_ Durin~ 

tbtis maturatillll, the :>tealh·-:>tate mR\;" .-\ it.'\·t-'1 ''f G l-intt·~rin 

be~ame .:karh· ddt..Xt.l.bh.• ,1t :; d l't .1'>!t.~ LL'm..:dtn~ w1th tht' 

initiatit'll l1f S~~t.'rn1ah,~llrtiJ\ f'fL~liter.~tl~'n .H :0-flLi .1tter birth 
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FIG. 1. A-H. Differential expression of {Hintegrin in Sertoli and germ cells, and changes on its steady-state mRNA level in these cells and testes during maturation. Total RNA was extracted from Sertoli cells, germ cells, or testes. Sertoli cells isolated from rats at specified ages were cultured in vitro for 3d before termination so that germ cells could be removed by a hypotonic treatment on d 2 to eliminate RNA contributed by germ cells (see Materials and Methods). For germ cell preparations, cells were terminated soon after their isolation because more than 90'7r. of germ ce!Is became nonviable within 16 h of their isolation (51, 58). These> germ cells, however, had negligible somatic cell contamination using various criteria to confirm their purity as described (50, 51). Semiquantitative RT-PCR was performed to assess changei\ in the steady-state mRNA level of ,81-lntegrin using primer pair-specific to this target gene and coamplified with 816. A, An autoradiogram showing the relative steady-state mRNA level of {:!1-integrin in Sertoli and germ cells isolated from 20-d-old rat testes. C, E, and G, Autoradiograms showing the changes in steady-state ,81-integrin mRNA level in Sertoli and germ cells and testes during development, respectively. B, D, F, and H, Corresponding densitometrically scanned results using autoradiograms, such as those shown in A, C, E, and G, and normalized against S-16. Each bar represents a mean :::<::: SD of two to three experiments using different batches of cells or testes from three rats. Statistical analysis was performed by t test by comparing the steady-state mRNA level of ,81-integrin in either cells or testes at other ages t:s. d 20 (D), 10 (F), or 3 (H), which was arbitrarily set at 1, except for results shown in (B) in which Sertoli cells were compared with germ cells and vice versa.*, Sib:rnificantly different, P < 0.05; **,significantly different, P < 0.01; ns, Not significantly different. 
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and peaked at 10-20 d of age coinciding with the assembly of the BTB, and by 90-120 d of age, it was plunged to a level approximately one third of those rats at 5-60 d of age (Fig. 1, G and H). This lowering in {31-integrin ]e,·e/ in adult rat testes could be the result of an increase in the ratio of germ cells vs. Sertoli cells in the seminiferous epithelium. 

Relative expression of vinculin in Sertoli and germ cells and its developmental regulation in Sertoli and germ cells and the testis 

RT-PCR was performed to study whether Sertoli and germ cells express vinculin. In 20-d-old rats, like {31-integrin, Sertoli cells contributed most of the Yinculin expression in the seminiferous epithelium (Fig. 2, A and B). The steadystate mRNA level of vinculin plummeted during Sertoli 
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cell maturation (Fig 2, C and D) in contrast to the pattern of .{:3"1-integrin, VI hich remained relatively stable (Fig. 2, C and D z•s. Fig. I, C and D). Unlike {31-integrin, its steadystate mRNA lE'\'1·l in germ cells, although relatively low, compared with s,;rtoli cells, increased steadily and peaked at 90 d of c."tge during germ cell maturation (Fig. 2, E and F). During testis m.:tturc.ltion, the steady-state mRNA level of \'inculin bec.1m c detectable at 5 d of ages and peaked at 60 d of age (Pi~. ), C and H). Because germ cells contributed mort:' RJ'..'A than Sertoli cells in the testis samples being analyzed at 'ill d of age Z!s. 20 d, it is likely that the increase in vincui'in expression in the testis during maturation, as shm·l'll in f.ig. 2, G and H, could be the result of increased Sertuli-germ cell interactions, to be investigated in the following section (see Fig. 4). 
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FIG. 2. A-H. Differential expression of\·incu

lin in Sertoli and germ cells and the change;,: 

of it;; steady-;:;tate mR;.;A le\·el in the;;.e cells 

and te;:.tes during maturation. A .. -\utoradio

gram ;,:howing the retniw• c:teady-state 

mH:\"A lewl of vinculin in Sertoli and germ 

cell,: isolated from 20-d-old rat tesH's. C. E. 

and G. Autoradiogram;; showing changes in 

the ;:.teady-state \·incuhn mR.\'A level in Ser· 

toli and germ cells. and in testes during de

wlopment. respecti\·ely. B. D. F. and H. Cor· 

responding densitometrically scanned results 

using autoradiograms. such as tho;;.-e ,:;hown in 

A. C. E. and G. and normalized against S-16. 

Each bar represent;; a mean = ~D of two to 

three experiments using different batches of 

cells. Statistical analysis was performed by t 

test by comparing the steady-_,;;tate mR;\.\ 

level of vinculin in either cells or te:'te;; at 

other ages t·s. d 20 ·D. F' or 5 1 H 1_ ·<. Signifi

cantly different. P ": 0.05: ""'. ;;ignitlcantly dif

ferent. P -~ 0.01: ns. not significantly different 
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Changes in the expression of" (31-integrin in Sertoli germ 

cell cocultures during A.J assembly in {'itro ami the etfi.·ct~ 

of GCCJ! and rwm·iable germ cells on Satoli cell 

{31-integrm expression 

Earlier studies han:> sho,,·n th,lt t31-inte~rin \,-<1~ IP\.\1\itt'd 

at the site of ES (8, 9, 15). \\·e 5L)ll~ht tll e\.amint.' it..:. inn,h·~_·

ment during Sertoli-germ cell .-\j ,b~t.·mbly 111 :·1trt1. S...•rh,Ji 

cells isolated from 20-d-o\d rats \n.•re cultured ftlr::; d .lhlfll' 

.1t 0.5 X 10" cells/ em.:: on \latrigel-\_·oatt•d di~he~ fnrmin~ ,1n 

epithelium with TJs, A_ls, and G_Is tl) permit the t.•ndl,~l'tltlU~ 

!31-integrin mR:'\.".-\ and protein len'\ to sub~ide (~l..'t.' F1~. :;, E 

and F). On d 6, fresh\~- isolated germ cell~ frl1m Yll-d-t,Jd r,1t 

testes \\·ere added L)nto thi_:;. Sertoli cell epithelium ,1nd cn ... :u\-

tured ,H .-1 St.·rh,li-~t.·rn"' lell rati,, ... ~r" t·r ... •r Jt '-ii!r"~..·rt'nt r.1ti ... r.. 

tn initiak thl" ~:~~.·rtPh-~erm ct.'! I Al .1 ... "-t.'mbh l.·uiturt.'·· \\ t'fl' 

krmin,ltL·,.:l ,1t "Pt.'\:liiL tmw p ... ,inb St.·miqu.mtlt.ltt\t.' RT·l'LR 

,1nd immun~.,blottin~ \\"ere r•erh,rnw\.i .. -\ tr.Hl:·lt'nt but -.t:;::· 

nific,mt indu.::til'n ... •tl"'l'th mR\."A 1F1~. 3A ;,:·!·,·r :•.;•:,·.'\ .1n'-i 

pr~.'tL·in lt'\t'l-.. 1Fi~ :;_.\_ .::,·:·r ;-.,,:,· .. ,•f 81-intq:rin \\',1:-- ... h_•

t~..>~..·tcd dunn~ .-\l,l-..---l'mbh- 1 F1:;:: 3 . .--\ ,lnd D'. ~"--·mm~h --u~· 

~t· ... tin~ th.lt ~H -1nk'~rin i-.. im ,•\Yt'\.i tn ttw ~·n,,!i-~t·rm ... -t'll .\1 

,1-..~embl: bt ..... -.Hl-..t.' St·rtt)h ... ·t.·l!.:. '-·u!tu;l'...i ,l\,,ne with ... •ut ~t.Tm 

cel\.1dd itinn i.1i k·d h' d1--p1.1\- .111 m..::r~'-1"-t.' 111 J 1-m k;;:::nn 1 '-i.1t.1 

nt't ~hnwnl. Ttl a ......... ..,~ tht• t•fr"~.....::t:-- ... ~r" the ~'lut"'l~..· t.1d1.-'f\ ... l tn 

CCl\t pn St.·rtt'li LL'll J31-intc~rin t'\.F'ft":'t ... •rL dir"tt'rt•nt '-·,,n

~_·L·ntr,lti,,lb ,,t CCC\1 11. ~~- .m ... i :;._.._, J-i.~ ~"'r,'k'trt m\1 \\t.'r'-' 
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FIG. 3. A-H, Changes in the steady-state mRNA and/or the protein level of j31-integrin when Sertoli cells were cultured with germ CE·lls. GCCM, and nonviable germ cells. Semiquantitative RTPCR was performed to assess changes in the f3Jintegrin steady-state mRNA level and coampli fied with S 16. Sertoli cells isolated from 20-d-old rats were cultured for 5 d alone at 0.5 X 106 cells/em~ on Matrigel-coated dishes forming an epithelium with TJs, AJs, and GJs and to permit the endogenous j31-integrin mRNAlevel to subside (see Fig. 5, E and F). On d 6, freshly isolated germ cells from 90-d-old rat testes were added onto this Sertoli cell epithelium and cocultured using a Sertoli:germ cell ratio of 1:1 (A and B) or at different ratios (G and H) to initiate Sertoli-germ cell AJ assembly. Upper and lower panels in A represent result:::; of the steady-state mRNA and protein levels of j31-integrin when Sertoli cells were cocul:ured with germ cells, re~pectively. C and D, Results showing Sertoli cells (5 X 104 cells/cm2 l cultured alone for 5 d; thereafter. different concentrations ofGCCM (1, 50, and 500 f.l.g protein/ml) were added to the Sertoli cell monolayer and cultures were terminated after 2 h. E and F, Sertoli cells (5 X lO'i cells/cm2
) cultured alone for 5 d; thereafter nonviable germ cells obtained from 90-d-old rat testes as described in Materials and Methods were added onto the Sertoli cell monolayer using a Sertoli: germ cell ratio of 1:1. Cocultures were terminated at specified time points. B, D, F, and H. Corresponding densitometrically scanned results using autoradiograms or immunoblots, such as those shown in A, C, E, and G. For RT-PCR, data were normalized against 816. Forimmunoblotting data presented herein and all subsequent experiments in this report, results were normalized agains.t the protein level at time 0, which was arbitrarily set at 1. Each bar represents a mean ::'::: S[l of three experiments. Each experiment had replicate cultures. *, Significantly different from cultures at time 0, which was arbitrarily set at 1 for results of RT-PCR and immunoblotting, by t test (P , 0.05). **, P < 0.01; ns, not significantly different. 
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added to the Sertoli cell monolayer (5 X 10' cells/ crn2) on d 6 and incubated for 2 h; a significant and dose-dependent increase in the ,81-integrin expression was obsen·ed (Fig. 3, C and D). To examine the effect of cell-cell contact on Sertoli cell ,81-integrin expression by germ cells, Sertoli cells ·were cultured with nonviable germ cells. Likev\'isc, germ cells, even nonviable, could induce Sertoli cell ,81-integrin expression (Fig. 3, E and F). To further confirm the effects of germ cells on Sertoli cell ,81-integrin expression, increasing numbers of germ cells were cocultured with Sertoli cells for 0 h and 2 h. Similarly, an increase in germ cells indeed increased the Sertoli cell !31-integrin expression (Fig. 3, G and H) when germ cells per se contributed very little ,B'l-integrin to the cocultures (see Fig. 1, E and F). These results clearly illustrate that the Sertoli cell /31-integrin steady-state rnRNA level can 
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be induc12d by gl.'fm cells via the soluble factor(s) secreted by germ cells as Wi'll as cell-cell contact. 

Changes in the expression of vinculin in Sertoli-germ cell cocultures during /J.,l assembly in vitro and the effects ofGCClt.f. and 1/llflL'ioh/e germ cells on the Sertoli cell 
uinculin expres.~IO!i 

We next investigated the participation ofvinculin (another ES protein) (15, 'J) during Sertoli-germ cell Aj assembly in vitro. Sertoli celh. were cultured for 5 d alone to permit the endogenous vinculin mRNA and protein level to subside (see Fig. 5, G and H). On d 6, freshly isolated germ cells were added onto this ')C'rtoli cell epithelium to initiate AJ assembly, and these C( !Cultures were terminated at specific time points. Semiquantitative RT-PCR and immunoblotting were 
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then performed. A tran~ient but signifi..::.1nt induction ~_,f both 

mR:\"A (Fig. -:1::\, upper p,md) and prt1tein (fi~. -1-A. !t'li't'r p,n1t'i'l 

len:>ls of \·inculin ,,-a-; dett:-cted durin~ AJ ,b~embh- (Fi~. -t. 
A and B) but not in Sertoli cells cultured alont' without ~t'rm 

cell addition (data not sho,,-nJ. ~uggl'sting that \·in..::ulin is 

inYoln~d in the Sertoli-germ cell .\_1 assembly. Tll a.;.;l':-.:'0 the 

effects of the soluble factor(s) in GCC\ltln St•rtoli cl'il \·in

cuhn expression, different Cl)rtcentrations of CCC\ I ( 1, :;:t). 

300, and 1300 J.lh protein ml) \\·ere added to the Sertoli Lt'il 

monolayer (3 x 10-! cells em='-) on db and incubated fllf 2 h. 

In cnntrast to j31-integrin, the Serh.""~li cell \-inculin e'\prcssinn 

,,·as not affected b\- GCC\l (fig. -t C and 0). To define the 

effects of cell-cell C~""~ntacb on 5~rttlli cell ,·inculin e'\prt.'s.;illl1 

by gt'rm cells. Sertoli cells \\"t:>re CtKtilturt'd with noJwi<lble 

germ cells. In contrast to GCC\L nxultures t'f Sertl1\i cl'll~ 

,,·ith nonYiable germ cells induced Sertt1li cl'il ,-inculin t''\-

F'Tt'..;..;i,m. indic.1t1n~ the imrl'rt.l.ncc d. ,_"t_<i-ceil ..:,,nt.:'-·t-; tn it-. 

re~ulati,m !Fi.~. -:1:. E ,md f\_ r_, turthl'r .:,,ntirm tht' e:·re..::t' ,,i 

~t'rm ..:t'lb llfl St.'rh,Ji ct.·ll qn.:ulm t''-F'rt'Y•lt_'I': in ... ·ot.\1--tn:O:: 

number..; l1 i germ Lt.' \I~ \\·L'rt.' O.:( .... :ulturt.'•J. \\'lth ~'rt,,il (t.'!\..: i~_ 1 r 

ll h ,md .2 h_ .-\ ~t'rm ct'll numi't'r-dt'f't'lhil'l"H ;n..:rt'.1:-t.' en ~·rt, 'il 

cl'il \-inculin t''\F'ft':-:-H'Il wa..._ ,,l..,~·f\ e .. i F:~- -t ~.._; .u1..i ll1 

Tht:' .... t' re~u\t.; thu ... il\u-..tr.lk th,;t tht' St.•rh'l> Lt•ll \ in .. ·uhn t'\
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Frt,. -t. A-H. Changes in the ='teady-,;tate 
mRXA and/or protein len!,; of \·inculin when 
Sertoli cell;; were cultured with germ Cf'l!,.:. 

GCC)I. and nom·iable germ cell:-:. Semiquanti· 
tati\-e RT-PCR was performed to a,:,;e.-.,.: change,; 
in the ='tead\·-,;tate mR.'\---\ len:-! ofvinculin. co
amplified wi.th S16. Sertoli •0 . .5 • 10'; ce!b/cm-" 

and germ cells wC're cocultured using a Sertoii· 
germ cell ratio of 1:1 'A and g, or at different 
ratio,;-· G. H, to initiate the Serto!i-£.>"erm cell..\ .. ] 
assf·mbly. where Sertoli cells w;re cultured 
alone for .S d. forming an epithelium. b(·fore 
germ cell:-: were added to thi,.: cell epithelium on 
d 6. [ 'pper and !mccr pnne!s in.--\. repre,;;enr the 
result,.: of the ;;ready-state mR:\.\ and protein 
lewl;:; of\·inculin when Sertoli cell,; were cocul
turfd with germ cell;::. respecti\·ely (' and D. 
Eff12ct;; of GCC)l on Sertoli cells \·incutin ex
pre,.::"lon. Sertoli cell;; •5 10; cell,;;.icm:.:, wen: 
cultured 3lone for .S d: thereafter. different con
centntions of GCC~r • L .SO. 500. and 1500 f.-1-/l 

protein!ml• were added to thi,; cell monolayer 

and culture;:: were terminated after 2 h. E and F. 
Senoli cell;:: •5 · 10~ cells/cm 2

l cultured with 
nom·iable genn cells using a Sertoli:genn ct:·ll 
ratio of 1:1 and cultures were terminated at 
specified time points. B. D. F. and H. Cm-rt:·· 
sponding den='itometricali:.-· scann<:d rt',.:ult,; u,.:
ing autoradiogram,; or immunoblot,;. ,such a,; 
tho:-:e shown in A. C. E. and G. for RT-PCR. dat~l 
were normalized again,.:t S16. Each hur reprt"·· 
sents a mean = sn of thn·e exp<:riment;:;_ E.1eh 
ex1wriment had replicate culture=' Sij...'Llifi
cantly diffenmt from culture,; at timE' 0. wh1ch 
wa:- arbitrarily .-.et at 1 'except fi.Jr H. Sertob 
cPlL•:germ cells at 1:1 wa.-. ,;et at 1 for rt'"ult,; 
of RT-PCR and immunoblotting. by t t6t 

,p 0.05t .. --.. P < O.OL n='. not ;;i.I!Ilif~tantl;; 

different. 

Lt'!"cls ofcndol:zt'nnus .... t,·ad_\·:-·to:, ":RSA .-:·:,£ p .. ,_,:t:•: ,:· .)1· 

intcgrin and rincul!n ir; _.:.:,·rt~_~.·: (f. ': •. ::.;>-... .:: -~ :. r:•:..: 

)11!/ctinn as.~·cmhly i11 nrr(, 

TL' inn'~tiy;<ltt' \dwtlwr tht•rt' .1ft' ..:h.m~t'' Hl Jl-mte~nn 

.md \"IIKulin ,iurin~ St.'fh'h Lt'il AT .1n .. i Tl J:--:---t•mt'h tht•tr 

..;tt-ady-.;tate mR\.:A and. F'rL,tt'll1 lt>\ el-- ;:"'. St'rt,•lt t"ell, .:ul-

Wr-~=------------------, 

B • """"" t2 a~ 

5 

lmmunoblot 

~ ~ .... .,~ n,'<>~ ~.,~ .... -?- ,-?- '0-?- "Q '\-Q ,<J 

1- - - .. - - • - - - .. 1--Vro.itlr 
H61o!)e 

c 

E 

G 

Sertoli cells+ 

GCCM (~g/ml) 

"' >:P 
<;:> " <o"' <o<;J "" (2H) 

j----,:;;~ 

Sertoli cells+ 

non-viable GC (H) 

0 24 

§•516385~ -,.,~ 
Sertoli cells · germ cells ratio 

1:1 1:3 1:5 
,-, ,...., ,-, 

t···~jij:;;~ 
0 2 0 2 0 2 (H) 

D 

,..H •scGC·· 
CSCGC•J 
CSCGC·~ 

' . . . 



2150 Endocrinology. May 2003, 144(51:2141-2163 

tured at high and low cell density were quantified when 
these junctions were assembled. VVhen Scrroli cells were cul
tured at lo\\' cell density (0.5 X 104 cells/crn 2

) on Jv!atrigcl
coated dishes in serum-free F12/DMEM to allow the assem
bly of Sertoli cell AJs \Vithout TJs because of low proximity 
between cells, it was associated with a significant induction 
of {31-integrin mRNA (Fig. 5, A and ll) but not ,·inculin (Fig. 
5, C and D). At high cell density (1 X I 0" cells/ cm 2

), a 
significant increase in f31-integrin steady-st<1te mRNA and 
protein levels were detected (Fig. 5, E and F) at the time 
Sertoli cell TJs v\'ere being assembled. Unlike {31-integrin, no 
changes in vinculin were detected (Fig. 5, C and H). These 
results seemingly suggest that {31·-integrin, but not vinculin, 
was involved in Sertoli cell AJ and TJ assembly. 

Changes in the protein levels of FAK, p-FAK-Tyr:1
'
17

• Pl3K 
p85a, paxillin, and pl30 Cas in Sertoli germ cell cocultures 
during AJ assembly 

Data shown in Figs. 3 and 4 have illustrated a transient but 
significant induction of both {31-integrin and vinculin during 

A 
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Sertoli-germ (ell AJ assembly. It is possible that such an 
inductil)n in ~:1-intcgrin will in turn activate the downstream 
integrin-relatt'd proteins that constitute the ES complexes. To 
explore such d possibility, Sertoli-germ cell cocultures were 
terminated at :-.pecific time points for immunoblotting to 
examine the protein levels of several ES-associated proteins. 
Indeed, there 1.vere transient but significant inductions in the 
protein le;els ul p-F AK-Tyr3

Y
7 and PI3K p85a during Sertoli

gerrn cell 1'\,l < . .:;';embly (Fig. 6). In contrast, the protein levels 
of the non ph< >s~1horylated FAK, paxillin, and p130 Cas re
mained unaltcn'd during Sertoli-germ cell AJ assembly (Fig. 
6). TJ.kt•n cnll,,diYely, these results seemingly suggest that 
p-FJ\K-Tvr'·" and 1'13K p85a take part in the regulation of 
Sertoli··germ cdl A.J assembly. It might be argued that such 
changet-J sho\v11 i11 Fig. 6 (upper and lower panels) could be the 
results of ch,··.nges in Sertoli-substratum structures when 
germ cells w:Tl:' layered onto the Sertoli cell epithelium. 
Nonetheless, t.11is possibility is highly unlikely. First, the Ser
toli celb used !'or the coculture experiment had been cultured 
for 5 d, forrnin:,~ an epithelium with intact cell-substratum 

8 !p1-integrinl 

Sertoli cell cultures (5 X 1 04cells/cm 2) 

"<> ,<> '19 of:> <o<> <o<> .,_<:> 'b<> 
4 

FrG. 5. A-H, Changes in the steady-state mRKA 
and protein levels of {31-integrin (A, B. E, and FJ 
and vinculin IC. D. G, and HJ in Scrtoli cells 
during the assembly of inter- Sertoli cell junc
tions in vitro. Sertoli cells isolated from 20-d-old 
rat testes were cultured at either low (fi X 10 1 

cells/cm 2 l IA-Dl or high cell density (l x 10'; 
cells/cm2 J IE-Hl. At low cell densitv, 'LTs were 
not formed when assessed by qua~ti-:-'ying the 
transepithelial electrical resistance acros1' the 
Sertoli cell epithelium, which is due to a lack of 
close proximity between cells as described ( 19, 
45). Cultures were terminated at specified time 
points for RNA extraction. Time 0 indicated RI'\A 
STAT-60 was added to Sertoli cells approxi
mately 3 h after plating. Semiquantitative RT
PCR was performed to assess the changPs in the 
steady-state mRNA levels of ,81-integrin (A and 
EJ or vinculin 1 C and G) in Sertoli cells .1nd \vere 
coamplified with 816 at the time of junction aC'
sembly. The lower panels in E and G are the 
corresponding immunoblots that illustrate thP 
protein levels of {31-integrin and vinculin in 
Sertoli cells cultured at high cell density, respec
tively. B, D. F, and Hare the corresponding den
sitometrically scanned result:; using autoradio
grams or immunoblots, such as those shov.,..n in A. 
C, E, and G. For RT-PCR, data were normalized 
against S-16. Each bar represents Zl mean :!:: 8D 

of three experiments. Each experiment had rep
licate cultures. *, Significantly different b.v 
ANOVA. P < 0.05; significantly diffi~rent b.v 
.fu"\I"OVA, P < 0.01; ns, not significantly different. 
nd, not determined. The relative level C>f targd 
gene and/or protein expression was arbitraril~' 
set at 1 fOr cultures at time 0. 
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Sertoli-germ cell cocultures 

FI<;. 6. Change:;; in the protein le\·e\,:; of F.-\K. 

p~FAK-Tyr:1~~- PI3K p85o. pa..Ullin. and p1:30 Ca;: 

in SPrtoli-germ cell coculture~ during the us,-em

bly of AJs. Sertoli and germ cells were cucu!turPd 

a,:; de.scribed in .\!aterial and .\lethod:-:. Cocul

ture~ were terminated at ,-pecif1ed time point,.: to 

obtain whole-cell lysates for immunoblotting. 

Equal amount,;; of Sertoli-germ Cf'Jllysate-" · 100 

1-lglwHe rf'solwd by SDS-P.-\GE using 7_:j or 10'; 

T polyacrylamidf' gel;; under reducing condi

tion:-c. Proteins on the gel were transfc-rrt>d to 

nitrocellulose paper,:; and immunostained ~P

quentially u;-;ing an anti-F \f\:. p-FAK-Tyr:"~. 

PI3K p85o. paxillin. and pHO Ca:' ;lntibodit•,.:. 

Each experiment had triplicate culture-,.. Only 

one representati\·e .o:et of experiment.:; were 

shown herein: another :<et of experiment,.; u:::ing 

differ(•nt batche;: ofte,:;ticular cell,.: fix cocultun•,.: 

yielded Yirtually identical re;;ults. In each exper

iment. each time point had triplicate cultun.•,:; 

The lou·a panel show:-:: den,:;itometrically ,:;canned 

results using immunohlot;;. such a:-c the one 

sho"·n in the upper panel. in which the leYeb of 

the corresponding target protein,- at different 

time points of the Sertoli-germ ct•ll condtures 

were normalized again:'t the le\·el at time 0 

li.e. the time when freshly isolated germ cell:-: 

were ndded onto the Sertoli cell epithehum on d 6 

in which Sertoli cells Wf're cultured alone for.') d 
forming an epithelium with intact T.J,:; and.--\.),;', 

which was arbitrarily set at 1. ).[. ?-.linute: 

<::>~ ,;f .... .,~ ,<::>~ ~~ .... -<- ,-<- ro-<- "0 '1.-0 ,0 
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different. P , 0.01 
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structure (see .\tltai.ll~ 1111d .\lct/l(ld:,:;)_ S.xnnd, it w<b l1llted 

that in the same t''\periment when germ celb \\'t'rt' t1l1t addt•d 

to the Sertoli cell epithelium. these change~ in the e'\pre~~ion 

of ES-a~~ociated pwteins were nut dt'tectt>d (d,'\ta rwt 

shln,·n ). 

FAK u·as tyrosine pho.-;;phorylated and the phosphorylated 

FAK u·as associat~:d u·ith t31-inti.'grin. c-Src. and {'inculin 

during Sertoli-[Jerm cell .4.J as;;;unbly in citro HI adult tt':-<fe8 

and seminiferous tubule culture:-; 

Because there ,,·as a tran::'ient inductinn in the ~-,-f_--\K
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1;~ ~~~l40kDa D~llSkDa D~50kDa D~125kDa 
FJG. 7. A and B, An immunoprecipitation study to assess the tyrosine phosph<)rylat.imt nf FAK (Aland association of p-FAK-Tyr:m7 with j31-integrin, vinculin, and c-Src in Sertoli-germ CC'll cocultures during AJ assembly in !"itro. and in adult testes and seminiferous tubules (B). Vv'hole-celllysates of Sertoli-germ cell cocultures terminated on d 2 with (S/Sp 1 and witlwul elongated spermatids (S/G), adult testes (T) and seminiferous tubule cultures (ST; see A1aterials and i'v!dhodsl werP prepared and imnlllnoprecipitated using either an anti-FAK (A) or an anti-p-FAK-Tyr:397 (B) antibody. The immunoromplexes were subjected to immunoblott.inj.! ns described in Materials and Methods and stained with the corresponding antibody as described in A and B to examine the association of different proteins in the immunocomplexes. Whole-cell lysates of S/G without incubation with antibodies or with normal rabbit serum were usPc as negative controls (data not shown). Normal IgG immunoprecipitates did not react to any detectablf' band (data not shown l. illust.rnting the :<pecificity of the IP. This figure is the representative results derived from three independent experiment::: and each time point had triplic;ite culturPs. S/G, Sertoli-germ cell cocultures using a Sertoli:germ cell ratio of 1:1 (Sertoli cells at 0.5 x 1 ot; cells/cm::l in ,vhich elongated sperm: 1tid~ were removed by glass wool filtration. T, Testis lysates; S/Sp, Sertoh-germ cell cocultures using a Sertoli:germ cell ratio of 1: 1 ( SPrtoli Ct'lls :Lt 0 .. ) X 108 cells/em~) in which elongated spermatids were not removed by omitting the glass wool filtration step; ST, lysatcs from :,:,cminifpro:l.<. tubule cultures. 

Fig. 7B (upper panel) could possibly be the result of other 
cellular contamination. To verify that this biochemical ob
servation is beyond refute, \Ve had also used Scrtoli-germ cell 
cocultures in \Vhich the glass wool filtration step vvas omittt:>d 
in germ cell isolation, thereby retaining elongated sperma
tids in the preparation for lysate prepariltion. Furthermore, 
we also included seminiferous tubule 1) sates for immuno
precipitation, which were shown to have negligible Leydig 
cell and myoid cell contamination (64). For instance, these 
tubules failed to respond to huma::-1 chorionic gonadotropin 
treatment, illustrating the number of Leydig cells in the tu
bule cultures, if any, is negligible (50, 64). When similar 
amounts of samples (all of the immunocomplexes derived 
from 500 p.g total proteins used as starting materials for IP 
with anti-p-FAK-Tyr'~97 were analyzed (Fig. 7B, hrwcr pane! us. 
upper panel), p-FAK-Tyr197 indeed was shown to associate 
with /31-integrin, vinculin, and c-5rc (Fig. 7B, lo;:ucr panel). 

lt is ironic that the results shown in Fig. 7B (both panels) arc 
not precisely quantitative, even though the same amounts of 
total froteins (~500 p.g) were used for IP \vith anti-p-FAK
Tyr39 and all of the recovered immunocomplexes wt,•re usf'd 
for SDS-PAGE. Yet the total immunoprecipitated p-FAK
Tyr397 recovered from Sertoli-germ cell cocultures \vith elon
gated spermatids (S/Sp, Fig. 7B, lower panel, /a~t column) is at 
least approximately 3-fold higher than that recoYered from 
Sertoli-germ cell cocultures in which most, if not all, of the 
elongated spermatids (poststep 8 spermatids) vvcrc removed 

by the gla" ""''"I filtration step (S/G, Fig. 7B, upper panel, last 
column). This J"e~;ult is thus consistent with the notion that 
p-F AK is largely associated with apical ES at the site between 
Sertoli cells clY!d elongating/elongated spermatids. Taking 
these data and r\:'su]tt, of immunohistochemistrv and immu
nofluorescent 111 icroscopy (Figs. 8 and 9, see below) collec
tively, which Cl)ltpled with the fact that the Sertoli and germ 
cells used for the studies presented herein \vere contami
nated INith nt'Fligible number of other cell types (see Ref. 50 
and lv1aterin!~ 17;1(1 ,\,1cthods), p-FAK-Tyr1

q
7 is structurally and 

functionally as·.;ucic1ted with f31-integrin, vinculin, and c-Src 
in thl' ES. 

lmm.unohistochemiccd localization of p-FAK-Ty,.:;!n, p-FAK
Tyr/'76, and F:4K in the seminiferous epithelium of adult 
rat testis 

In light of tne chomges of p-FAK-Tyr1
q

7
, but not FAK, 

detected at the time of Sertoli-germ cell AJ assembly in vitro 
reported hert'ill and the fact that autophosphorylation of 
FAK at Tyr·'u7 recruits Src family kinases, which in turn 
furtht•r acti\'<1h's FAK via phosphorvlation on Tyrs76 and s-- "' Tyr~ ;, (for reviews. see 25-28), we next sought to localize 
p-FAK-Tyr='q~, p-rAK-Tyrs76 and FAK in the adult rat testis 
to examine thc·ir cellular localization and stage specificity,_ if 
any (Fig. 8, A-C and E-)). The p-FAK-Tyr397 and p-F AK-TY"

76 

\Vcre colocaliz:ed in the seminiferous epithelium virtually to 
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at stages Vl-VIll (see Fig. 8) and to complement results of the 
JP and immunohistochemistry experiments, immunofluo
rescent microscopy was used to investigJtt.:' \Nhether p-FAK
Tyr='47 could colocalize with vinculin, a putative ES compo
nent protein in the testis (10, 15, 21), to the same site in the 
seminiferous epithelium. A parallel experiment was per
formed using Z0-1, a TJ-assoc:ated protein (41), which 
sf'rved as a negative control. Figure 9 is the result of colo
calization of p-FAK· Tyr M and vinculin (Fig. 9, A-C), p-FAK
Tyr''" and FAK (Fig. 9, D-F), and p·FAK-Tyr147 and ZO·I 
(Fig. 9, G-1) at stage VI-VII tubules of adult rat testes using 
dual fluorescent Probes. The immunofluorescent staining 
pattern of p-FAK-Tyr197 and vinculin alone in the seminif
erous epithelium was shown in Fig. 9, A and B, respectively. 
It was noted that p-FAK~Tyr197 \Vas associated with the api
cal ES (Fig. 9A), consistent with results shm\ n in Fig. 8F and 
the reported results of vinculin in the literature (10, 15, 21) 
(Fig. 9B). More important, both p-FAK-Tvr'"7 and vinculin 
were localized to the same site in the FS (Fig. 9C, merged 
images, tJS. A and B). For FAK, it was localized largely to the 
basal compartment with very weak immunoreactive FAK 
being detected near the apical compartment (Fig. 9E), and 
results of the immunofluorescent staining on p-FAK-Tyr:;97 

and FAK (Fig. 9, D-F) were consistent with immunohisto
chemistry data shown in Fig. 8. FAK was colocalized with 
p-FAK-Tyr197 to the same site at the apical ES (Fig. 9, F, 
merged images, vs. D and E). Furthermore, Z0-1, a TJ· 
associated peripheral protein (4ll, was found largely re
stricted to the site of the BTB in the basal compartment in 
staged VI-Vll tubule (Fig. 9H), consistent with results of an 
earlv report (41), and failed to colocalize with p·FAK-Tyr''" 
(Fig. 9, G-I). Taken collectively, the results shown in Fig&. 7-9 
haYe proven beyond refute that FAK found in the adluminal 
compartment at the site of apical ES is almost exclusively 
phosphorylated and those detected in the basal compartment 
were largely nonphosphorylated. It is also cll'ar that ,BJ
integrin, phosphorylated FAK, c-Src, and \·inculin are the 
putative constituent proteins of the apical ES in the rat testis. 

Effects on the expression and I or protein lcuels of'f31-
integrin during AJ disruption in the testis in uir•o and 
Sertoli-germ cell cocultures in vitro induced hy AF-2364, a 
compound lmou..m to induce germ cell loss from the 
seminiferous epithelium by perturbing AJ function 

Results presented above have suggested that ,81-integrin 
and components of the F AC play an important role in Sertoli
germ cell AJ assembly. It is of interest to study· their expres
sion during A) disruption induced by Af-2164, a potential 
male contraceptive being actively in\·estigatcd in our labo
ratory (for re\'iew, see Ref. 1). \!Vhen adult rats \\TC're treated 
with ·a single dose of AF-2364 at 50 mg/kg body weight by 
gavage and testes were removed at specifi('d time points for 
RNA and protein extraction, an induction in the mRNA and 
protein level of /31-integrin (Fig. 10, A and H) in the testis bv 
as much as 3.5-fold was detected within 24 h after AF-2364 
treatment. And this induction of ,81-integrin was detected up 
to 8 d after treatment. In vitro studies were also performed 
to assess treatment using Sertoli-germ cell coculttues (Fig. 10, 
C and D), Sertoli cell cultures (Fig. 10, E and F), and germ cell 
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FIG: 9. A-1, TnliJillllOfluorcscent microscopy to colocalize p-FAKTyr·'>n with vinculir, I A-C,I, FAK m-FJ, and Z0-1 (G--1) in the sem
iniferous epitht'liiiO:_ of aduli rat testes. A-I, Immunofluorescent micrographs using c rus~-~edions of the seminiferous epithelium from normal Spragw- I ·awl.e>y rats { ---300 g body weight! at stages VI-VII. C, F, and I. :rvlcq.;r d imnges of the corresponding immunofluorescent micrograplt,; shm' n in A and B. D and E, and G and H, for p-F AKTyr:J97/vinculin. pi''il.K-T,yT'l\!7/FAK, and p-FAK-Tyr:m7/Z0-1, respectively. It is nolPd th~lt p-FAK-Tyr:m colocahzed with vinculin, a putative ES protein lat·gt•J,y rpstricted to apical ES in the rat testis {10, 15, 21) '.A--Cl. Sin.iLH to results of the immunohistochemistry analysis shown in FiF'· .s. the localization of p-FAK-Tyr:·m7 largely re

stricted to the 8piral ES, whereas FAK largely confined to the basal ES fD-FJ. Also, p-:i·'AK-T.yr' 1
;
17 failed to colocalize with Z0-1, which is a T,J~asso(iated pc1·iphcraJ protein at the basal compartment consistent with its pre:-;cll•._(~ nt. t.h<' BTB (41). Bar, 20 J.llll. 

culturt~s (data 111 >t ~hmvn) following incubation with differ
ent doses of AI -Llo.J (1, 50, and 500 ng/ml). Scrtoli cell 
cultures treated \Yith different doses of lonidamine [1-(2,4-
dichlorohmzyli- nd.lzole-3-carboxylic acid] (1, 50, and 500 
ng/ml) (Fig. 10, C and H) were also assessed, which is a 
molecule sharin:.~ similar structure with AF-2364 (for re
views, see Rd:.,. I ;md 24-; also see Refs. 22 and 23), and is 
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known to affect Sertoli cell cytoskeleton filament network (71). Using semiquantitative RT-PCR, it \.Yas noted that /31-integrin mRNA was induced dose dependently by Af-23fi4 in Sertoli-germ cell cocultures (Fig. 10, C and D) and Sertoli cells cultured alone (Fig. 10, E and F). Furthermore, Sertoli cell 131-integrin was also induced by lonidamine (Fig. 10, C and H) similar to AF-2364 (Fig. 10, E and F). However, 131-integrin mRNA could not be detected in adult germ cells with or without treatment with AF-2364 (data not shown) (see also Fig. lE), which seemingly suggests that ,Bl-integrin is expressed exclusively by Sertoli cells, but not germ cells, in adult rat testes. 

Effects of AF-2364 on the steady-slate mRNA and I or 
protein levels of uinculi n during A,J disruption in the testis in vivo and in Sertoli-germ cell cocultures in vitro 

A transient induction in the mRNA and protein levels of vinculin (Fig. 11, A and B) in the testis b:· as much as 7-fold was detected 8 h after AF-2364 treatment. lts expression plummeted rapidly thereafter (Fig. 11, A and B). In in uitro studies, \'inculin mRNA was also induced dose dependentty by AF-2364 in Sertoli-germ cell cocultures (Fig. 11, C and D) and Sertoli cells cultured alone (Fig. 11, E and F) but not in germ cells cultured alone (Fig. 11. E and F). Furthermore, Sertoli cell vinculin was also induced by lonidamine {Fig. 11, C and H) similar to AF-2364 (Fig. 11, E and F). Taken collectively, these results suggest that the induction of \'inculin in the testis by AF-2364 is mediated \·ia ib effects on Sertoli cells. 

Effects of AF-2364 on the protein Le,;els of FAK, p-FAK
Tyr·"J·97, PI3K p85a, paxillin, and p130 Ca.~ in the testis 
during AF-2364-induced AJ disruption 

A transientinduction in the protein le\'els of p-FAK-Tyr''!~·, PI3K p85a, and p130 Cas were detected in the testis between 4 and 24 h after AF-2364 treatment (Fig. 12, upper tllld lower 
panels). Thereafter, this induction plunged rapidly \Vithin2-8 d after treatment. Although the protein levels of FAK and paxillin were unaltered after AF-2364 treatment (Fig. 12), it is of interest to note that this pattern of induction for p-FAK· Tyr"7

, PI3K p85a, and p130 Cas is similar to that of 131-integrin and \·inculin sh0\'\'11 in Figs. 10, A and I3, and 11, A and B, suggesting they are part of a functiona 1 multi protein complex, which can be activated and induced ~irnultaneously. 

Immunohistochemical localization of'p-FAK-T,yr:mf in the 
seminiferous epithelium of adult rat testis during A.F-2364-induced AJ disruption 

Because there was a transient induction of p-FAK-Tyr397
1 but not FAK, in the testis during AF-2364 induced germ cell loss from the epithelium (Fig. 12), we examined whether there were any changes in the pattern of localization of pFAK by immunohistochemistry. Adult rats were treated with a single dose of AF-2364 at 50 mg/kg body weight bv gavage, and testes were removed at specified time points for immunohistochemical localization. Indeed, AF-2364 induct.·d an increase in p-FAK-Tyr397 in the seminiferous epithelium associated with the heads of elongating spermatids at the cell-
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cell contact site:~ between elongating spermatids and Sertoli cells (it is -:;nmc\vhat difficult to discern stages of the epithelial cycle as c><:1rly as 8 h post treatment because of the loss of elong.Jted sptTmdtids from the epithelium), consistent with its localizatin11 r.lt the site of apical ES by 8 h to 2 d (Fig. 13, B-D). And b\ tl -! post AF-2364 treatment, intense p-F AKTyr'')7 staining WdS also found to associate with round spermatids and St•nw "permatocytes in most tubules \vhen virtually all l'l_m~,Jted and elongating spermatids \Vere depleted from the epithelium (Fig. 13, E vs. A). Yet in control testes (see fig->. !.3A and 8), p-FAK-Tyr397 was largely associated witllclcnge.tcd spermatids at stages VI-VII cycle (Fig. 13, B-f 1:'5. A, ;md Fig. 8). By d 8 post treatment, tubules were virtually de\·oid n+ elongated and round spermatids, and the number of spcrmc1tocytes was significantly reduced, immunoreacti\'e p-r~\K-Tyr''J7 was detected occasionally within large multinucleated cells (Fig. 13F), and its o\Teral11evel was abo reduced.-: his pattern of changes in steady-state mRNA le\·cl 'ivas alSll c•Jn:-.i.stent with immunoblot data shown in Fig. 12. Based on tht.' l"l':,ul ts presented in this report, it is apparent that the dyn,lfllics of ES are regulated by an array of FAassociated Ill(J]I,'{·u ll'S that are functionally and structurally associated witll rv6{:ll integrins as depicted in Fig. 14. 

Discussion 
(31-lntegrin ami i'inculin at the site of ESs, a testis-specific AJ type, are r·oJif!"ihuted largely by Sertoli cells 

During spen11atogcnesis1 developing ge·rm cells must translocate acn 1s.-, the seminiferous epithelium; at the same time, they mu~l· attach onto the epithelium via specialized 
actin-hast~d cell--eel:! A}s between them and Sertoli cells (for rcYiews, see Rcls. 1-3). ESs are unique actin-based A] structures fmmd at tiH' b,15al compartment between adjacent Sertoli cells and p(h~;.bly Sertoli and germ cells and at the apical adhesion sites bdwecn Sertoli cells and heads of developing spcrmatids (st,nting from step 8 spermatids and onward) (1, 4, 5). Suh cxtt.·n~ \·e remodeling of ES is essential to facilitate germ cell mon'IY1L'nt in the epithelium. We have reported herein {31-integrin Jnd vinculin, t\VO ES component proteins (8-10, 15, 21), an· largely contributed by Scrtoli cells, which is in good agrt'l"P"ll'nt with earlier reports that ESs are restricted to Scrtoli cells (4, 5). During testis maturation, the stcady-st.1te mR 1\A levels of {31-integrin and vinculin became detcctablt• Jt 5 d of age, coinciding with the initiation of spermatogon:,ll proliferation at 3-6 d after birth, illustrating they ma~ hd\'e other roles in spermatogenesis. 

{31-Integn"n and '·inculin participate in the assembly of" Sertoli-Merm ee!l .1J.., in vitro 

VVhcn germ cclb were cocultured with Sertoli cells in vitro to initiate A.] assvmhlv, it was associated ·with transient but significant inducl:iun .of both mRNA and protein le\'els of f31-integrin and ':tnculin. These results, coupled with the observation th,1t ~;t'rtoli cell /31-integrin and dnculin can be induced by germ cells via cell-cell contacts, have unequivocally dernonstrctt<'d that {31-integrin and vinculin are in\·olved in !he as-;ctllbly nf AJs between Sertoli and germ cells, ·which b oJnsiste1·1t V\·ith previous studies that immunoreactive /31-integrin and \·inculin are found at the contact sites 
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FIG. 12. Immunoblot analysis to assess changes in ihe protein levels 
ofFAK, p-FAK-TyJ197

, PI3Kp85n, paxillin, and pl:~O Cas in the testis 
during AF-2364-induced AJ disruption in the seminiferous epithelium. Rats were treated with AF-2364 at iJO mg/kg bod_v weight by 
gavage with three rats per time point. Rats at tirne 0 VI' ere designatPrl 
controls. Testes were removed from animals at ;.;pc-cified Lime p0ints. 
To obtain tissue lysates, testes were homogenized with the lysis hufrer 
using a tissue:butler ratio of 1:3 as described in Materials and M('li!
ods for immunoblot analysis. Equal amounts oftcsti~ lysate::, ( --100 
f.J.-g protein/lane) were resolved by SDS-PAGE onto 7.t;r,:; or 10"/1 T 
polyacrylamide gels under reducing conditiom. Proteins on the gel were transferred to nitrocellulose papers and immu nr1.stained sequeJl
tially using an anti-F-\K, anti-p-FAK-Tyr:m7

, anti-PI3K pSGo, anti
paxillin, and anti-p130 Cas antibodies. The result;; ~hown herein are 
derived from a representative experiment. Rcsulb derived from the 
other two rats yielded identical results. The loll'er panel represents 
results of the protein analysis in which the rdnt.ive levels of the 
corresponding target proteins in the immunoblots W{:'re dcnsitometri
cally scanned and normalized against the protein lf•\'tolof" control rats 
at time 0, which was arbitrarily set at 1 (n = :l rats per iimr point!. 
ns, not significantly different by t test, compared with the protein level 
at time 0 (control, Ctrl). '", P < 0.05~ '"'', P < 0.0 I ncl. nond('tectabl t'. 

Sertoli cells might be different from thot-.e found between 
Sertoli and germ cells. Indeed, there are other "PL'cialiLed AJ 
structures, such as tubulobulb<1r complexes (for rt:'\'iews, see 
Refs. 1, 3, 5, and 7), present between SE'rtoli ,md germ cells 
besides ES. Furthermore, vinculin may be im.-'(ll\'t:>d in other 
physiological processes. 

Ironically, the functional nature o£ 131-integrin in Sertoli AJ 
and TJ assembly remains to be characteriLed. In this con
nection, it is noteworthy to mention that tht:>se coculture 
studies should be expanded using purified germ cell types 
to assess whether the reported effect~ arc mediated by sper
matocytes, round spermatids, or elongating and I or elongate 

Siu et al. • Adhering Junction Dynamics in the Testis 

spermatids. Ft1rthennore, one can argue that the induction of 
J31-inkgrin and \'inculin during Sertoli-germ cell AJ assem
blv m~lv be unrelated to this event; rather, the addition of 
g~rm c~~lls onto ! he Sertoli cell epithelium may induce the 
production <1nd/ nr formation of FA complexes between Ser
toh-substratrum (i.e. cell-matrix anchoring junctions). Yet 
such a possibility is unlikely because the FA-associated pro
teins that con-,titute the apical ES, such as 131-integrin and 
vinculin (S, 9, 15, 21) and p-FAK as reported herein, were 
localized to !be site of apical ES in the seminiferous epithe
lium in ·uroo in:-.kad of to the site of FA complexes at the basal 
compartment. Ob\·iously, this issue can only be settled by 
using immutwgnl.j dectron microscopy to precisely localize 
these r;A-ass(xi .. =1ted proteins during AJ assembly in vitro. 

Tyrosine plwsphl)!~vlation of FAK is crucial for the Sertoli
f?erm cell AJ as,<;:embly, and the {31 integrinlp-FAK-Tyr'N7 ! 
c-Src I l'inculin complex is found in the Sertoli-germ cell 
cuculture in l'iirn and adult rat testis in vivo 

It is known that clustering of integrins or integrin-medi
atcd cell adhe~inn can induce autophosphorylation of FAK 
at Tyr·N:: (for rt•\'icws, see Refs. 25-28). Herein, we have 
reported thi:lt t')- rc,sine-phosphorylated FAK at Tyr397 was 
induced at the hme germ cells attached to Sertoli cells in vitro 
to initiate!\] a:--.scmbly, indicating tyrosine phosphorylation 
of FAK indeed plavs a crucial role on AJ assembly. Although 
the binding lig;md(s) for the a6{31 integrin at the site of apical 
FS in tht• tc>sti:-- n_•mains to be identified, a recent study has 
demonstrated llw presence of a nonbasement membrane
associated laminin y3-chain in the seminiferous epithelium 
in the adlumin,1l compartment consistent with its localiza
tion at the apic.1l ES (72). In the same study, al, {31, and yl 
laminin chains \'\'i~r-e shown to be confined to the basal lamina 
in the tL'stis by· 1 t-r1munohistochemistry (72), suggesting lami
nin can indeed L'>:ist at the ad luminal compartment without 
confining to th,· L'xtracellular matrix. Taking these results 
collectin·ly, it i-~ Jncrt:>asingly clear that laminin chains, such 
as y3, could be the binding partner of a6f31-integrin. Yet it 
remains to be ddL'rmined whether germ cells indeed express 
and produce lam:·nin y3. Furthermore, the other two chains 
required to cnn,;titutc the functionallaminin ligand are also 
not known. Thl.' fact that studies by immunoprecipitation 
using a phospho-~pecific anti-p-FAK Tyr397 antibody can 
pull out the {31 -integrin/p-FAK-Tyr397 I c-Src/vinculin. com
plex from \-vhok• .. ct·ll lysates of Sertoli-germ cell cocultures 
and tissue extr<'·::::ts of the testes and lysates of seminiferous 
tubule cnlturcs il<"IS confirmed the possibility that an activa
tion of FAK i::. l'kcly a response to the clustering of J31-
inh'grin in the h'_~,ti~-- To the best of our knowledge, this is 
likely th~ first ,1rticlc reporting the in m'vo interactions of 
13-1-intt•grin wit/- p-FAK-Tyr397 in the testis. 

p-F'AK-1\,,.:wr m,d p-FAK-Tyr57(' was localized at the site of 
apical E8 

The detection ,_)f immunoreactive p-FAK-Tyr397 and p
FAK-Tyr 17

b at tlw :--.ite of apical ES by immunohistochemistry, 
and the colocali/,ltion of p-FAK-Tyr1

q
7 with vinculin, a pu

tati\'e fiS-·assncicl ted protein in the rat testis (10, 15, 21), have 
pro\'ided a strong c1rgument for its colocalization with {31-
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Fie. 13. A-F. ~licrographs of cros.:<-section:; of adult rat te;;h•s illustrating the localization of immun•-·n-acttY<· p-f AK· T. r - ::1 :h.:- :<··m; t:t:·.,r,_'u~ 

epithelium by immunohi::tochemi;;try after treatment of rat,; with a :;ingle do::e of AF -2364 1 :)()Ill!! kg bo •. i..\ \., t'1;ht h_\- ,;; . ..-.l.:• .\. t · :"'-·~·". ~.,..._·ttc'n 

of a C'ontrol rat testi;; at low magnification. B-F, Corrt",::ponding crn,;~-"ectwn.-; of t.:·:-h'." from rat.-. l"X3.lllmt-d J.! ., ~'l B l .:i (_- . 2 j {) . -J, ci E 

anrl 3d 1F· after AF-236-4 treatment. Bar. 1:20 J-llll for A and B. 60 11m fpr C-f 

integrin forming the {31-integrin.:p-FAK-Tyr''·- and Tyr~-,., 

c-Sre,/\·inculin comple:\. at the apic.1l ES becaust' {31-integrin 

(8, 9, 13), c-Src ( 1-t), and \·inculin (10. 1:;, 21 l are the putatin• 

ES constituent proteins at this site. Howen'r, our data wert' 

somewhat in contrast to a pre\'ious study t13l, which failed 

to detect phosphorylated FAK using rat testis lysatt:'s and an 

anti-FAK antibcxiy for immunoprecipitation. The e\.plana

tinn is not immediately knL'''·n. \:onetheles~. thi~ di>:'CfLT

ancy could be due to the fact that the mail'rity l,f FAK fl,tmd 

at the basal compartment of the seminiferl'US tubule.s ,,·ere 

not phosphorylated, ,,·here-as tyrosine-phosphl'r~-1.1ted FA}( 

was present e'\clusiYely at the site of apical ES a~ demon

strated in our immunohistochemistn·, immunl)tluore:-.cetKt' 

analysis. _\\s(l, \\·e ha\·e dearl~· illustrated the presence l,f 

tyrosine-phosphorylated FAK in lysates of Sertl1li-germ cdl 

n:-.culh1res and adult rat tt.--stes by IP using .1n anti-FAK 

anhbock 

Constituent proteins o( the apical ES are simdar to tht' FAC 

at the basal lamina: tyrosine-phosphorylated F.-\K is a 

potential linker for {31-integrin. recruiting ES components 

to the site of apical ES 

Recent studies ha\·e identified sen:?ral prl)teins that con

stitute the apical ES; many of them can abl' be fl)tmd in the 

FAC at the basal lamina, ,,·hich are tht.• functilmal unit l,f the 

cell-matri'\ focal contacts. These indudt.' J.H-intl-'~rin (,S, tl. 1:-1. 

\inculin 110, 15, cl), c-Src 1 l-!1, Csh 11-11. ILK II''· phc'-pha

tidylinositol-!,3-bisphosphate [Ptdlns{-1-5JP:] \In). phl):-pht)i

m,sitide-specific phospholipase C ( l~l. Fyn \ 171, .1nd Keap 1 

(18). Because J31-integrin i-:> a transnwmbrane receptor and 

~ignal transducer, n·gulahng cell adh6illll. cdl mi~ration, 

growth, differentiation, and pwgrammed cell dt.•ath l fnr rt•

\·ie,,·, see Ref. 28), this molecule must a~:-.~xiatt.' with :-.eYer a\ 

downstream signaling mnle...::ule~ lin kin~ the c\·tt'pl.lsmic ES 

components to e\.ert it~ si~na.lin~ functitlll. ILK ( 1 ::>) i..;. •)nt' nf 

the putath·e kinases functionally linkin~ {31-inte~rin and 

other downstream effector proteins in the ES. Hln\.t.'\·er. h' 

the best of our knowledge, none of the aboYe-mentioned 

cytoplasmic ES components are knm,·n to inter,Kt with ILK 

either structurally or functionally. Results reported herein 

stwnhiY ~uggt>5t that bt.~ttit•_ ... ILk the t:·r,~m~..'-rh<'":-f"'lh't:

latet.i. F.-\K rna\· be t1Ilt.' l1i tht' \.-ru...:-1.11 d,,\,-n~tre.lm k.in.1-.t.'~ ,,f 

(31-intehrin in the apical ES th.1t re~ubk~ tht.' :ntc~rm bmt

nin multiprotein ct,mple,·.._ "--dl .1dht.>-:-h'll !un..::til>n 

\\'e po:-tu\ate th,1t tht.• ES d,·nanu..::~ .Ht.' rt.•..:ul-1tt>d .1t le.l"-t 

in part. by a caxade ,,f t'\ ent::- "tth irntl.ll J'..lhThlhFh,>f\

lation nf FAKat the <1rk·al ES at T\T: .- ,--..n intt.·~nn ..::lu-.tt'rtrl~ 

thg_ l-l!. This in turn Lreate·::- a ht~h .1ii1nit\ -hndtn.~ "'!h.' f,,r 

c-5rc-; the recruitment l1f L-Sr.:: inl.hl..::t:..; t'urtht.•r rih'~~ ... h,>n Ll

tll1ll t'f F:\K at T~-r ~-~. Thi~ ..::l'nlF"k' .1"-"--.Xl.1h."- \\ tth 'm..::ultn 

tn regulatl' A) .b::-emb\~· b-t.>twt:·t.•n ·:~.'rkl1 .1nJ. ~t'rm ..::d!-. H~'-

cau~· ,-in..:ulin dc~ot.':-Iwt link h't'-F:\k-T:-r ____ dlfl'u::h ~ilrt'd 

interactttlJ1. it is pt,:-.tu1,1kd that (1-,lCWlm [.1!::-~' .1 k.rh'\' n FS 

(L1mpl1I1L'nt t11}] l)r F'-nillin !ll.l\" .1C! .1:-- ,1 t~n~ke r~l[ tht''(.' 

prl'tl.'in~ dor re,-it.•w_ .. _ ~"'-' Rek .:::~ .llhi .:::r- Furtht.'rnh'ft.' tht' 

binding ot Ptdln:-1-l,:=-1P: h' the' in.::ulin t.1d I' an t.'"".t_'!ltt,ll"-tt.T 

km'"·n h) induf..·t.' Yin..:ulin .,:-,,nf,--..rnutt,,n_ll ..::h.1n~e tr~'m .1 

~.-It)~' 1 in,l...::ti ,.e) h) an ('}-'t.'n 1 adi' l' "'t.l !e , h•r ft.'' lt'\V'- ::-t't.' Rt'i"

:-3 and ;-4;. As ~th:::h. tlw 1-'re~n..::e ,,! f't~iln~' -l. ; T: tn ttw F~ 

1 lti) ~'t..·mingi~· _"-U):!gl-'7-t~ that it ha~ a f''k>nttal rt'it' h' .ldt\ .1k 

,·inculin. "·hich in turn taci\itak~ the .1j.'IC,1l ES ft'"'tru..:tunn~ 

dunng :--permah))'!,_t:'nl'~I~. 

f'PK pS:1n, a ~ubunlt l'i the I'l?-k l:'- t....n~'\,-n t,, .1\.-t ,,., .m 

adaph)r f(,r couplin~ the }"'l h' -.ubu!llt h' tht' .1..--:ti\ .lted rn.>-

tein t\·w.sine kina:--t.· 1 il'r rt.•,-ie" :-<..~Rd.:-~ •. It'' .1~ :'-lh)wn h) 

be induced durin,~ ~;·crh,h-~l'riT'I ..::dl ..:,--...:u:turt.~ .1":- rq"'<.'rkd 

herein, mdicatin,..:: ib p.utJ..:lr.1th1ti n~ ~rt~'h-~t'rrn "-·ell .\f 

,b~•mb!~· rossib\Y Yi,11b l.'ff...__....-:t:'- l'Tl t!W aCH!l ,·yh"'~ddPn' t'l 1[ 

n.·,·ic". ~t.'C Ref_;-;, f'DK_ ,1\:--o.' .1 hxal ,hiht'--h'n ..:~.'ml-'"'11t'nt 

!ft'r re,-iew, ..:-.t"-' Ret~ . .::; and :-_j,_ i~ .-:1-....--.. .111 t'iit.'\:t~>r nh'it.'l..:utt.' 

that bind" to tht' 5H.2 d~,nuin ,,f r--FA~-T' r' .- i-' i; l.l't tht•tr 

inter.1di\)n in the tt:~ti:- rt.•maJn::- t.> l,, du.:ll."Lltl'd_ Altfh'llSh 

the t_'\.prt.-,.:"Sion t)i r,1\.tlltn and r1:;.i L.b rematrb rt.'i.ltl\t'l\ 

_.;.tead_, durin~ tht' a:-.'-t.·mt~h l'i :\1::- Hl ~'rh--..b-,.::enn Ldl "--lxul

turt~, \\-t1rk i~ Ill)\\- in rrlK.::_rt.-..;,_.; h' lit:!I .. '!"T:ll:~t' \\ ht'tht'r tht'\ l',J!l 

bt_' t~·n~ine pht~rhl'r:-Jakd l"'t.:• .. .:,ltl:'t' Q..1 th m~_>lt'\:u!t_,.. .Ht' kn~.'wn 

:-ub..-.tratt.>S of kina~':'- durin~ tht' a~~·rnt~l\- ,,r the F :\k ~r( .:~,m

ple\. ttor re,·ie"·:-.. :::.t_"t_' Rt.·i~. _::;___:;--,_ T.1kn::=. the~.: rt.'"::-U!t:-. Cl'\\e,,-. 

tiH'h-, it is likt·h- that the tyn'l::-mt.---rh~~rh,,r: Llted F:\k m trw 
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FIG. 14. The molecular structure of 
apical ES in the testis. This is a sche
matic drawing that depicts the current 
molecular structure of apical ES in the 
seminiferous epithelium of rat testes. 
This drawing also illustrates the exten
sive restructuring ofT Js, cell-cell actin
basedAJs, and cell-cell intermediate fil
ament-based desmosome-like junctions 
during spermatogenesis when develop
ing germ cells traverse the seminiferous 
epithelium from the basal to the adlu
minal compartment. ES is a modified 
testis-specific AJ. Results presented 
herein postulate that tyrosine-phospho
rylated FAK is a potential linker for 
J3l-integrin, recruiting ES components 
to the site of apical ES. Autophosphor
ylation of FAK at Tyr:197 occurs on in
tegrin clustering at the site of ES; this 
in turn creates a high affinity-binding 
site for c-Src. which further induces 
phosphorylation ofFAK at Tyr"m'. This 
complex associates with vinculin, pos
sibly through paxillin, to regulate api
cal ES dynamics via its effects on the 
actin-based cytoskeletal network. 

Sertoli cell 

--
"' "' lntegrln 

\linculin 

T""tln 

"'eclm·2 ,.,..,._ 

apical ES is a potential linker for {31-integrin, recruiting ES components to the site of apical ES to regulate F:S dynamics. 

Sertoli-germ cell AJs disruption induced by AF-2364 is regulated by the interplay of {31-integrin, uinculin, p-FAKTyr397, P/3K p85a., and pl30 Cas in .the ES, proteins that are usually associated with the FAC in other epithelia 
AF-2364 is a potential male contraceptiye that exerts its effects by inducing germ cell loss from the seminiferous epithelium possibly disrupting the A] structun.:'s, such as ES, between spermatids and Sertoli cells (22, 23), AF-2364 is also a new analog of lonidamine [1-(2,4-dichlorobenyzl)-indazole-3-carboxylic acid] sharing a similar structural formula (for review, see Ref. 1), which was identified from a panel of more than 20 new analogs by screening their ability to per-
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turb the expression of testin (22, 23), a novel AJ signal protein in the testis (19, 20, 65). And earlier studies have shown that lonidamine can disrupt the actin filament network in Sertoli cells when rats \1\'ere treated with this compound by gavage (71), which is why this compound could induce germ cell loss from the seminif(~rous epithelium. Its use for male contraceptive, however_. \vas limited because of its nephrotoxicity and hepatotoxicity (for reviews, see Refs. 1 and 24). 
The original gn:ll of this laboratory was to synthesize and identify a new cPmpnund, which maintains the biological activity of Jonidarn ine by inducing germ cell loss from the seminiferous epithelium without lonidamine's toxicity (23), and AF-2364 apperently fits into this profile (22, 23), Although the precis1;• mechanism by which AF-2364 perturbs the A} dynamics is not completely known, several lines of 
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eYidence suggest that it limits its action in the specialized AJ 

structures in the testis, such as ES. First AF-2.364 actiYate":> 

testin in the testis, \\-hich is a known .\}-signaling molecule 

large!~- restricted toES ( 19, 65). Indeed, AF-236-l \\·as selected 

from more than two dozen candidate compounds based on 

its ability to induce testin e\.pression in the testi5 from rats 

treated with a single dose of this compound by ga\·age (23). 

Second, results of serum microchemistn· anah-sis haxe 

sho\,·n that .-\F-236-l fails to induce lin~r and kidm··~- damage 

(22). Furthermore, histological analysis of tissue sectinn.·;. L)f 

lh·er and kidney also fails to detect any cellular damages {22), 

suggesting the AJ structures in these organs remain intact. 

Taking these results CLlllectin~ly, it is likely that Af-23&4 

perturbs the.\} dynamics in the testis by acti\·ating a unique 

ES structural component complex, which somehow link5 to 

testin, and is like!~· the putati\·e receptor for AF-236-l and 

lonidamine. In this stud\·, an induction of ,81-integrin, \'in

culin, p-FAK-Tn'"', PI3K p85cc and p130 Cas, but not the 

nonphosphorylated form of F.-\K and paxillin, was detected 

after AF-236-l treatment within -l-24 h. This induction alsL) 

coincides with the time that elongating and elongate sper· 

matids begin to deplete from the epithelium, followed b~· the 

loss of round spenn,1hds, indicating their in\·nh-ement in 

Sertoli-germ cell .\} disassembly induced by .\F·236-l. Fur

thermore, a transient induction of the immunoreactiYe p

f..-\K-Tyr"'":- was also detected between the heads of elnn· 

gated spennatids and SertDli cells and also at the cell-cell 

contacts ben,·een round spermatids and Sert0li cells as 

sho\,·n b\· immunohistochemistrv after .\F-236-l treatment 

before germ cell loss fwm the epithelium. 

In this connection, it is important to note that this pattern 

of protein acti\·ation was also detected in Sertoli-germ cell .\J 

assembly, suggesting the actiYation of F.\K can take part in 

both the e\·ents of junction assembly and disassembly. Such 

a p~.1tential bifunctional role of F.\K signaling in regulating 

junction disassembly and assembly is not unprecedented. 

For instance, earlier studies have demonstrated F.\K signal

ing indeed plays a crucial role in both focal adhesion as

sembly and disassembly (27, 7"6-78l \·ia a ~·et-to-be·ddined. 

mechanism that is reminiscent L)f the LlbservatiL105 reported 

herein. :\eedless to say. result:; presented herein han:> pw~ 

vided compelling e,-idence implicating the autophllSphory

lation of F_\K at Tyr""- at apical ES like!~· plays a crucial role 

for the .\F-236-l:-induced disassembly of St:-rtoli-germ cell 

AJ.s. This poshtlate is also consistent with a pre\·iDu--. study 

suggesting that tyrosine phosphorylation is important in reg

ulating spermiation (79). .\lthl1ugh the precise functilmal 

nature of the /31-integrin inductil111 t'olh.1wing .-\F-.:3M treat

ment before AJ disruption remain~ ob5eure, it is possible that 

such induction relates to the signal transductiLm t.'Vent nt.~

essary for the integrin- mediated .\} disntptiLm. such .1--. re

arranging the micrnfilament network. For instan(e, llmidam

ine is knO\\·n to induce rearrangement tlf the ~tr6s fibe~ and 

cYtoskeleton net\,·ork in Sertnli cells (80L theret,\· causing 

g-erm cell loss from the seminiferous epithelium. fn \·iew l;f 

the fact that both AF-23A-l and lonidamine .-.hare similar 

structural formulas (22, 23), both molecules may e"\ert their 

effects \'ia similar mechanistic pathway. 

Interestingly, the le\-cls of \·inculin, p-FAK-T~·r;.;;.-, PBK 

p85o:, and p 130 Cas were also plunged in the testi.s within 2-8 

dafter the :\F-23M treatnwnt. ..: ... ,in ... :idm~ \nth th~._· ... ie .. :linin~ 

e,·enb ~,,f .\J d.i~ruptim'l whl'n 'irtt1.~lh .11! ~,_•[,,n~.1hn~ .1n ... i 

elon~ah.' spermatid~ \\-L'rL' der<etc·..._i rr ... 'm the x•rninir"~._•r ... ,us 

epithelium in mnrL' than Ll.::. ..._,r tuhilt._~:-- t,'"\,1!1'lmed_ r ... ,ll ... ,wed 

by the h1--.~ nf wund :--f'l'rmJti ... i-. .1n...-:! :-n,':'t "'F'"-'rm.1klo.:stt.·~ 

from the erithelium. Thl>-:--.t.' result-- further "'LlF'F'''--'rt tht.' n ... ,ti~,_,n 

that these protl'in~ art.' inn'h-L·J 1n _-\J ... 11:'~1:"-:---t.•mb\v. In ..: ... ,n

tra.;,t, the prPtein leYd l't pl-Jnk'..::;nn ::-- -.nl! UF'-rt.·~ubted 

\\'ithin 2-.S d after trL'atnwnt. m ... ii..:.1tin..-: Jl-tnte..-:nn m.H 

regul.1te snme Llther fun(til,nl:--' .1~ ~he~.;, .... :!\ FS. :"-th:h cb tht.' 

maintenance l't :\ ls and Tlsl-...~,_·th'L"t.'n .lLil.1.:L'nt ~·rt~.,lt .:ells .1nd 

als1.' the A.b bt.~twt:'t'n St.·rt ... ,l: .:~..•lb .u-: ... i .;.r.__·rm.:.h,~ ... ,ni.1 

primar~- spermahxyte:-- ,1t the tl!11L' ,,f .-\F-:~~~-..t-m('1..ii,1teJ. 

testis d.ama~e (S-et:' Rd. :lf"l1 
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