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ABSTRACT 

Earlier studies have implicated the significance oi trans­
forming growth factor-IB (TGFI33l in the regulation of Sertoli 
cell tight junction (TJ) dynamics, possibly via its inhibitor}' 
effects on the expression of occludin, claudin-11, and zonula 
occludens-1 (Z0-1 ). Yet the mechanism by which TGFjl3 reg­
ulates the Sertoli cell TJ-permeability barrier is not known. 
Using techniques of semiquantitative reverse transcription­
PeR (RT-PCR), immunoblotting, immunohistochemistn .. , and 
inhibitors against different kinases coupled with physiological 
techniques to assess the Sertoli cell TJ barrier function, it \\aS 
shO\\n that this TGFf3J.induced effect on Sertoli cell TJ dy­
namics is mediated via the p38 mitogen-activated protein 
(MAP) kinase pathway. First, the assembly of the Sertoli ceii­
TJ barrier was shown to be associated with a transient but 
significant decline in both the TGFJB production and e\pres­
sion by Sertoli cells. Furthermore, addition of TGFJB to Ser­
toli cell cultures during TJ assembly indeed perturbed the TJ 
barrier with an IC;u at --9 pM. Second, the TGF~J-induced 
disruption of the TJ barrier was associated with a transient 
induction in MEKK2 but not the other upstream signaling mol­
ecules that mediate TGFJ33 action, such as Smad2, Cdc·-'2, 
Rac2, and N-Ras, suggesting this effect might be mediated via 
the p38 MAP kinase pathway. This postulate was confirmed 
by the observation that TGFJB also induced the protein level 
of the activated and phosphorylated form of p38 MAP kinase 
at the time the TJ barrier was perturbed. Third, and perhaps 
the most important of all, this TGF~J-mediated inhibitory ef­
fect on the TJ barrier and the TGFf33·induced p-p38 MAP ki­
nase production could be blocked by SB202190, a specific 
p38 MAP kinase inhibitor, but not U0126, a specific MEK112 
kinase inhibitor. These results thus unequivocally demonstrate 
that TGFf33 utilizes the p38 MAP kinase path\\ a) to regulate 
Sertoli cell TJ dynamics. 

Sertoli cef/5, 5ignal transduction :'{Jermato!.!ene_~,-~ tt·~tt~ ti~hl 
jun1 tion 
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INTRODUCTION 

Durin~ 'PCflll<lln);L'llC..,J~. thL' SL'ftllli .._·ell ti~ht _iun.:­
tinn-. !TJ..,J that L'tlrbtitutc the hl\'I)J-tc'll' ~.trri~..'r 1BTB1 
llllht di ... a ...... cm~k and rca ... ,cm~lc tntermittcnth t1.1 f.t..·d­
itate the tran'h'L·atitlll 11f prL'lep!tll('llL' anJ kphl!Cne 'P<-'r­
maloL-~h.'' al'w ...... th1' harncr ~~~ ... !.tfc'' \"Ill ,trh.ll.\ 1'f the 
c~cle lft)J" re\ie\\ ....... ec [1-3]1 Th! ... thu ... rermll ... thL' 
llh1\ emcnt of ... permahlL~ tc ... fr,,m th ... · h.b.tl 11' the .tdlu-
min~d LIHllpartmell! l'f the 'L'nllnifcr, ... tb '-Tithc!Jum '' h1k 
diffcrcntiatin~ into haph11d ... pcrm.i!Jd ... ! ·'· -1.1 :'\l'llL'ltlL'-
!c ....... the hinL·hemil'al anJ Jlhlk.._·uLir r..: ... c ... \,f th ... ·~ ... · .... , ,:nh 
arc not ~ ct lxno\\ n. Rl'L'L'nt ... tuJtc .... tw'' C\ er. h.t\ c ... thJ\\ n 
that the l'\Cllt of );l'rm L·c\1 flhl\l'lllL'Ill .l(f\"' th.: ... cmi­
nikrou ... epithelium ;tpp~lfL'llll~ reyutrc' the 1"-tr!l ... ·lp.itil)n 
of protca''-''· pnHc,t ... c inhihtll'r' .. trh.! _llllkti~.,n.d ...:l'lllPk'­
L'nmpnnenh. \\ hil'h in turn ;He rq::ul.1te~i ~~ ..:~ !l11-.!ne~ .tnJ 
~i~ni.llin~ nwkculc ... 1fPr rc,ie"'- 'L'C I.~--:~. h'r 111-

'''-IIKL'. pre' intb ... tudJc~ h.J\ L' 'btl\\ n thar. \\ h.:n the Ser­
toli L·L'il TJ-pcrmcahilit~ h.trricr i~ .i~ ... ,·mhL .. ·LI 111 'Ilr\\, 11 
a-.,ociate' \\ith a time!~ indLIL'thln ,1f ,e,cr.d TJ-,J....,\)""'1-
ated prnteitb .... udl a ... tlL·L'ludlll. li'Tllll.t ,,,_-,:ltilk•n,-1 1/0-
1 ~-and claudin-11 [:-.-11]. ''hi ... -h .tr~..· th.: hn1dw:: b],l._:j,.,, 
of TJ, lftlr rc,ie\\ .... ... cc [1. 1~-\-l.]. Furthcrnwr;.·_ ttli..· 

a ...... emhl~ uf Serttlli L·cll TJ~ in \llr•' 1 .... 1"•'-.. :I.tt;..'d ''nh ,1 

Jcl'linc in the cndl\);l'lh\Ll' TCiF llr.:n ... f,,rmln:: f"fll\\th 
LiL·torJ ~2 and TCif~)-' e\pfL'"itlll b: Scrh<l ,_·;.']].., lltlj 
Thc ... c rc ... ulr... thu ... J!lu ... tratc .1 rc ... ·ipr,,,_-,tl r~..·l.ttll 1 1l ... tl!p L'\­
j,r... het\\L'I..'Il TGF~_-:, .tnd TJ-,, ...... ,,.._,i.ttc ... l prt'ti..'Hl~- '\c ... ·dk ...... 
ll\ ... a~. the''-' ... tudie ... a! ... P imp!J ... -.Hc :he ... i~nitl ... ·.ul....·~..· 11t 
TGF~ in TJ d~ n~tlllk' .... Tt' L't•ntirm .111L! e\p.tnd th'-"'-' c.tr­
lier ,tuJie .... '~ e h.t' c dt.'flll'll"tr.tt;.·ll !h.tr tlh.' .tlillilll'tl tlf 
rccomhinanl TGFr3-~ tn Sattlli L·c\l ,_·ulturc ... dunn:: TJ .t ... -
''-'mhl: L'an indeed tn_s.:;cr .1 plummcrin~ in th~..· '-''tr'-'"'ll'rl 
of Z0-1 and tl(.._·ludin. PL'r!Ur~lllf the TJ t1 .iffli..'r [Ill] 
The ... c rc ... ulh arc a] ... tl 111 afrl'L'ment "Hh ~..·.tril~..'r ... wd!'-''· 
\\ hi~.-·h ha\ c ... h,m n th~tl 1111L'rferl1!l-"· ,tlhi hq'.!i''""-~ t..· 
gnn,th L.tdor arc l·ap;thk tlf pcnurr:nf thc .t ......... ·rnhl: ,1r 
the TJ harria 111 TS-l. ~l!ld \LtJlll Darh~ .:Jninc lxidn ... ·~ 
( \IDCf\.1 L'clJ .... P''"t~l: h~ r,:dtJ...·tn~ Z0-1 e\rrl'"illll 1'r 
L'~tu,in); the rcJi..,tnPullt'll 11f /0-1. flh'\ in,:: ir .1\\ ~~~ fn,m 
the .., it c t) f T J ... It) L' ~ !I 1p ].,.., m l I ~. I (l ! . H,' '' e' e r. the Jt) \\ n­
... trL'alll ,j,:;nalin.:; p.HIH\~1~'~' b~ \\l11d1 rhe ... c ._·:lllktne .... 
... udl a ... TCJF~-~- ~trc utili ted 111 r;.'~tt!are TJ ~I: n.uni .... ·, I' 
entire\~ unixJhm n :\ ... r.lrt ,,f 1\llf 1'11f1lltl~ cff,lrh [l\ ... ruJ~ 

the h1nln.:;~ and re.:;ubti\'11 ,,f TJ d~ n.lTllJ,_-, dunn~ 'PL'r­
!ll<tiP~L·nc ... b. \\ l' ... nu~hr Ill ldl'n!tf: th;..' r.l!h\\ .:~I ... ) Ull­
litcd h: TGf:~ .. -. tP rL');Ul.Hc thL·~c '-'''-'nt .... lf th1 ... wf~,r­

matinn i-. 1-.ntl\\ll. there ''ill be ... e,er.d imp<'rt.mt r.trniti­
catinn .... Fir ... t. thi ... \\ill rnn Ide ~~ .:luc fl\ unJcr~t.trll.iin::: 

lhL' hinlo~~ nf TJ d~ namil' ... in the tt'~ll~- Sc ... ·~'fhi. ~wdte' 
L'<lll he dc ... i~nt.'d IP L·Pmprnmi~e the inrc::nr~ ,,f the bJ,~,~d­
te ... ll.., harrier in \1\tl !tl perturb .:,:.:rm ... -~..·1! !111'\'-'rn;.·nt 
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FIC. 1. A schematic drd\Ving illustrates tf>c lour signdling pathw:ws utilized b\' TCf=[3 to ,11'11·1·t C<'llular function. This di,lgra.m was prepared based on 
reviC\·\·5 [18, 1 <J, 211. Original articles tha: describe the di.,coverv of the kPy molt·,~u~c'> dt'JIII lt'd in these pathwavs can be found in these revie\vs. 
MEKKs, .lv\AP/ERK kinase kinases, which inr Jude ,\\EI<Kl .. 'vH-KK2, .\t\EKK1. and others, JNK. 1 -]ul r--,1 L-terrninal kinase also known il':> Jun kinase or 
stress-activated protein kinase, SAPK; j,'JKK, c-Jun r\1-1/Prminal kinasC' kinase; ,\1KK 1, MAf-' ~in, S(' ~ina~e 3; MF:Kl/2, MAP/ERK kinase 1 and MAP/FRK 

kin<JS<" 1; ERKl/2, extracellular ~ign,11-regulatcd kina~e I ,llld Pxtracellular signal-re\.itJI,ltPd kit'd',(' 2 

across the Sertoli cell TJ-barrier, disrupting spermatogen­
esis. which may lead to the development of a novel male 
contraceptive. Third, this may ev~n offer clues to under­
stand the pathophysiology of certain unexplained male 
infertility. 

Several studies have shown that TGF~ regulates cel­
lular function via its initial interaction with the TGF~ 
type II receptor. which is a putative Ser/Thr protein ki­
nase capable of undergoing autophosphorylation upon 
activation following coupling with its ligand (see Fig. 1) 

(for reviews. see I 17-19 j). This in turn car"cs the phos­
phorylation of the TGF~ type I receptor. and this acti­
vated type I receptor induces signals via one of the four 
signaling pathways (see Fig. I). The~e include SMAD 
(intracellular proteins that mediate signaling from recep­
tors for TGF-~ and its related factors. named after the 
first two proteins identified, Sma in Caenorlwhditis etc­
guns and Mad in Drosophila) proteins [201 and three dis­
tinct mitogen-activated protein kinase~ (MAPKs also 
known as ERKs. extracellular signal-regulated kinase;,;), 
namely i) stress-activated protein kinase (SAPK) or c­
Jwr N-terminal protein kinase (J~Kl. ii l p38 MAPK 
(p38), and iii) extracellular signal-regulated kinase 1/2 
(ERK 1/2) (see Fig. I). Their corresponding upstream 
transducers are Cdc42/Rac GTPases. :\1EKKs (MAP/ 
ERK kinase kinases). and Ras GTPases. rc:-.pectively (for 

reviews. see~~~ I. 22]). It is known that the TGF~-induced 
expression of matrix metalloproteinase 13 (MMP-13) is 
mediated via the activation of p38 in fibroblasts [23]. By 
activating ERK 1/2 and JNK, TGF~ is also known to up­
regulate the expression of collagenase-! in gingival fi­
brobla"s I 24 I. A !so. TGF[3-induced phosphorylation of 
Sl\1ADs can form a complex with Co-SMAD, which in 
turn translocates the activated multiprotein complex to 
the nucleus to induce gene activation via ~pccific tran­
scription factnr-; [ 17. 25, 26]. For example. the transcrip­
tion of pla~mi110gen activator inhibitor-! (PAI-l) is in­
duced hy the '-).:nergi~tic cooperation of Smad proteins 
and transcription factor TEF3 (transcription enhancer 
factor 3) 1271. It is therefore possible that TGF~3 per­
turbs the Scrt(ll i n~ll TJ barrier via one of these four path­
ways (see Fi~. 1 ). 

In the prcs,~nt study. we sought to address the follow­
ing issues. f-irs!. \VC expanded our earlier regulation study 
[ 10] to the protein level by using immunoblotting and to 
assess the IC\ 0 of TGF~3. Second, we examined the cel­
lular distribution and developmental regulation of four 
signal tran~ducers and their changes during the TJ assem­
bly in vitro. Third. the upstream signaling molecules and 
the signaling p;rthway by which TGF~3 exerts its effects 
were investigated. These studies were in turn confirmed 

/ 
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by using different \lAP kinase inhihitor" ami protein tm­

munoblotting technique"-. 

MATERIALS AND METHODS 

Animals 

\tale Spr'-lf:U<.' Da\\\c~ rat-. \\ere uhtain.:J tr,,m Ch.!rk-. Rt\L'f Lab· 

oratmi.:.-. tKing-.ton . .\1A.L Rab \\Cf<.' k.ilkJ h.-, co~ .t-.ph~\1.1[!\lll, ThL' 

the pf anim;1\-. f11r thi-. -.tuJ~ ''a' appnncd t-;. thL' Rud·,cfL·lkr tnt­

\('r-.it;. Anim:!l C;nc :tnJ L--.c (\,mrnincc \\ith Prtll<~<:<.l\ 'umb.:r-. IHll\1 

and LJ:'\ 1 ~Y-R 

Antibodies 

Th.: pol;. donal antibodt<.'' Lh<:d m -.tudi<.'-. rcp,,rtcd hL"r<.:1n \\<.'T<' r.u-.t'J 

m rabbit-. again-.! the C<.lrr<>pomhn~ pr1'h?lll' tl( human 1lTiF0.•. J'.-K 

p-J'\K. p-ERK1f2. p-38. p-p?-~. \IEKI\.2. Ra..:21 Pr ut 1ERKL2• ''n::tn 

Th..: nllJill1dL'Ilal antiht)Jj,.., •Jf Smad2. CJ...:.C. ~-Ra-. \\<.'n: frnrn llhlU-..<.: 

m~~.·Joma cell-.. tbing ant1gen-.. t'f ~.·ithcr hum.tn 1Cd..:-+2.:.; R.bt ,,r lll<'U'<.: 

I Smad2 I origin. AntihuJic-.. again,( J:.;K I ~·.tt. nP. LJ2.:'i2. \,>( [1\l. -+I, r­
r·...:K lt.':il. [10.925\S. 111{. nc•. Jl. ERK1·2 •..:.tt Ill'. lllt\2. h11. Thl . ."I. r­
ERK\/2 l..:at. nll. Yl!l\S. kl\. IW. -+I. r-'~ h.'.H. rill 9212. \.11. il<' ·''· ,mJ 

r-1'-~~ 1..:at. nn. 921 IS. \<.11. rw .. ~I \\t.'TL' pm,·h.h<.:d fr,>m C..:\1 S!~ll~tl1n~ 

T..:L·hrwlog~ 1 Bc\l.'rl~. \1.\ '· Antih,•JJ,:-.. .tg:ain-..t TGFf).' 1 ,;,tt nP. -..~·-;--2. 

ll1\ no. H2801. \1EKK2 IL·.tt. n<.' ..... L·-HI(','."_ ],11. n,, -\1."1 '· R.t..:2 'L',H. rh> 

".:-911. Int. n,o_ G2.'11. anJ :.;.R.h IC,tt. IHl -....:-.'1. Int. n,1 D\\\1 \\('fL' 

fwm Santa Cruz Btlll<'chrlll\tlf!~ tSanta Cn11. CAl. .-\nuh,•dk•-.. .q;.un-..t 

Cd..:-+2 1..:at. no. 610~--L'' .. \<.>1. no.), .md Sm.H.l2 t~.·.tt. rw.I>\0'-12:0.. 1<'1 !h' 

:_=; 1 \\ crl.' fwrn BD Tran-..du..:th'll Lah<.'f~tl\lri..:-.. 1 S;nl Dr..:g''· C.-\ 1 -\l! .t!lll­

bL'dlc'- u ... cd m thi" -..tud~ ..:n.h-..-TI.'a..:t;:J '" ith th<..· ..:~.,rr<.:-..p•'n'-hng r ..tt pr,>t<.'ln 

a-.. indi..:atcd b~ the manufa..:turl.'r. B<.n inl.' ,mt1-r~thhrt lgC.i "---·tl 11<'. -....:-

2.'-it'). lot. nt'- 80."11 and gL•at anti-nwu,c lgG l(..tt. nll. -\-2.'.!1-+. h1t. '"'· 

51 K--+~-+91 ..:pn_iug..ttcJ IL• ht1r-.crad1-..h r~.·r''''da-..<::" 1 HRP1 ""<.:rL' ir,•m S.tnt.l 

Cruz 8H1t<:.'<..·hnL'lng_, .Uld Sigm;l 1St. L1ui-... \I01. r~·,fl<'~-~~"L'h H,,th th<.: 

catalr>g and lot numhcr-.. \\<.:Tc inJtcat~·d h<..'CJtJ-..<.: -..L·k~·k·d .tntih<>dt<'' fr,,m 

l•thn \Cildor-.. failed IP ~1<.'\J -..;Hi-..fa<..'il'f~ rc-..u\t-.. :1-.. .,ht>\\11 Ill prc]!!lllll.tf_\ 

1.'\p~nmcnF 

Preparation of Testicular Cefls ior Culture E\periment~ 

Serto/1 cell culture'~- Primar~ S~rt,,Jj '-·1.'1\-.. \\l.'rc b<'l.lt<.:d fr,,rn 2U-d,I~­

,,]J Spragu..:-Oa\\ lc~ rat-.. a-.. pre\ i1'tbl~ Jc.,crihL·d l 2:-.. 2<ll l-'rc-..hl;. b<'Litcd 

S..:rtoli ..:d1-.. \\Cf<..' ..:ulturcJ ~11 h1~h .::d1 d<.'n-..n;. 10 :" \O'· ..:dh ..:rn:1 ,,n 

\latrigd-..:Patl.'d 12-,,-<'11 Ji-..hc-; m -..crum-fn.'l.' Ham Fl~ :.;utn<-'nt \ll,turc 

1Fl.:!1 and Dulix·"-·..:~' nll•dlli<-'J Eagle mcJwm 1D\IE\\1 11 I.\\ 1 .~-.. ck­

-.nitx-J [10]. Cdh \\Crt:' then ln..:ubatcJ ;I! -':'T 1n .1 hurmJitkd atrll<"Phc•rc 

of LJ) t ;- air·.:'i''i CO: 1 \ '" 1. Ttl ,,ht:tin S..-n,,1i '-·l.'ll ...:ultur..:-.. '" ith gr..:.tt<-'r th.tn 

q_;:;r; purit;.. "-·dh \\l.'f<' h;.p;.,tonJ...:a\1~ trc;tt<.'d \\tth 211 rn\1 Tn-... pH- --l. f,,r 

2 5 min to 1;. ""' <..·ont;uninatmg: g<-·nn cd\, _;h h aftn p1.1lnl~ i .'OI Thcr<.',tft<.'r. 

thl.' Scnr>li .:ell ..-pith<.'1ium \\a-.. \\~t-..hl.'d 1\\tL·..: II' TL'Ilh>\<.: L'l.'lltil.lr do.:hn .. 

\1cdia \\l.'ft' rl.'pla'-'l.'d C\l.'r;. .2--+ h .md .:1.'1!., \\ere lll<..'llh.lt<..'J l~>r .lll.tdd!l!,,n.d 

6-- Ja;..;. Culturl.'-.. \\l.'f<? tc:-nn1natcJ at -..p.:,tlicd tllll<-' r"'lllh f,,r R:.;-\ c\-

l~olation or :;crto/1 ceil.• rrom ,l(/u.lr r,JI !c-':t'~ Th..: l,,,[,Jtl<'ll »~' S~."rt<'l! 

..:dh fwm 60- and '-/0-da~-t•ld Sprag:u<?-OJ.\\k~ ut t<.' .... t~·, \\<.:fl.' p •. .-rf,,rm<?J 

c ....... <.'ntiall~ a-.. ear1il.'r <k·<rih<.•J 1-' 11 

Germ celi~. Germ L'<'lh \\cr..: i-..o\atcJ lr"m 5-. \!1-. 20·. ~0-. 1->0-. •kl­

d:t~ -old mak Spragui.'-Da\\ k~ rat t<::",t<-'-.. h~ .1 rn..:,:halll..:,tl pr, ... .-~·dur..: \\ lth­

,1Ulthc u--1.' ,1! tr~-..rin 1~2) a-.. dc-..<.."Tih<.:d 1-'-'l 
5erto!t cell..;; cultured\\ ith recnrnb.'n,!rl! hL;rll.Jn TC:Fp i pre 1.'1':'' S<..•rt,>l! 

..:<.'!!.... prl.'parl.'d ,1.-.. Jc~..:rih<.:d ah<.'"~-' \\l'r.:: ,;ulturc:-J ,,n \l.ttfl_:-'<.:1-..:,,at<-'d 12-

\IC\1 di,he-.. at a Jc:-n-..!1;. ,,f 11 __ .:; ill" '-·dh.-,:m: TP -..tu .. l~ the: dkd" ,,, 
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Target gene Primer seqw~ncc (Jri('lltalillll Position Length Reference -------~ S-16 

Smad2 

Cdc42 

Rac2 
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1\'-Ras 

ferent ~amplcs v.:ithin an experimental group. All -.umpk.\ within an o:­
perimcntal group v.·ere proce:-~ed simult<Jne·m~Jy for R:'\1 .. '\ cxtnHion and 
RT-PCR to eliminate inter-experimental var!ation. Hriefly. ahout 2 /J-g uf 
total R:\A was revcr"e transcribed into cDNAs w .. ing O.J f-1-g- of oil­
go(dT)15 with a .\1oloney murine Jeukernia ,·irus reverse transcription kit 
(Promega. ;'v1adison. WI) in a final reaction volume of 2.5 f-1-1_ PC:R wDs 
routinely performed by combining 2-3 1-11 of the RT pruduct with 0.-f 
f.Lg each of the sense and antisense of selected target gene primer pairs 
coarnplified with the rat ribosomal SJ6 primer puir r--0.03 ].tg) !Table 
1). Coamplification with 516 was included to ensure thai equal amounts 
of RNA were reh~rse transcribed and amplified in each rc;tctinn tube. 
Preliminary experiment<> were performed to ensure both the PCR product 
of the target gene:. and Sl6 were still in the linear pha~e using variou~ 
concentrations of primer pairs (i.e .. target gene and Si6L different ratio~ 
of target gene to S 16, different concentration:. of RT pn1ducts. ,..md di 1-
ferent PCR cycle~. It is noted however that. in mo~t in:-.tances. the lin­
earity of the 516 PCR product in the reaction wa.~ close to saturation 
whereas the target gene was at its exponential ph<J~c due to the d-l~p<Jrity 
betv.'een the basal qeady-state mRNA levels of S 10 \·er~u\ the target genes being investigated. These preliminary experiments_ hov.-e\'l,:r. ~ug­
ge~t that -;amples within a treatment group can he compared '•tatl~tically 
after the target gene expression is normalized again.~t S 16. To vigorous]~ 
confirm these result-;. mo~t of the key experiments U\ing RT-PCR were 
verified by irnrnunoblutting using commercially availahk specitlc anti­
bodie!. againq the corre1.ponding t<Jrget genes. Nonethelc.~~- these irn­
munoblot analyse~ re\'ealed that re~ult~ of the ~emiquantitati\e RT-PCR 
were reliable. For PCR analysis, RT product:-. were miu.:d with 5 11.1 lOX 
PCR huffer. 3 f-1-l of MgCl~ (25 mM). X J.d pf dt\"TP" (200 J.l-.\1 each of 
dATP. dGTP. dCTP. and dTTP). 1.25 U Taq DNA polymcr,1se (pwmcga}. 
and qerilc double distilled water to a final vclume or 50 f-1-l. The cycling parameters for PCR reaction were us foi!O\v\: denaturatillll at (}.rc for 
1 min. annealing at 58-59°C (temperature u~ed wa:-. dependent on the 
target gene to be investigated as determined in prelimin;11·y experiments) for 2 min. and extension at 72~C for 3 min. for a total of 21-26 cycle:-.. 
which were followed by an extemion period vf I 5 rnin <lt TYC. In order 
to enhance the detection limit and to yield data for den!.itometric !.can­
ning to permit :.emiquantitative unalysis, PCR \Vas perfurmed by the 
inclu~ion of [-y--'~P]-labeled primer~. Briefly. the sen~e p1imer of target 
genes and S16 were Jaheled at the 5' end with [-y-'"P]-dATP (~pecifiL· 
activity. 6000 Ci/mmol; Amersharn Pharamacia Biotech 1 11.~ing T: poly­
nucleotide kinase (Promega). Approximately 0.5 X I(Y' cpm were u~ed 
per PCR reaction and the ratio of the [-'"PJ-laheled sen~c prin1er of target 
gene to S 16 was similar to the ratio of the unl<Jbeled primers. To ensure 
the linearity in the synthesis of both target genes. such as Smad2 and 
Slfi in the PCR. I0-1-11 aliquots of PCR product~ at IX. 20. 22. 24, and 
26 cycle~ were withdrawn and re~olved onto 5'7i- T pol:y':tcrylamide gels 
using 0.5X TBE (44.5 ml\.-1 Tris-borate. I rnl\1 EDT.,l,. pH X.()) as a 
running buffer for visualization in preliminary experimenh. Following gel clectrophoresi:-.. PCR products \vere visuali7cd hy cthidium hrnmide 
staining, and autoradiography wa.~ performed u~ing Kodak X-Ol\1AT AR 
s-ra_y film rEaqrnan Kodak, Rochester, NY). Autoradiogr:lms fron1 three 
<>eparate experimenh were den~itornetrically ~c;mned ;_Jt (1(10 nm using a 
Pharmacia Ultroscan XL Laser Densitometer (Model LK8 2222-0201. 
normali7ed against S-16. and used for statistical analysis. 

Detection of TGFf33 Protein During Scrtoli Cell Tj 
Assembly by lmmunoblot Analysis 

Spent media were collected at ~pccitied ti!lle pninh during the a--;..;em­
bly of the Senoli cell TJ barrier using cells cultured at 0.5 X I 011 cells/ 

Scme 
Anti~cn'-l' 

)ensc 
AntJscn~e 

~r~n~c 

Antiscn~f' 
')l"ll'>l' 

~-\ntist_'ll~f· 

)('fl..;(' 

Antisense· 
Sen~(' 

A•1tisC'rN~ 

15-JR 
_)76-YJ'J 
63-83 

286--:106 
2'i-44 

532-)52 
127-148 
299---!22 

56-71 
115-Yi4 
lJ-J) 

_)11--130 

381 1181 

244 [59] 

.'i2H 1601 

196 [61] 

279 [621 

518 1631 

cm 2 on !2-well .\Ltngl·l-couted dishes. About 100 ]-Lg protein per sample 
at different tinw pcinb W<l~ resol\'ed on IY'k T SDS-polyacrylamidc gels 
by SDS-P:\GE uncl.~r ,·ducing condition\. The presence ofTGFf33 protein 
in SCCM wa>. Jctei.'lnl h)- immunoblotting and TGFI33 wDs visualized by 
the Enhanced Cllcmilullline~cencc (ECL) Detection Sy~tem (Amersham 
Pharmacia Biotc,·h 1 u~in~ Kodak 8ioMax films. 

Detection of i\r /Jvatcd p38 MAP Kinase During Sertoli 
Cell Tj Assemhiv 

Prot..:in~ (200 f.l~'J fr•Jlll Sertoli cell ly~ates derived from cultures with 
or without TGflL:; rn·,umcnt were resolved onto 7.5'X T SDS-polyacry1-
amide gch. Tlw :lcli\allon of JNK. p38. and ERKI/2 following TGF[33 
treatment wa~ dctcrminl'd hy imrnunoblotting using <mtihodies specific for 
both the tlJtal :1nd pl··n~phorylated/activated forms of the corresponding 
\1APK. Briefly. tolH_w, ing electrophoretic transfer of proteins onto nitro­
cellulo~l' paper. hlo:~ \>.ere blocked with O.Jrk Tween-20/Ylr_ nonfat dry 
milk ·m f--'HS-Trif-. ( ]() 111.VI Tfi~. 10 mM sodium pho~phate. 0.15 M ~odium 
chloride. pH?.--1-. <It ~2--C) for I h, followed by three washes in (l.l t;( 
l"\veen-20/l'BS-Tri~ I I :'i lll.lll once. 5 min twice). Soon after the~e wDsh­
ings. the blot \\a~ ilLcllhated in 0.1'1(, primary antibody in PBS-Tris con­
taining (l_]c; BSA 1w1\ )_The blot wa~> then incubated with 0.05% bovine 
anti-rabbit i~'G-HRPlO.l'/1 GSA in PRS-Tris fur I hand visualized by the 
ECL Det.?clion Sy~tl'lll 

Statistical Analvsis 

In all the expcrinll:llh reported herein. results were derived from three 
~eparate experiment' L.~ing different batches of celh. And in each exper­
iment, each time poi11t LJr treatment group had duplicate or triplicate cul­
ture~. About 10-20 r~ih at 20 days of age were u:.ed in each culture 
experiment to obtain '-uftlcient cell numhers to prepare the needed repli­
catc/triplic:atc cultun:·, .. 111d the different treatment group~. To complete the 
entire ~tudil'~ de:>.nibed in thi~ report, a total of 400 rats v.-ere used over 
a period c,f 2 yr. Stati:-.tiL"<tl analy~i~ was performed u~ing a statistical anal­
ysis software pad.age (·ln!ll GH-STAT (Version 7.01 from Dynamic .\1i­
cro~y~tem.~ Inc (Sih~.·r Spring. \1DL For re~ulh shown in Figure~ 2, 4. 5, 
6. and 10. :-.tatislic~d ,Jn,il>\is was performed by Student t-te~t. In Figure!. 
2 and 10. c~1ch treatlllcnt group within ;Ill experiment wa~ compared with 
the corn:-.~pondin~ UJ11tml cultur6 without TGF133 or TGF133 plus inhib­
itor. In Figure 4. rh,· ml~!\A and protein levels of the corresponding TOfl3 
upstream signaling n1oknile.~ in germ cells were compared with Sertoli 
cells. which were arhiHard~' ~et to one. In Figure~ 5 and 6. the steady­
~tate mRI\' A, level~ 111, tlh: L·orrcspnnding TGFI:) upstream ~ignaling mole­
cule!. in Sertoli and p:erm cells (Fig. 5. 8 and D) or te~tes (Fig. 68) at 
other age~ v.cre COillparcd with the younge~t age group. which was arbi­
trarily ~t·t ro one. hn ,_bw ,IJnw·n in Figures R. G and H. and 98, statistical 
analy"e~ were pcrrnnn.'d hy ANOVA u~ing Tuk.ey honestly significant 
ditference \l.:.~t \\he' I\' .·avh ~ample group at a specified time point was 
compared with other ~:Jlllflle group:. within the same experiment. For in­
stance. for d~na shu\\ ll :n f-igure 98 (right panel), the protein level of p­
pJ8 in Se1toli cl'lb d11ring TJ a:-;sembly un Days 1-3 after TGF[3J treat­
ment was ~huwn to h,; ~it:niticantly higher when cornpan~d with cells on 
Days 0. 4. 5. 6. cmd- h~ ,\:--/OVA, which is abo different from cultures 
withoul TGFf:LI trc:lllllt'llt flcft panel). 
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RESULTS 

Changes in TGF{33 During As,emhil or Sertoll Cell Tl· 

Permeabifit\ Barrier b\ fmmunohlot and 5Pmiqthlntitatii (' 

RT-PCR Ana/\5/S 

Pr~\iou~ studi~s ha\·e ~hown thJt thcrt> ''.:1'- a -.ignitiL·ant 

decline in Sertoli cell TGFI3.) .;,t~aJy-:-.tate mR:-.:.-\ 1~\r:l~.:o­

inciding \\-ith the a~:-.emhl~ of the Sertoli TJ harrier in \ itrn 

\ 10]. Due to the low detection limit nf th~ cnn\~lltiunal 

immuno~taining: techniqu~. which require.;, \0-30 n~ of 

TGF\33 to be \'i~ualized. changes in TGF\33 protL"in Jurint: 

Sertoli cell TJ as ... embl\' \\ere not \ i.;.ible [10]. \\"hen an 

enhanced chemilumine~cent-ba.;.eJ immurllldetr:L'tilm .... ~ ,_ 

tem wa.;, u~ed. which had a .... ensiti\ it~ >~00-fo\J ~.:ompared 

with the colorirnetric-ba~ed technique. a plummr:ting in 

TGF\33 protein in tht: spent media of St:rtoli cell' \\a' Jr:­

tected coinciding with the a ... sembly of thr: TJ harrier !Fig. 

2Al. These results \\ere al"o con"iqent \\ith thr: RT-PCR 

data (see Fig. 2B l. 
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H,1mcr In \ itro 

Th~..-~ aJJiti\m nf r~..._·nm~inant TCih3.~ ,It-~ n~ ml h 1 Scrt1 1 ll 

L·elh ~,_·ulturr:J in \ itn' at 1.~ · IW ... ·,:\\ .... _ .:m2 I'll \Lnn,::~..·l-

1..'\lalt.'d hiL·aml-·ral unih ll' pt:'nlllt TJ .l"'embl~ ,_\lllki indc~..·LI 

pr:rturh the a ........ emhl: 1lf thr: Sert~'li '-·ell TJ-pcnn-._·al--11\it~ M.ir­

ricr ! .... L'c in .... ct t11 Fi~. ~C1. Th~..· IC~_ t'f TGF8_~ t'll the .1 .... -

.... cmhl~ tlf St'rtt'li L·~·\1 TJ h,lrncr \\,b ~l ...... c ....... ~d P: yu.mtt­

fying thc TFR aL'fth ... the s~..~n,,li L'l'li cpnhehum Ill th;.,.· rrc .... -

CilL"L' ttf diffaent L'llth:entraril'i1" 11f TCiF;}.~ ~t\\I..'Cll ll_lltl\ 

anJ -~ Hf/ml nn D.:1~ :; .tt thc time Sert(l\i ..:l.."lt' ... ·~'mpktl'd 

th~ TJ harrier ~t ........ cmhl~ 1 h; ~C :Hhi in ... ct '· \\ hi..._·h 1" nun­

lfl',ted h~ ~~ .... tcad~ TER ~11.:n'"" th-._· '-·ell cpnh~..·l!um h b 

nntl'd that TGFp_-::; L·nuld 1'111.' ['L'rturb. but :1< 11 .tl~'lt .... h. th~..· 

~\ent nf TJ a ....... cmhh t>cL·.tu ... c tht'""-' \\,! .... 111 1 ~hTfc-r~..·rkl..' tn 

ir.... magnitud~ 11f inh;hllinn h-ct\\CCil () __ .::; .m,J -~ n:_: rnL Th~..· 

pt.'fL'L'Ilt<lfl.:' nf inhihitltlll indtiL't'J r~ TCil--"p.~ \\<I' th'lTll.ill!cd 

agaitbl Ctl111rn\ ..... mJ plPtteJ .lfain ... t diffr:rcnt '-'t'f1L'L'ntr.ttl< 1Il' 

of TGF{33 u .... cJ f11r the C\f~.:rinll·nt: the IC~ \\,I' f,,und 1< 1 
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fiC. 3. Morphologic,1l ,1n.1lysis of Sertnl1 Jtld ~~crm 1 l'i!~ iSIIIdkd (ronl rats oi diifcrpn! agPs to confirm their puril\'. Scrtuli cell~ ISilldtcd hom 20-
(Al. (JO- 18:·, Jnd <JO-cbv-old iCJ rat~ ,1nd germ cell~ isolc~ted lmm .~0- 101 
60- ;_EI, and 90-day-old 1Fi rah. Cells were f1xcd in in1 rl\l~ing rnethanu 1 
drum 20"o to 1 00'\,1 conccntratJons ,1nd st;Jitwd with 1 "-'" tuluidi·w blue 0 (()_J•j;,_ w/v.• in PBS. The purity of the cell p·cp.Jr,llion~ \\'d~ gn-'<l'cr th,w 95%. Bar = 100 )J.Ill in A-C; bar 20 1--Lnl in D- F 

be at 9.1 pM. which is equivalent to ~0.2 ng/ml TGFi33 
(Fig. 2Ci. 

Characterization of Sertoli and Germ Cells 
by Light Microscopy 

Sertoli (Fig. 3, A-C) and germ (Fig. 3, D-Fl cells were 
isolated from rats at different ages. The Scrtoli cell prepa­
rations used in the studies described herein \vere greater 
than 900t pure (Fig. 3, A-C). The final germ cell prepa­
ration obtained from 60- and 90-day-old rat Lcstes \\'Cre 
devoid of elongated spermatids, which were removed by 
the glass wool filtration step (Fig. 3. E and FJ. Germ cells 
isolated from 20-day-old rats consisted primarily of sper­
matogonia and spermatocytes with a relative percentage of 
about 50Ck:SOC/c (Fig. 30). For germ cells isolated from 60-
and 90-day-old rats, the relative percentages of ~pen-nato­
gonia, spermatocytes, and round spermatid>; \\·'ere 16(1(-: 
19%:65'7c (Fig. 3. E and F), consistent with earlier reports 
[41]. Germ cell preparations used in the stuclie.s described 
herein were basically free of somatic cell contamination 
since analysis by RT-PCR failed to detect tcstin. a put<.Jtive 

Scrtoli eel! prutein 142). in these germ cell preparations 
(data not sht)\\ 111 • 

Relative Ce!lu!dr /expression oi the TGF{33 Upstream 
Signal Transducer-, in the SeminitCruus Epithelium Behind 
the Blood-T(·:-;fi':J U,1!Tier 

If TGF[:U i:Hked plays a crucial role in regulating the 
junction dynam .. c~ between Sertoli cells and/or between 
Scrtoli and gcnn cells during spennatogcnesis, it is con­
ceivahk· that .Se:--toli and germ cells express the TGF[3-as­
sociated sigrwl uan,ducers. As expected, RT-PCR and im­
rnunoblot anal~ s·~~s revealed that both Scrtoli and germ cells 
expressed SmacL~. Cdc42. Rac2. MEKK2, and N-Ras (Fig. 
4, A--C). the four upstream TGF~ transducers (see Fig. I). 
Hmvevcr. Smad~~- Cdc42_ MEKKL and N-Ras were more 
predominant ·In ,!,!CI"Ill cells than Sertoli cells, with a Sertoli: 
germ cell r:Jtio nf I :2. I :8, I :5. and I :3.5 (Fig. 4, A and 
C). re:-.pectivcl). Yet Rac2 was more predominant in Sertoli 
cells, with a re.1.ali\c Sertoli:germ cell ratio of 2: I (Fig. 4. 
A and C). B\· u..,inu immunohlot analvsis. similar results 
were ohtaincLI d-\g .... 4. B and C), confi;.ming results of the 
RT-PCR I Fig. ~C versus Fig. 4A). 

Expression o( L ,..r,stre,nn Signal Transducers in Sertoli 
and Gt>rnJ Cdls During Maturation 

DUL' to the di tlercnces in the steady-state mRNA levels 
of the.-;c sign:!l lr:.msduccrs between Sertoli and germ cells 
as :-.hown in Figure· 4. we thought it pertinent to examine 
whether there ar-.· any changes in these upstream signal 
transducers durillL! maturation. It was noted that there was 
an increase in tl;e expression of Smad2 and Cdc42 by 
Sertoli cells during maturation (Fig. 5, A and 8). In con­
trast. a plumnh·ting in Rac2 and MEKK2 was detected 
during maturatil)!l {Fig. 5. A and B). For N-Ras (Fig. 5 . 
A and B), no signi1icant changes in expression were de­
tected during s~~rtoli cell maturation. With regard to the 
expression of thc-.e transducers in germ cells during mat­
uration. it was noted that the steady-state mRNA levels of 
Smad2. MEKK~~- and N-Ras increased during maturation 
(Fig. 5. C and D J. However, the expression of Cdc42 and 
Rac2 increascd during aging: peaked at 20-40 days of age; 
thereafter, their 1::..prc-;sion tumbled at 60-90 days of age, 
returning toil k'<·cJ -;imilar to immature rats (Fig. 5, C and 
D). 

Deve!opment,JJ i\(',~u!ation of Upstream TGF{3 Signal 
Transducers in the Testis 

Because therL' is a significant increase in Sertoli-germ 
cell interactions i!lld junction restructuring during testicular 
maturation, \\'e h~n c examined the steady-state mRNA lev­
els of TGF~ up'>trcam signal transducers in developing tes­
tes (Fig. 6. A <md B). The expression of Smac!L Rac2, and 
MEKK:' peaked '" ·I 0-20 days of age at the time the 
blood-testis barri1.~r \Vas assembled (Fig. 6, A and B), sug­
gesting these signal transducers may be involved in these 
evenh. Howen:L si~ptificant increases in the steady-state 
rnRJ\A levels <>f Cdc.f2 and N-Ras were detected at 40-90 
days of age (Fig. b. /\and B). 

lmmunohi.•;tochcnnc,J! Localization o( TGF{33 
in the Seminderou~ E{Jithc!ium 

TGF~.i wa" detected in the seminiferous epithelium 
and localilcd in a qage-specific fashion extending from 
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the basal to the adluminal compartm~nt ihg. 7.\l. Th~,.· 

localization sho\\·n in Figure 7:'\ app.:ar-. tu he ... p~citlL· 

bt>cau.;;e the immunoreactiYe hro\\ n prc~o:ipitatt'" \\ere IWt 

found in control se~_:tion ... i Fig. 78 'a ... u ... hg. 7:\ l. 

TGFI3J \\a'-' found in -..rage_.;, l-X !fig. 7. C-El and~~~ 

stJgc.;; YII-YIII associJtcJ \\ ith ... pcrrnahh.:~ tc'. rnund 

"permatid..;. and Sertoli 1.-·clJ:.... hut it \\ i.h !WI a"-oi..·iatcJ 

with elongated spermatids (Fig. 7. C-El. lh [llL·;tlit;llil'll 

appeared to be predominant in stage' \'-\'11 and bcL·ame 

dimini"hcd in stage.., IX and X (Fig. 7ELinHnunorc;,IL'tiYc 

TGF13) was Yirtually undetectable in ~tagcc- XII-XIV 
(fig. 7FI. lmmunoreacti\·e TGFI3.~ \\as found ttl t:\tcnJ 

from the ha,al region of Sertnli ceJI.., to near the adlu­

minal compartment. 

Ch,Jn.~t'" in ::.tc,Hl\ -S.',ltt• ~~~R\ J., ,1'1t":' fl·il~t'- .. it':. t' ... 

or- \IE"-"--' in _...:.ertlli (·elf ... /)f:-.":.": :ht• TCFP ). \ !t'L1 _,_.{\:' 

[)i..;rupfuln 11! St•r;(l.' (·e.~· T!-f\·"''t',?!' · ., ll.?-·:-t" 

It \\a' ,]W\\11 th.tt there\\,,.., ,1 '-1;n1ti .. :.tnt '-k·..:lt!h' Hl 

the L'\pre-.-.!Pil pf TGF~)3 1 Fi~. ~. \ and H 1 .. :1 1 !!h:tdin~ 

\\ ith the a-.-.emt"l!~ 11f the Sert~,!J ._·L·Il TJ h.trncr 1 Fl~ .=:c 1 

and that the .!dd1ti1111 11f re'-·~,ml'lnl.i!H TCil.-~-~ \1 1 Sert1 1 l1 

._·eJ!.., L·tdturcd 111 \ l!fll dunn~ TJ .t..-.crnbl~ ._-,,u!d !!hkL·ll 

pcrturh the TJ harncr ~h~- :c1 \\e h.t\C '-'\,t!HI!lcll thl..' 

--tcady-,tatc mR'\A k\ cl-. nf !h ... · ur"'trC.!!ll T(l}"~) 'ifll.ll 

tran ... Ju..-cr-. dunn~ TJ ,t-...L'lllhl~ II' .t ...... '-."' if the p.tt!L'rtl 

t)f thL·ir 1..'\prc-...i,)n p.tr.tlk·l-. th.tt 1\f- TGFG.~. 's c1 n1' -.t~­

llllicant dli.lll~L'" 111 the pn,tcm k\ el-. ,,f Sm.hl~. Cd ... --1..=:. 
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FIG. 3. Developmental regulation of the 
steady-state mRNA levels of the TGF!J up­
stream signal transducers in Sertoli (A, B1 
and germ (C, 0) cells. RT-PCR \vas per­
formed to assess the steady-state mRNA 
levels oi Smad2, Cdc42, Rac2, MEKKL 
and N-Ras in Sertoli cells tA) and germ 
cells (() during maturation. 8, D1 The cor­
responding densitometrically scanned re­
sults using autoradiograms such as those 
shown in A and C. Results are expressed 
as mean ::':: SD using two batches of cells 
normalized against 516 from two different 
experiments. Each experiment had tripli­
cate cultures. ns, i\'ot significantly different 
from cultures isolated from rats at 20 davs 
of age in 8 and 5 or 10 days of age in D, 
which was arbitrarily set at one, bv Stu­
dent t-test; *, significantly different' by Stu­
dent t-test, P < 0.05; *~,significantly dif­
ferent by Student t-te:.t. P < 0.01; nd, not 
detectable. 
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Rac2, and N-Ras were detected in the Sertoli cell cultures 
during the assembly of the TJ barrier (Fig. SA). consis­
tent with results of RT-PCR (data not shown). Similar 
results were obtained when Sertoli cells were cultured in 
the presence of TGF[33 (Fig. 8BJ. which is known to 
perturb the Sertoli TJ barrier (see Fig. 2). These results 
seemingly suggest that Smad2. Cdc42, Rac2. and N-Ras 
are not likely the upstream signal transducers mediating 
the action of TGF[33. While the Sertoli cell MEKK2 
mRNA and protein levels remained steady during the as­
sembly of the Sertoli cell TJ barrier (Fig. S. C. E. and 
G), its pattern of expression was in sharp contrast with 
the other TGFi3 upstream transducers at the time of 
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TGF[33-mediatecl TJ barrier disruption. Fourfold increas­
es in MEKK:> mR;'>!A and protein levels were detected 
when 1he TJ barrier was perturbed by TGFf33 (Fig. 8, D. 
F, and H), sug~t:qing the TGF[33-induced disruptive ef­
fects on the TJ assembly are mediated via the MEKK2 
MAP kinase i Fig. I). 

Inhibition oi Sertoli Cell Tj Assembly by TGF{33 
Via the Activation of p38 MAPK 

To confirm 1he above observation. we next assessed 
the activation of three distinct downstream MAPKs such 
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L·clls/cm: on .\latri2:el-coatcd dishes in thL' ah ... L'lh.:L' 1 Fi~. 

9 . .-\.and B. kft po.n;el) or pre .... c.:nce 1 Fi~. 4. :-\ anJ B. right 

panel) of TGF[33 t 3 ng/m\1 were terminated at "PeL·itleJ 

time points during the a .... -..embl~ of the' TJ-permcahilit: 

harrier. Cells ,,-cre l:...;ed in SDS "ample buffa tn tlhtain 

Wtal }\·sates. ,.\.;, shown in figure 9 .. \ and B. the iL'Yeh 

of both the total and phoshor~ btt'd/a~.-·tivatt'J J.'\K tp-5-+ 

J~K and p--+6 J~K 1 remained the ... a me in hlHh ClHHfl)J.., 

and TGFj33-treatcd Sertoli ~..:ell l!"atc.., at the time l'lf TJ 

a-.sembh. For ERKl/.2. a timc-depenJent dc~..·Jine in the 

protein ieYe\ of ih pho-.phor: lateJ fllrm. hut ntlt th~..' tntal 

unphosphorylated form. wa.., ab~l Jetectc-J Jurin~ Scrhl\i 

cell-TJ barrier assembl!. yt't thi.., pattcrn of ~..·hange:-. Jur­

ing TJ assembly i:-. not re:-;.pon:-.i\ e tn TGF~3 (Fig. 9 . ...\ 

and B 1. In contra:-;.t. thert: '' ~l" a mild decre~ht' in the ~IL-­

tivatcd p38 levd 1p-p381 in Sertoli cell J:..,atL"" trig. Y. 

A and 81 at the time the Sertnli ~..:e-ll TJ-pl.'fmcahilit: bar­

rier was formL"d. -1-.3 days 1:-.ee Fig . .21. \lore- important. 

the presence of TGFj3.3 at 3 ng/ml nnt on!! at"loJi..,heJ thi:-. 

transient decline in p-p38 \eYe\ during tht' ~bst'mhl! of 

the Sertoli ccll TJ-pameahility barrier: in ... tcad. it in-

Ju~..·ed a tr~l!biL'Ilt hut ... igniti"-·~:!H in ... :ri?~t ... c in th.: p-p.~::-. 

pn1tein k\ el t ri_::". 9 .. --\ and B 1 

Etiecf_.; o,- fJiriercn: \I -iF k ;1 3 .. t· Jn;,_;, ·, ;~.; 
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\\a:. difkr~o·nt inhihiltlr ... \\ere !e ... tcd ~~n thi."Ir .tt"llln: t~' b],,\... 

the TGl-"~-~-inJtlL"cJ df.: .. ·t-.. \\-hen the cntir.:- \1.-\PI\. p.tth­

\\~1!" \\t'ft.' \:lhx:kl·,J \:1: .1pi.;enn1 .1t 1 n\t ,,, 1 ~\L "tu..:h 

\\:t ... aJ.._kd tn the S!."r1•lil .. -l."il epithelium lt• h pri,,r 1• 1 
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Jtcd ~.--ftl:"-·r... thf'. \!I_\ I Thi .. fl'"u)t • ..'lc.trl;. illu ... tr.th.' .. th.n 
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tn I ~\1 tn the Scrt~_1]i .:ell!."pith;.·\ium ~t) llllll b-c·f,lri? TGF~-~ 

tr~.-·.ttmcnt .11 ... ~.~ lhhL' dl'j'\:.'11lil'IH]_\ ~k'-·kcJ ttk' TGFP.~ dfc •. :r... 

tFi~. lllB1. In "-'Pntf.hl. \\hen.: \1LI\.l ~ \t.-\P k!ll.b1..' 111-

hihittlL L"0\~0 1\01-1\11. \\hk·h j.._ ~n.mn !I' hl,'--J.,. the R.h 

ERKI/2 path\\a: 13-"II"L"'-' Fig.. }1_ \\,t" lh;.'ll. 11 f.tikd 1• 1 

hlock thc TCiF~3 c:tfc~..-r ... 1Fl.;. it(-,_ d!u ... u--.tun~ the .. r(,_·.._·l­

ti~..·it! llf th.: apigenin .md SB~il:l~HI trl'~itnl;.'rH ... h,,\\fl ttl 

Figure 10 .. ·\and B. 



1606 Lll ET AL 

A 

-_., 

c ( 

' • 

--
1-V 

.. 

E 

IX-X 

'' . . ' 

B 

D 

F 

VII 

XII-XIV 

-
• ,, 

• 

FIG. 7. Cross-section'> of rat testes that show changes 111 TGF(3_-l in thl' sPminiferous 1-'prtlw tillll i·l dittr•r(•nt stagPs oi the spcrm,ltogenic cy(le by immunohistochemical localization. Micrograp;lS of <Kiu!t IE'stes sfvwving che seminiferous t'f)iiiH·IiL .. 'I' irnmunostJined ~vith TGF/3.) rA, C -FI or normal rabbit serum that substituted the primary antibody rBi The spc(i(icity llf this ,mtibn<lv \vas { onfrrlll~'d by immunoblotting shmvn in Figun-' 2. Cl Seminiierous epithelium at stages 1-V; immunoreactive TCFf::U \Vd~ found in tlw Ppithelium C\.h'nr ing from the basal to the adluminal compartment. TGF/31 was found to Js:.f)Ciate with elongated ~permafrds. Dr Srmin"rferous epithelium at <.t<lgt' VII, \\·1th the :11nst intense immunostaining. Hmvcver, TGFI3:; was not assoc i,ltcd \vith the elongated spcrmatids. E1 Seminifernu.~ Ppithelium at Stdges IX .md X .n'tl·r ·,r:m11i,1tion and the level of immunnreactiVf' TGr:f3:i was reduced. fi ,'\Jo TGFf33 immunostaining material v.:as visible in the epithelium ,11 stag{'5 XII XI\'. lidl 120 1-Lnl for A and 8; bar= 50 IJ-nl for C-F. 

Changes in Sertoli Cell Total and Activated pJB ;\1AP 
Kinase Protein Level During Assembly ofT/ Barrier with 
and Without Pretreatment with 58202 7 90 and TCF{33 

Because SB202190 could block the TGFJ33-mediated in­
hibitory effects on the Sertoli cell TJ baJTier (Fig. 10). it is 
crocial to investigate if it also blocked the TGFJ3.1-mediated 
increase in p-p38 MAP kinase level. To verify thi". Scrtoli 

cells cultured al 0.5 X l 0° cells/cm2 on Matrigel-coated 
dishes in the ab<c·ncc !Fig. II A) and presence (Fig. liB) 
of TGFJ33 (_1 ng!Jr II or with pretreatment of SB202190 (0.1 
nM) before the addition of TGFJ33 (3 ng/ml) (Fig. IIC) 
were terminated al ~.pecitied time points during TJ assembly 
to obtain total ly~ate" for immunoblot analysis. As shown 
in Figure II. the J,:,els of the phosphorylated/activated p38 
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were stimulated \\hen Sertoli cell TJ harrier wa .... perturhed 
b) TGF[3.' (Fig. II 8). ,.,imilar to re ... ult ... 'hown in Figure 9. 
Hm\ en.·r. pretr~atm~nt of S~rtoli celb with SB~O~ 190 fol­
Io" ed by TGF[3.1 could aboJi,h the TGFf3.l-mduceJ p-p.lH 
:-.1.-\Pkinase protein le1el1Fig. IIC '""'"Fig. IIBI.ma'­
ing the pattern of p-p_i.S e.xpre ...... ion ... irnilar tn ~.:ell ... ~..:ultur~d 
ai<mc without TGF~_i treatm~nt t Fig. l 1.-\ 'cr"u" Fig. I I. 
B and C). Thus. these result ... ha,·e unequi\lx:all~ d~nwn­
qrated that the TGF~J-induced TJ Ji..;mptinn j,., mc:Jiat~J 
\ ia the p_i.S \tAP kina'>e pathway. 

DISCUSSION 

Is TGF{33 the On/\ Determinant in tht' Rt'~u!,Jtion 
or Scrtoli Cell T/ D1 namics' , 

\Yhile the timely moYcm~nt of pre-leptotene and lepto­
tene :-.permatocytes a<.:rm .... th~ hlood-te:-.ti ... harri~r to gain 
entry into the adluminal compartm~nt for furtha J~, ~1-
opment at \tages \"III-XI in the rat ha ... h~en kno\\ n fnr 
more than two decade ... [-B ]. the pJrticipating mok~._·uk·t" 1 

and the biochemical ba ... is that rc:2:ulatc thi" ~\ L'nt are ~n­
tirdy unknown. Rc ... ulh of the ;tudie..., pre ... cnh:J h~rcin 
haYe shown for the tir ... t time that TGF~J play .... a crucial 
role in the re2ulation of the Sertoli cell TJ d\ namic ... 'ia 
the :-.tEKK2/p38\IAP kinase palh\\ "'. Yel TGF[l3 is un­
likely to be the onl~ playa that dL)Illinatc" thc"e C\t'llh. 

Fir"t. ,.,tuJic" nn thc JC,, t'f TGft3_~ r~P''ncd h~..·r ... ·1n h,t\C 
"hO\\ n that '' hilc thi" '--·~ !t'J...1ne j, cffc,:tJ\ .... in p ... ·nurt--trl~ 
the Sertt,Ji '--·ell TJ ktrricr. H'l it '-·.tmwt hh"-.·k. the ~,,.,,~,.·mhh 
l'f th~ Sall.lli TJ-p~rmcah;lit~ b.trri~r in ... itr''- s._·'"·,,nd. r._:_ 
cern :-.tuJic" nn the rc~ubti,,n ,,f Scn,,lj ..:dl TJ J~ n.un~o.: .. 
ha\L' ,.,hll\\11 that th ... · !lll('fpla~ ,,f k.lll.l""-'" .uhl rtll.•,.,ph.t!.l ....... , 
that detcrmin~,.·,., thc ,:cllul.tr t,h,"'rh,•rr,•tcln '--,,ntcnt .t!''' 
pia~" a .. :nl~._·ial wiL in rc~ul.ttin:; TJ d~n.tml~,.·,., [-+-i.]. h1r 
irbi~ITll..."e. th~ th~ ,,f either PTPL 'tkh .~"< ,,,.._!ium ''rtth''­
~madatc. or PPi. -..u,.:h ,t,., ,.,,,dium ,,k..h.bt...·. ''·I' -..ihl\\rl l<' 

pcnurt-. till...' ~t...,.,crnhl~ ,,f the Scn,,il ,:;:11 TJ h.t:-n~,.·r [-l.:'l 
Still. the""-' inhihnnr". either u,.,~,.·d .!l,,n~..· ,,rIll ,_·,,mhin.ltl,•n. 
\\hilL' df~di\cl~ ~tnJ rc\cr .. ihl;. p;..·rturhm:; th.:..· Scrh1 ll ,:-:11 
TJ-pcrmc.thilit~ h.trri ... ·r. the~ aJ,,, f •. nkJ r,, hh,_..._ th ... · cn[!r._• 
~\~Ill" l'fTJ a""cmhl~ in \llf1' :..!..! . .!:';. T.:1H1f th;.•,;.• tnhl­

ing" i..·,,J!eL"ti\cl~. it j,., '--·lc.tr th.tt the TJ J~.rl.tfli!...", Hl th._• 
tc,.,ti" arc r~..·:;uLitcd h~ ~trl .trr.t~ ,,f n11•k ... ·u];:, .tnd '1~n.t!l!l:; 
path\\ a~"· \\hl~._·h .lfL intri~uin~J~ rcl.i!Cd but .l.fl' .1h1' lllf­
f~r~ntia\l~ rcpllatcd. SLk·h ._-,,mpk\it~ j, .tJ,.,,, rh~ "!t'l''.:;t­
'--·.tll~ illl(lllrt;tnl rc..-.w-..c ,j f.lilufl' in l'f1l' ,,f rh;:,.,._• '<!~n~t!tn.:; 

~\l'llh \\ill rwt ~._·au,., .. · .1 -..hut-l!t.'\\11 1'f ~ ... ·rm.._·'-·li !11''\i..'Tlli..'Tlt. 

halting ~pcrm.tt,,.:;cn~,.,j,.,_ 

Role~ oi C\ to~ inc_~ in the Re:.u!,:~ o·~ , lf Tf ;_1, "1.1'': l ... 

R~c~nr ,.,wJic" thing Jifkrcnt cpithch ... tl .1.nJ crllh'thcli.t! 
Cl'JI,., hi.i\l' JcmOfhlratcd the rh~ '1\'h'.:;i.._·,tl ':::mtk".trh .. ·~,.· d. 
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A FIG. 9. Change in the levels of total and 
activated MAPK protein \vhen Sertoli cell 
Tjs V\'Crc assembled in vitro in the absence 
and presence of TGFrB. Sertoli cells m . .s 

Time ofScrtoli cells (0.5 x 106 ce!ls/cm2
) Time of Sertoli cells (0.5 x !06 ce!ls/cm2) 

in culture (Day) in culture (Day) 
- TGF-03 + TGF-83 

x 1 Q~> cells/cm 2 l cultured on Matrigcl­
coatcd dishes in the ahsence (left panel, 

01234567 01234567 

Al or presence (right panel, A:1 oiTGF[B 
(3 ng/miJ were lysed at specified time 
points during the assembly of the Sertoli 
cell TJ barrier to obtain cell lysates. Two 
hundred micrograms oi protein of whole 
cell lysates from each time point were 
loaded onto a 7 5% T SDS-polyacrvlamide 
gel and 505-PAGE was performed under 
reducing conditions. lmmunoblotting was 
performed using specific antibodies against 
total )r'\'K, p38, and ERKl/2 and their cor­
responding phosphorylated and activated 
forms: p-]r-\K, p-p:i8, and p-ERKl/2. Bl 
Corresponding cicnsitometrically scanned 
results using results of the ECL blots such 
as those shmvn in A illustrating the protein 
levels of activatf'd MAPKs were normal­
ized against total tv\APK. This experiment 
was repeated three times using different 
batches of cells. Each time point hdd du­
plicate cultures. ns, Not significantly dif­
ferent by A NOVA, in \Vhich each sample 
at a given time point was compared vvith 
S<lmples of all other time points vvithin the 
same experimental group;*, significantly 
different bv ANOV1\, P < 0.01; **, signit"i­
cantlv different by A.'\JOVA, P < 0.001; D, 
days. 

1•! •~!! I'I''I'"'!H~~lNR~iH5~ I'" fltf•• » f~HNR:~~m: 
;: 11 g W@i tp-54JNK,54kDa 1 .... , • li • • '"'[p-54JNK,54kD• 
• ,, -.. • p-46 JNK, 4f, ~;DaJIL-? A * • """ y p-46 JNK, 46kDa 

~--•• •••• f p38. 38 k[)a ~·· • ; f If - '!!" f p38, 38 kDa 

.... .... • fp-p38,42kD• 

~li!l~:~:~~:~~~~t ~!HH: 1~ ill: 
1

- tp-ERKI,_44kDa ~~:: [p-ERK1,44kD, 
L:"'::C,:,-o_ ______ _j_ p-ERK2. 42 kDa . p-ERK2, 42 kDa 

B 
3 3 ,-------------~====~ 

- TGF-83 DJhlNK l + TGF-03 I DJhlNK" 

0 

.p-p38 ;_ 

r<:Jp-ERK 

I 
I 

0 

*" .p-p38 

'!_P-ER~ 

li. .. ~·~ .. (.. ~. (. 
0 1234567 

Time in culture (Day) 
01234567 

Time in culture (Day) 

cytokincs, such as hepatocyte growth factor (HFG). inter­
leukin (ILJ, and interferon--y (lFN--y) in the regulation of 
TJ dynamics (for review, see [46]). For instance. HGF 
caused the redistribution of Z0-1, moving it away from the 
site of TJs to cytoplasm, and reduced the association of 
occludin with Z0-1, which in turn perturbed the TJ-per­
meability barrier in MOCK cells ]15]. And IF'J--y has been 
shown to reduce the expression of occludin and Z0-1 in 
T84 cells [16]. In a previous study, we have also demon­
strated that TGF[33 perturbs the Sertoli cell TJ barrier pos­
sibly via its inhibitory effects on the timely expression of 
occludin and Z0-1 associated with TJ assembly. Yet no 
further investigation was done to identify 1he signaling 
pathways by which cytokines mediate their effects in the 
regulation of TJ dynamics. A more recent study has shown 
that TNF-a, another eytokine known to be produced by 
Sertoli and germ cells (for reviews, sec ]7, 47]), can reg­
ulate the homeostasis of the extracellular matrix via its ef­
fects on the level of metalloproteases and tis~ue inhibitor~ 
of metalloprokases (TIMPs). which in turn regulates the 
Sertoli cell dynamics ]48]. Taken collectively. these data 
clearly illustrate the pivotal role of cytokines in TJ dynam­
ics in the testis. 

Molecular Mechanism Utilized by TGF{33 to Perturb 
the Sertoli Cell T] Barrier 

In this report, we have provided compelling e\-idence 
that the TGF[3-induced inhibitory effects on the Sertoli 
cell TJ-permeability barrier are mcdialed via the p38-
MAP kinase pathway. First. it was shown that the 
TGF[33-mediated inhibitory effect on TJ barrier was as­
sociated with an increase in MEKK2 expression. the p38 

MAP kinase urstream transducers, but not Smad2. 
Cdc42, Rac2, and N-Ras (see Fig. I). These results 
strongly sugge~t that the TGF133-induced disruptive ef­
fects on the T.ll a.;.sembly are mediated via the MEKK2 
MAP kinase -.ignaling pathway. Second, a transient surge 
in p-p3H. but nut the p-JNK or the p-ERK, as demon­
strated hy immunoblotting techniques. was induced by 
TGF[33. Third. perhaps the most important of all, the 
TGFil3-induced effects on the Sertoli cell TJ harrier 
could be reversed hy pretreatment of Sertoli cells with 
SB202190. a specific p38 MAP kinase inhibitor, but not 
UOI26. which is a specific MEKI/2 inhibitor. Further­
more, SB202 I 9(1 not only blocks the TGF[33-induced ef­
fects to perturb the Scrtoli cell TJ barrier, it also blocks 
the TGFI:\3-inducccd transient induction in the p-p38 MAP 
kinase protein. fn this connection. it is noteworthy to 
mention thai the TGF[33-mediated inhibilory effect on 
the Sertoli cell T.l harrier is associated only with an in­
crease in the aclisated and phosphorylated form of p38-
MAP kinase lp-p381 but not the overall p38 MAP kinase. 
These results seemingly suggest that this TGF[33-induced 
transient p-p~~. MAP kinase increase somehow triggers 
a yet-to-he defined transcriptional activation pathway. 
This in mrn shuts down the production of occludin, clau­
din-11. and Z0-1. the building blocks needed to maintain 
the TJ functionality. Work is now in progress to inves­
tigate the invnlved transcription factor(s) that regulate 
the occludin promoter. Alternatively, it is possible that 
TGF[33 stimulatc:s !he phosphorylation of p38 MAP ki­
nase. which in turn activates other molecules that perturb 
TJ assembly. For instance. activation of p38 MAP kinase 
is known to induce MMP-13 in fibroblasts ]241- Indeed, 



REGLL.\ TIO:\ OF SERTOU CELL TIGHT n·:-.;cTJOSS HY TCiFB.' !Nl9 

70 
:A 

60 I 

] ---N e 50 ... I 

• 

•• 

e 40 .c: 
0 
'-' 30 IX 

'-fL' ·· · 
......... B \I~~. 

.•. c ... 

"" E- 20 ........,.._ Ctrl, -;~n,,!i ~~ I• .Ji,,nc 

·-··· ., .. , .. 

10 
---()--- -\p1~cnin tl ,..\t 1- j(,J-t<_, ,_; ng rr::1 
- ·\pigentn 1•Ll ;•\!'- l(i~-l.l-~ '-' r.~ "1: 
---D-- ·\ pigen1n '1 n\l' - I(~~ -tl_~ '-~ ng m 
----6--- Tt,F-lL' 1Y ng m!,al,,ne TJ .. _, •• ·-· 

.·.· ' c .•. ,. 

0 :;.:_ 
: • -•, :>- n•, 

0 1 2 3 ~ 5 6 i 
Time ofSertoli cells in culture (Day) 

70 
iB 

..... , .... :,. __ .. , ,.,,: 

.• ... , 
60 .. , ' ---N e 50 ... 

• e 40 .c: 
0 
'-' 30 
IX 

•• 

_,.,._ 

.. ;- .. 

"" 20 = E- ~ ---+- Ctrl. 'lerh,Ji cell> ai,lf1C 
---C>- -; R ~ ll;': I 90 1 I ~ \1 1 • T {• 1-- lJ Y • _; n g :n l' 

10 - SH::n::J«fli!On\fi· T<tF-f.\Y,)ngiT 
----0--- .;n~n~l«O ,n_! r.\1,- T<if-;)•,' ng IT' 

__.,___ TCif-(\_'; IY ng m], a!cH!C 

0 
0 1 2 3 4 5 

Time of Sertoli cells in culture 

70 

'IC 
60 " --- I 

N I e 50 I ... " • e 
.c: 40 " 
0 ._ 
IX 30 -

"" ~ E- 20 - ~ 

"" 
.. 

10 - ___..._.. (_ trl. Scn,,li .:di; >Ji<'nc 
---()---[I)J:~~jil..,\!i•l!ii-D• ~g:-

____..,__ T<i~-~-; ,_:; ng m!• :!c'!Hc 

0 
0 2 3 4 6 

Time of Sertoli cells in culture (Day) 

other studies have sho\\O that the dynamics of hoth TJ, 
and Ah (cell-cell actin-based adherens junctions. such as 
ectoplasmic specialization. \\·hich is a te-..th-specitic AJ 
type) are regulated. ar lea~t in pan. by protea~e and pro-

tea ... t:' inhihitor ... [9. -lX. -l4j. It j.., theref\,re P\"'"ihk that 
thi~ TGF~-'-inJucl'J p3X ~h:tn ati(ln ,,:an i."\en it .... effe~.-·r... 
\ ia more than nne p;.Hh\\ a~. It b J!"l' ,,( 1 ntere ... t Ill rwte 
that the ;l',,l"mhl: l)f Sertnli ~.-·L'II TJ ... b ~iJ._,,, .. l ...... l)"-'l,ltL'J 
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Time ofSertoli cells (0.5 x 106 cells/cm2) in culture (Day) 

A -TGF-83 
~--=-=---"-'--~ 

B +TGF-83 
~-=-=-~ 

C SB202190+TGF-83 

FIG. 11. Effects of recombinant TCFI3J on the le\·cls of total and .~cti\'cl'(•(l [dil ,\1APK protein in Scrtoli cell:, 

during Tj assembly with prctre,11ment oi SB202llJO for 20 min in vitro. Sl'r\l)li lells 10.1 X 10r, cells/em") were 

cultured in the absence (A) and presPnce (B) ofTCF[J3 lj ng/ml1 ()r with prcli'C'.IlrnC'nt with SB202190 for 20 min 

before the addition of TCFi3 (3 ng/mli (Ci. At specified time points during thr' .1~sembly of the TJ barrier, cells were 

lysed in SDS sample buffer. Two hundred micrograms of protein of whole ce I lv~ah-'S from each time point were 

loaded onto a 7.5'X, T SDS-polydcr;,d,Jmidc gel and SDS-PAGE w,ls perfo1TnPd :mder reducing conditions. lmmu­

noblotting was performed using specific ,mtihodies against the total p3B ,md l"'llllsphorylated/activated form of p38 

(p-p38). 

wilh a decline in pERKl/pERK2 protein expression, 

which seemingly suggests that 'm induction of its ex­

pression may perturb the TJ-perrneability barrier. 

Other Functions of TGF{3-Mediated Signaling Pathways 

in the Testis 

Earlier studies have shown that the TGFI3 signaling 

mechanism consists of an elaborate network of signal 

transducers. These include Smad proteins and MAP ki­

nases (for reviews, see 121, 22]; see also Fig. 1). For 

instance, Smad2. one of the TGFI3 signal transducers, is 

known to be expressed by mouse Sertoli and germ cells 

and was implicated in the regulation of spermatogenesis 

150]. Surprisingly, there are no detailed studies on the 

cellular distribution and developmental regulation of 

these TGFI3 upstream signal transducers in the testis 

since their discovery in the testis. Herein. we rcporlcd 

that both Sertoli and germ cells express all of the known 

TGFI3 upstream and downstream signaling molecules. 

suggesting that these cells are equipped wilh all the need­

ed transducers to mediate TGFI3 signals for a variety of 

biological functions. Furthermore. these results also 

clearly demonstrate that, while the TGF[O-induced inhib­

itory effects on the Sertoli cell TJ barrier are mediated 

via !he p38-MAP kinase pathway, TGFI3 and/or other cy­

tokines can utilize these other signal transducers to exe­

cute other biological effects in the testis essential to 

maintaining normal testicular function. More important. 

these results illustrale that germ celLs are equipped wilh 

the same signaling counterparts found in Sertoli cells. 

The observation that the level of' TGFiB remains elevat­

ed after the Sertoli cell TJ barrier is established (see Fig. 

2A and B) also suggests that, while a lransicnt reduction 

of TGF133 is needed for !he TJ barrier to assemble, an 

elevated level may be required to maintain the well-being 

of the Sertoli cell epithelium. 

TGF{33 Is a Stage-Specific Protein in the Testis 

Previous studies have shown that the localization of 

TGFI3l and -132 in the rat testis are stage specific, that a 

decline of TGFI3l is found at stages Ylll-lX, and that an 

increase in TGF132 localization is detected at stages V and 

VI in the rat testis l511. However, it is not known if TGF133 

is stage specific. In this study, we have examined the lo­

calization of TGF133 in the rat seminiferous epithelium by 

immunohistochemistry. TGFf33 in the rat seminiferous ep­

ithelium is a stage-specific protein. being highest in stages 

V-Vll, declining thereafter, associated p1imarily with sper­

matocytes and early spennatids but nol elongated sperma-

tids, yet becoming virtually undetectable in the epithelium 

at slages Xll~XlV. 

Current Molecular Models in the Regulation 

of Tj Dynamics 

There are t\vu currently available molecular models (for 

a review·, see l t 1) attempting to explain how small mole­

cules. such as fatly acids. amino acids, glucose, and IgG, 

can tnwerse epithelial TJs to permit food absorption in 

small intestine and to allow the migration of ncutrophils 

and macroplwgc" across TJs in inflammatory responses. 

First. the Ca2 '-.\\1itch model (for a review, see [52]). This 

model is based on the observation that depletion of Ca2 + 

from MDCK ~.::ells induces immediate disruption of the TJ 

barrier. Upon addition of [Ca2 "1 to the media, the TJ barrier 

reseals. We h<t\C recently shown that the Serioli TJ barrier 

can also be disrupted and resealed by manipulating [Ca2 '] 

in the culture media ]37]. Second, the ATP depletion-re­

pletion model 1521 hypolhesizes that, when ATP is deple!ed 

from the SJ'Stl~m. Z0-1 becomes associated with cytoskel­

etal proteins. fodrin. This, in turn, pulls Z0-1 laterally away 

from the sites of TJs, inducing TJ leakiness. Upon repletion 

of ATP, the as~ociation between Z0-1 and fodrin becomes 

disrupted, allnwing Z0-1 molecules to move back to the 

TJ sites. resc~i.ling the TJ [SJJ. These models, however. ap­

parently can 1Jnly explain how TJs become leaky in vitro 

to allow the passage of small molecules and ions. This is 

in contrast \vith the dynamics of the BTB, which must dis­

assemble and reassemble to allow for the passage of pre­

leptotene and le--ptotene spennatocytes, which are in the mi­

crometer size range. Recent studies have shown that cel­

lular phosphoprotein content is an important determinant in 

regulating TJ as-.;embly/disassembly. For instance, the as­

sembly of TJ,;., in the blood-brain barrier requires occludin. 

However, a h1g.h level of occludin is not sufficient to ensure 

a high resistance in these TJs; rather. it is regulated by the 

state of phosphorylation of occludin [54]. A recent study 

on the assembly of TJs in MOCK cells has shown that 

highly phosphorylated occludin is seleclively concentrated 

at TJs wherca~ non- or less phosphorylated occludin is dis­

tributed on the hasolateral membranes ]55; for a review, 

see I]. Also .. increased tyrosine phosphorylation induces 

redistribution of AJ- and TJ-associated proteins. This in 

turn perturbs the TJ permeability barrier 1561 and AJ dy­

namics l57]. Taking these results collectively, it is possible 

that TGFI3 in conjunction with other molecules operating 

synergistically yet under different paracrine and/or hor­

monal control regulate the intriguing event of cell move­

ment acro~" the BTB. 
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