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Transforming Growth Factor B3 Regulates the Dynamics of Sertoli Cell Tight
Junctions Via the p38 Mitogen-Activated Protein Kinase Pathway’

Wing-yee Lui,* Will M. Lee,* and C. Yan Cheng**

Population Council. Center ror Biomedical Research. New York, New York 10021
Department of Zoology.* The Universitv of Hong hong, Hong Rong. Special Administrative Region of (Thing

ABSTRACT

Earlier studies have implicated the significance oi trans-
forming growth factor-B3 (TGF3) in the regulation of Sertoli
cell tight junction (T]) dynamics, possibly via its inhibitory
effects on the expression of occludin, claudin-11, and zonula
occludens-1 {Z0O-1). Yet the mechanism by which TGF3 reg-
ulates the Sertoli cell T|-permeability barrier is not known,
Using techniques of semiquantitative reverse transcription-
PCR (RT-PCR), immunoblotting, immunohistochemistry, and
inhibitors against different kinases coupled with physiological
techniques to assess the Sertoli cell T| barrier function, it was
shown that this TGF83-induced eifect on Sertoli cell T] dy-
namics is mediated via the p38 mitogen-activated protein
(MAP) kinase pathway. First, the assembly of the Sertoli cell-
T) barrier was shown to be associated with a transient but
significant decline in both the TGF$3 production and expres-
sion by Sertoli cells. Furthermore, addition of TGF33 to Ser-
toli cell cultures during T] assembly indeed perturbed the T|
barrier with an IC;, at ~9 pM. Second, the TGFB3-induced
disruption of the Tj barrier was associated with a transient
induction in MEKK2 but not the other upstream signaling mol-
ecules that mediate TGFB3 action, such as Smad2, Cdc42,
Rac2, and N-Ras, suggesting this efiect might be mediated via
the p38 MAP kinase pathway. This postulate was confirmed
by the observation that TGF@3 also induced the protein level
of the activated and phosphorylated form of p38 MAP kinase
at the time the T] barrier was perturbed. Third, and perhaps
the most important of all, this TGFp3-mediated inhibitory ei-
fecl on the T} barrier and the TGFB3-induced p-p38 MAP ki-
nase production could be blocked by SB202190, a specific
p38 MAP kinase inhibitor, but not U0126, a specific MEK1/2
kinase inhibitor. These results thus unequivocally demonstrate
that TGFP3 utilizes the p38 MAP kinase pathway to regulate
Sertoli cell T] dynamics.

Sertoli cells. signal transduction, spermatogenesis. testis tich!
junction
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INTRODUCTION

During spermatogencsis. the Sertoli celi ught junc-
tons (TIs) that constitute the blood-testis burrier 1 BTH»
must disassemble and reassemble intermittently to facil-
nate the translocation of prelepiotene and leptotene sper-
matocy tes across this barrer at stages VH and IX of the
cyele tfor reviews, see [1-3D. Thi~ thus perouts the
movement of spermatocytes from the basel to the adlu-
minad compartment ot the seminiterous epithelivm while
difterentiating mto haplowd spermatds [30 41 Noncethe-
fess, the biochemicul und molecular bases of these events
are not vet known, Recent ~tudies. however have shown
that the event of germ cell movement across the <emi-
niferous epithelium apparentls requires the participation
of proteases, pritease inhibitorss and junctiienal complex
compoenents, which in wrn are regulated by eviokines and
signaling molecules for reviews, ~ee (1o 5=T(n Foran-
stance. previous studies have shown that, when the Ser-
wh cell T-permeabiiny barrier v assembled i vire. ot
associates with a timeby inducnon of several Tl-ussaoci-
ated proteins, such as occluding zonuls occhudens- 1 Z20-
Dy, and cluudin- 11 [8=11]. which are the butlding blocks
of Tls dfor reviews. see [1. [2-14}+ Furthermeore. the
assembly of Sertohi cell Ths in vitro s assoviated with
decline in the endogenous TGE transtorming growth
factort B2 and TGFBI expression by Sertodr celis {[10]
These results thus tHustrate a reciprocal refationship on-
it~ between TGFR3 and Tl-ussociated proteins. Needless
to sav. these stadies also implicate the ~igmticance ot
TGES in TI dyvnamics, To contirm and expand these cur-
lier studies. we funve demonstrated thut the addiion of
recombinant TGFE3 1o Sertoh celt cultures during TJ as-
~embhy canindeed tngger o plummeting e the expresson
of ZO-1 and occludin, perturbing the T1 barrer [ 10].
These results are also in agreement with carhier studies,
which have shown that interteron-s and hepatooste
growth facter are cupable of perturbing the assembly or
the TJ barrier in T84 and Madin Darby canine kidney
IMDCOK Y cells possibis by reducing Z0-1 expression or
casing the redistnibution of Z0-1. mosying 1t away from
the ~ite of TIs to ovtoplasm {150 161 However the down-
stream stenaading pathwasi s by which these cviokines,
such as TGFBA are uuhrzed to regulate TI dy namics i~
entirely unknown, Ax part of our vngong efforts o ~study
the hiology and regulanon of T1 dynamiaos duning ~per-
matogenests, we sought 1o rdennty the pathwiv sy un-
lized by TGEBS to regulate these events, 11 this infor-
mation is known. there will be ~everal important ramifi-
cations. First, this will provide a olue o understanding
the biodogy of T} dynamics in the testis. Second. sundies
can be designed to compromise the integriny of the blood-
testi~ barmier o ovive e perturb germ o cell movement
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FIG. 1. A schematic drawing iliustrales the four signaling pathways wtilized by TCFB to afitet collular function. This diagram was prepared based on
reviews |18, 19, 21). Original articles that describe the discovery of the key molecules depicted in these pathways can be found in these reviews.
MEKKs, MAP/ERK kinase kinases, which include MEKKT, MFKK?2, MEKK3, and others; INK. ¢ -Jun Nl -terminal kinase also known as Jun kinase or
stress-activated protein kinase, SAPK; INKK, ¢-Jun NH_-terminal kinase kinase; MKKS, MAP kinese kinase 3; MEK1/2, MAP/ERK kinasce 1 and MAP/ERK
kinase 2; ERK1/2, extracellular signal-regulated kinase | and extracellular signal-regulated kirawo 2.

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

Several studies have shown that TGEFB regulates cel-
lular function via its initial interaction with the TGF@
type 11 receptor. which is a putative Ser/Thr protein ki-
nase capable of undergoing autephosphorylation upon
activation following coupling with its ligand {see Fig. 1)
{(for reviews, see [17=19]). This in turn causcs the phos-
phorylation of the TGFB type I receptor. and this acti-
vated type 1 receptor induces signals via onc of the four
signaling pathways (see Fig. 1). These include SMAD
(intracellular proteins that mediate signaling from recep-
tors for TGF-B and its related factors, named after the
first two proteins identified, Sma in Caenorhabditis efe-
gans and Mad in Drosophila) proteins [20] and three dis-
tinct mitogen-activated protein kinases (MAPKs also
known as ERKs. extracellular signal-regulated kinases),
namely 1) stress-activated protein kinase (SAPK) or c-
Jun N-terminal protein kinase (JINK). ii) p38&8 MAPK
(p38), and iii} extracellular signal-regulated kinase 1/2
(ERK1/2) (see Fig. 1). Their corresponding upstream
transducers are Cdcd42/Rac GTPases. MEKKs (MAP/
ERK kinase kinases), and Ras GTPases. respectively (for

reviews, see (21, 22D, Tt is known that the TGFB-induced
expression of matrix metalloproteinase 13 {(MMP-13) 1s
mediated via the activation of p38 in fibroblasts [23]. By
activating ERX1/2 and JNK, TGFB is also known to up-
regulate the expression of collagenase-1 in gingival fi-
broblasts [24]. Alse. TGFB-induced phosphorylation of
SMADs can form a complex with Co-SMAD, which in
turn translocutes the activated multiprotein complex to
the nucleus 1o induce gene activation via specific tran-
scription factors [17, 25, 26]. For example. the transcrip-
tion of ptasminogen activator inhibitor-1 (PAI-1) is in-
duced by the <vnergistic cooperation of Smad proteins
and transcription factor TEF3 (transcription enhancer
factor 3) [27]. It is therefore possible that TGFR3 per-
turbs the Sertoli cell T barrier via one of these four path-
ways (see Fig. 1)

In the present study, we sought to address the follow-
ing issues. First. we expanded our earlier regulation study
[10] to the protein level by using immunoblotting and to
assess the 1C5, of TGFA3. Second, we examined the cel-
lular distribution and developmental regulation of four
signal transducers and their changes during the TJ assem-
bly in vitro, Third, the upstream signaling molecules and
the signaling pathway by which TGFP3 exerts its etfects
were investigated. These studies were in turn confirmed



REGULATION OF SERTOLI CELL TIGHT JUNCTIONS BY TGF3:

by using different MAP Kinase inhibitors and protein im-
munoblotting techniques.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley s were wbtained from Charles River Lab-
oratories {Kingston. MA). Rats were Lilled by CO- avphyviatzon, The
uee of animals for this studs was approved by the Rucketeiler L'm-
versity Animal Care and Use Commattee with Protocol Numbers (111 1]
and 95129-R.

Antibodies

The poivelonal antibodies used m studies reported herein were Taised
in tabhits against the corresponding proteins of human (TGFR3. JNK.
p-JNK. p-ERK /2, p-38. p-p38, MEKK 2, Rac2r or rat tERK 2y erigin.
The monoclonal antibodies of Smad2, Cded2o N-Ras were from mause
myeioma cells using antigens of either human 1Cded 2 N-Ravr or mouse
(Smad2) origin. Antibodies against JNK reat. no Y232 1ot no. 41 p-
INK teat, ne 82515, lot no. i ERK L reat no. 4102 Jot e s op-
ERK 1/ tcat. no, 91018, fot no. 4. p3% eat na. 92120 0ot e, and
p-p3% reat. no. 92115, ot no. 3 were purchased from Celi Signaling
Technolpgy (Beverly. MAn Aatibodies against TGFR3 reat. no. so-82.
jor. ne. Hos0hn, MEKK? icat e, ~o- 1088 Jot no. ATS Dy Rac2 roat o,
~c-96. ton na. G231 and N-Ras rcat mo. se-3 1 ot ne DIy were
from Santa Cruz Biotechnology (Santa Crus. CAL Antiboddios against
Cded? reat no. 610842, 1ot no. 55 and Smad2 reat. no. 100N ot no.
3y were from BD Transduction Laboratories iSan Diege. CAL Al ant-
bodies used in this study crossereacted with the cormesponding rut proin
as indicated by the manutacturer. Bovine anti-rabbit 1gGorcat. no. se-
2370, Tt no. BOSDr and goat anti-moeuse [ icat no. A-2304, ot no.
S1KA%19) conjugated 10 horserizh peronidase tHRP were from Santa
Cruz Biotechnology and Sigma (St Louis, MO respectively. Both the
catalog and lot numbers were indivated becate selected antibidies from
other vendors failed o vield satistactory results as shownon preluminary
cyperiments.

Preparation of Testicular Cells ror Culture Experiments

Sertoli celf cultures. Primars: Serolt cells were isolated from 20-day -
vld Sprague-Dawley rats as previously deseribed j25, 19 Freshlv isobated
Seroli cells were cultured at high cell density (0.3 1y cells vms on
Matrigei-coated 12-well dishes in ~erum-free Ham F12 Nutnent Muture
10 and Dulbeceo moditicd Eagle medium 1DMENMD B DRESREIN F
seribed [10]. Cells were then incubated at 33°C in 4 hunuditied atmosphere
of 956 air 3% CO- tvivy. To obtain Sertoli cell cultures with yreater than
957 purity. celis were hypatomeally treated with 20 mM Tris, pH 7.4, tor
S min to Iy »e contaminating germ cells 36 hoatter plating { M) Thereafter.
the Sertoli cell epithelium was washed twive 1w e e ceilular debris.
Media were replaced every 24 hand cells were mcubated for an additional
6" davs. Cultures were termuinated at spevitied fime points for RNA e
raction.

isolation of Sertol cetls rom adult rat testes. The solation o Sertels
calls from 60- and 90-day -old Sprugue-Dawley rat tevtes were performed
essentially as carhier dosoribed [3]

Cerm colis. Germ cells were isoluted from S- 1 Jik 4. 60, W
dun-old male Sprague-Dawley rat testes v 4 mechanical provedure with-
aut the use of traspin [321 as deseribed (33

Sertolt cells cultured with recombrmant human TGFE T prores, Sertoly
cells prepared as described above were cultured on Matngel-coated 12
well dishes at a density of 0.8 1y cellviom?. To stwds the eftects of
TGFBER on cellulr gene expression at the time of Sertolt TJ assembls.
recombinant humman TGFR3 protein 13 ngimb | Calbivchem Corpe, Fa Jolha
CAY wits added to these culures immediately tollowing ther solation
Media containing TGFB3 was replaced eveny 24 h.

Fifects of human recombinant TGFB3 and MAP heease b tors -
genin, SB202100 and LOT26 or the assembiy of Sertolo ool T barrer
"y itro. Sertoli cells sokated as described ahove were cultyred ut high cell
density on Matrigel-coated bicameral units (M llicell HA filters: MilTipore,
Bedford. MAT o allow the assembls of Tiv These cultures were used o
aasess the effects of apigenin (4. 5.7-rihydrony flavone. an inhibitor for ali
AAP kinases) [34]. SBIOZ140 i 4o 3-fluoropheny h-2-1d-hydrovs phens -
odeparids i H-imidazole. a specific p38 kinase inhibion P23 and
U0126 11 d-diamine-2,3-dicyane-| A-pia 2aminophens thivibutadieae. s
specific MEKL T hinase inhibuori {35} on TJ-permeability barrier in the
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TABLE 1. Primers used for RT-PCR for the analysis of mRNAs encoding for 16 and difierent ta reet genes,

Target gene Primer sequence Orientation Position Length Reference

S-16 ' Sense 15-38 385 [58]
! Antisence 376-394

Smad2 Senso 63-83 244 [59]
Antiscrise 286-306

Cdc42 Senge 25-44 328§ [60]
Antisense 532-552

Rac2 Sense 127148 196 |61]
Antisense 299-322

MEKK?2 Sense 56-75 279 [62]
Antisensce 315-334

N-Ras Sense 13-35 518 [63]
Antisense 511530

ferent samples within an experimental group. All sumples within an ex-
perimental group were processed simultaneously for RNA extration and

RT-PCR 10 eliminate inter-experimental variation. Brietly, ubow 2 pg of

tetal RNA was reverse transcribed into ¢cDNAs using 0.3 peg of oli-
20(dT) s with a Moloney murine [cukemiz virus reverse transeription kil
{Promega. Madison, WI) in a final reaction volume of 23 pl. PCR was
routinely performed by combining 2-3 ul of the RT product with 0.4
pg each of the sense and untisense of selected target gene primer pairs
coamplified with the rat ribosomal S16 primer patr (~0.03 je) (Tuble
1). Coamplification with $16 was included 1o ensure tha equal amounts
of RNA swere reverse wanscribed and ampiified in each reaction tube.
Preliminary experiments were performed to ensure hoth 1he PCR product
of the target genes and S16 were still in the linear phase using various
concentrations of primer pairs (i.e.. target gene and S16). dilferent ratios
of target gene to 516, different concentrutions of RT products, and dif-
ferent PCR cycles. It is noted however that. in most instances, the lin-
earity of the $16 PCR product in the reaction wus close (o saturation
whereas the targel gene was at its cxponential phase due to the disparity
between the busal steady-state mRNA levels of S16 versus the targer
genes being investigated. These preliminary experiments. however. sug-
gest that samples within a treatment group can be compured statistically
after the target gene expression is normalized against §16. To vigorously
confirm these results, most of the key experiments using RT-PCR werc
verified by immunoblotting using commercially available specific anti-
bodies against the corresponding target genes, Nonetheless. these im-
munoblot analyses revealed that results of the semiquantitative RT-PCR
were reliable. For PCR analysis, RT products were mised with 5 l 10
PCR bufler. 3 wl of MgCls (23 mM}. 8 pl of dNTPs (200 pM cach of
dATP. dGTP. dCTP, und dTTP), 1.25 U Tag DNA pelymerase {Promega).
and sterile double distilled water to a final valume of 50 rl. The cycling
parameters for PCR reaction were as follows: denaturation at 94°C for
I min. anncaling at 58-39°C (temperature used was dependent on the
target gence to be investigated as determined in preliminary experiments)
for 2 min. and extension at 72°C for 3 min. Tor o total of 21-26 cvcles,
which were followed by an extension period of 15 min at 72°C. In order
to enhance the detection limit and to yield data for densitometric scan-
ning Lo permit semiquantitative analysis, PCR was performed by the
inclusion of [y-*P]-labeled primers. Briefly, the sense primer ol target
genes and 816 were labeled at the 5 end with [v-P1-dATP (specific
activity. 6000 Ci/mimol; Amersham Pharamacia Biotech) using T, poly-
nucleotide kinase (Promega). Approximately 0,5 X 10% cpm were used
per PCR reaction and the ratio of the 1°2P]-lubeled sense primer of larget
gene to S16 was similar to the ratio of the unlabeled primers. To ensure
the linearity in the synthesis of both target genes, such as Smad? and
S16 in the PCR. 10-ul aliquots of PCR products at 18, 20, 22, 24, and
26 cycles were withdrawn and resolved onto 5% T polyacryvlamide gels
using 0.5x TBE (44.5 mM Tris-borate, | mM EDTA. pH 8.0) as a
running buffer for visualization in preliminary experiments. Following
gel electrophoresis. PCR products were visualized by cthidium bromide
staining, and autoradiography was performed using Kodak X-OMAT AR
s-ray film (Eastman Kodak, Rochester, NY). Autoradiograms trom three
separate experiments were densitometrically scanned at 600 nm using a
Pharmacia Ultroscan XL Laser Densitometer {Model LXB 2222-020).,
normalized against $-16, and used for statisticul unalysis,

Detection of TGFB3 Protein During Sertoli Cell T/
Assembly by Immunoblot Analysis

Spent madia were collected at specitied time points during the assem-
bly of the Sertali ccll TI barrier using cells cultured at (0.5 x [0 cells/

cm?® on 12-well Matrigel-couled dishes. Aboul 100 g protein per sample
at different time peints was resolved on 156 T SDS-polyacrylamide gels
by SDIS-PAGE under reducing conditions, The presence of TGFB3 protcin
in SCCM was detected by immunoblotting and TGFR3 was visualized by
the Enhanced Cherniluminescence (ECL) Detection System (Amersham
Pharmicia Biotech) using Kodak BioMax films,

Detection of Activated p38 MAP Kinase During Sertoli
Cell T} Assembiy

Proteins (200 py) from Sertoli cell lysates derived from cultures with
ar without TGEB3 neatment were resolved onto 7.5% T SDS-polvacryl-
amide gels. The activation of JNK. p38. and ERKI/2 fallowing TGFR3
treatment was detennined by immunoblotting using antibodies specific for
both the tal and phosphorylated/activated forms of the corresponding
MAPK. Briefly. toliowing clectrophoretic transfer of proteins onto nitro-
cellulose paper. blozs were blocked with 0.1% Tween-20/5% nonfat dry
milk in PBS-Tris (10 mM Tris. 10 mM sodium phosphate, 0.15 M sodium
chloride, pH7.4, &t 22°C) for | h, followed by three washes in 0.1%
Tween-20/PBS-Tris (15 min once. 5 min twice), Soon after these wash-
ings. the blot was incubated in 0.1% primary antibody in PBS-Tris con-
taining 0.1% BSA tw/vi. The blot was then incubated with 0.05% bovine
anti-rubbit [pG-HRPA). [% BSA in PBS-Tris for | h and visualized by the
ECL. Detection Svstem.

Statistical Analvsis

In all the experiments reported herein, results were derived from three
separate cxperiments using different batches of cells. And in cach cxper-
iment, cach time point or treatment group had duplicate or triplicate cul-
tures, About 10-20 wits ut 20 days of age were used in each culture
experiment to obtain sufficient cell numbers 1o prepare the needed repli-
cate/triphicate cultures and the different treatment groups. To complete the
cutire studics described in this report, a tatal of 400 rats were used over
a perivd of 2 yr. Statisticul analysis was performed using a statistical anal-
ysis software package from GR-STAT (Version 7.0) from Dynamic Mi-
crosystemns Ine. (Sifver Spring, MDY, For results shown in Figures 2, 4.3,
6. and [0, saistical anaysis wus performed by Student r-test. In Figures
2 and 10. cach trewtment group within an experiment was compared with
the correspending control cultures without TGFR3 or TGER3 plus inhib-
itor. In Figure 4. the mRNA and protein levels of the corresponding TGER
upstream signaling molecules in germ cells were compared with Sertoli
cells. which were whitrarily set to one, In Figures 5 and 6. the steady-
state mRNA levels of the corresponding TGEB upstream signaling mole-
cules in Sertoli and germ cells (Fig. 5. B and 1) or (estes (Fig. 6B) at
other ages were compared with the youngest age group, which was arbi-
rarily set to one. IFor Jita shown in Figures 8. G and H, and 9B, statistical
analyses were performed by ANOVA using Tukey honestly significant
difference test. where cuch sample group at a specified time point was
compared with other sumpic groups within the same experiment. For in-
stance. for dara shown i Figure 9B {right panel}, e protein level of p-
P38 in Sertoli cells during TJ assembly on Days 1-3 after TGFB3 treat-
ment was shown (o b signiticantly higher when compared with cells on
Days 0. 4.5, 6, and 7 by ANOVA, which is also different from cultures
withoui TGFE3 treatment (left panel),
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A

Spent media collected from Sertoli cell

(0.5 x 10 celis/cm’) cultures during TJ assembly
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RESULTS

Changes in TGFB3 During Assembly of Sertoli Cell T)-
Permeability Barrier by Immunoblot and Semiquantitative
RT-PCR Analvsis

Previous studies have shown that there was i sinificant
decline in Sertoli cell TGFR3 steady-state mRNA ey el co-
inciding with the assembly of the Sertoli TJ harrier in vitro
(10]. Due 1o the low detection hmit of the consentional
immunostaining technique. which requires - 1030 ng of
TGFR3 to be visualized. changes in TGFB3 protein during
Sertoli cell TJ assembly were not visible [10]. When an
enhanced chemiluminescent-hased immunodetection s3s-
tem was used. which had a sensitivity >2(K}-told compired
with the colorimetric-based technique. a plummeting in
TGFR3 protein in the spent media of Sertoli cells was de-
tected coinciding with the assembly of the TJ barner (Fig.
Ay These results were also consistent with the RT-PCR
data (see Fig. 2B).

Determination of {7 o TCFa S o ime Seths

Barrier InVitro

The addition of recombinant TGFB2 at 3 ng ml to Sereh
cells cultured in vitre at 12+ 107 cellsem? on Matriged-
coated hicameral uaits W permut TIassembly could indeed
perturh the assembly of the Sertoli cell T permeabiiy bar-
rer tsee inset to Frg, 20y The ICo of TGERE on the ds-
sembhy of Sertoli cell T barrier was assessed by gquanti-
fying the TER across the Sertoli cell epithelium m the pres-
ence of different concentrations of TGEIY between LUK
and 2 ng/ml on Day 3 at the ume Sertolt cetls completed
the T barrier assembly Fig, 2C and inseth. w hivh & man-
ested by steady TER across the ooli epithelium 101
noted that TGFR could only perturh, but awnt abolish, the
event of T assembly because these was o Jitferenve (n
its magnitade of inhibition between 05 and 3 ngmit The
percentage of mhibition induced by TGFB3 was nomuaiized
against controbs and plotted againstdifferent concentratiom
of TGFR2 used for the experiment: the IO was tound w
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B: 60d Sertoli cells]” |
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FIG. 3. Morphological analysis of Serloli and germ cells isolated rom
rats of ditferent ages to conlirm their purity. Sertoli cedls isolated from 20-
(A), 60- 1B, and 90-day-old 10 rats and germ ceils isolated from 2 Dy
60- B, and 90-day-old 1Fi rars. Cells were fixed in inc reasing methano!
ifrom 20% to 100%) concentrations and stained with 1 toluidine biue
O {0.1%, wiviin PBS. The purity of the coll preparations was greater than

95%. Bar = 100 wm in A-C: har - 20 pmin D-F.

be at 9.1 pM. which is cquivalent to ~(.2 ng/ml TGFR3
(Fig. 2C).

Characterization of Sertoli and Germ Cells
by Light Microscopy

Sertoli (Fig. 3, A-C) and germ (Fig. 3, D-F) cells were
isolated from rats at different ages. The Sertoli celi prepa-
rations used in the studies described herein were greater
than 90% pure (Fig. 3, A—C). The final germ cell prepu-
ration obtained from 60- and 90-day-old rar testes were
devoid of elonguted spermatids, which were removed by
the gluss wool filtration step (Fig. 3. E and F), Germ celfs
isolated from 20-day-old rats consisted primarily of sper-
matogonia and spermatocytes with a relative perceniage of
about 50%:50% (Fig. 3D). For germ cells isolated from 60-
and 90-day-old rats, the relative percentages ol spermato-
gonia. spermatocytes, and round spermatids  were 16%:
19%:65% (Fig. 3. E and F), consistent with earljer reports
[41]. Germt cell preparations used in the studies described
herein were basically free of somatic cell contamination
since analysis by RT-PCR failed o detect testin. a putative

LUL ET AL.

Scrtoli cell protein |42). in these germ cell preparations
{data not shown),

Relative Cellular Expression of the TGFB3 Upstream
Signal Transclucers in the Seminiferous Epithelium Behind
the Blood-Tesiis Barrier

It TGFR3 indeed plays a crucial role in regulating the
junction dynamn:es between Sertoli cells and/or between
Sertoli and germ cells during spermatogenesis, it is con-
ceivable that Sertofi and germ cells express the TGFB-as-
sociated signal transducers. As expected, RT-PCR and im-
munobiot analysos revealed that both Sertoli and germ cells
expressed Smadl, Cded2, Rac2, MEKK2, and N-Ras {Fig.
4, A-C). the four upstream TGEB transducers (see Fig. 1).
However, Smad2. Cded2. MEKK2. and N-Ras were more
predominant in germ cells than Sertoli cells, with a Serioli:
germ cell ratio of 1:2, 1:8, 1:5. and [:3.5 {Fig. 4, A and
C). respectivelv. Yet Rac? was more predominant in Sertoli
cells, with a relative Sertoli:germ cell ratio of 2:1 (Fig. 4,
A and C). By using imnunoblot analysis, similar results
were obtained (Fig. 4, B and C), confirming results of the
RT-PCR (Fig. 4C versus Fig. 4A).

Expression of Upstream Signal Transducers in Sertoli
and Germ Cells During Maturation

Due to the differcnces in the steady-state mRNA levels
of these signal irinsducers between Sertoli and germ cells
as shown in Figure 4. we thought it pertinent to cxamine
whether there are any changes in these upstream signal
transducers during maturation. It was noted that there was
an increasc in the expression of Smad? and Cded? by
Sertoli cells during maturation (Fig. 5, A and B). In con-
frast, a plummeting in Rac2 and MEKK? was detected
durtng maturation (Fig. 5. A and B). For N-Ras (Fig. 5,
A and B), no significant changes in expression were de-
tected during Sertali cell maturation, With regard to the
expression of these transducers in germ cells during mat-
uration, it was noted that the steady-state mRNA levels of
Smad2. MEKKZ2. and N-Ras increased during maturation
(Fig. 5. CC and 1D). However, the expression of Cded? and
Rac2 increascd during aging peaked at 20-40 days of age;
therealter, their expression tumbled at 6090 days of age,
returning 10 a level similar 0 immature rats {Fig. 5. C and

D).

Developmental Regulation of Upstream TGFB Signal
Transducers in the Tostis

Because there is a significant increase in Sertoli-germ
cell inteructions and junction restructuri ng during testicular
maturation, we have examined the stcady-state mRNA lev-
els of TGEFB upstream signal transducers in developing tes-
tes (Fig. 6. A and By, The expression of Smad?. Rac2, and
MEKK2 peaked ut ~10-20 days of age at the time the
blood-testis barrier was assembled (Fig. 6. A and B), sug-
gesting these signal transducers may be involved in these
events. However significant increases in the steady-state
MRNA levels of Ciled2 and N-Ras were detected at 40-90
days of age (Fig. 6. A and B),

Immunohistocheneal Lacalization of TGFB3
in the Seminiferous Epitholium

TGFB3 wax detected in the seminiferous epithelium
and localized in a stuge-specific fashion cxtending from



REGULATION OF SERTOLI CELE TIGHT JUNCTIONS BY TGE3E

A B s o L A [
mRNA $mad2 By o i
Sertoli cells Germ cells Protein _\ N ) )
(20-day) (20-day) 7 - . T '_ ‘__‘ )
N < - -
1- oo .
R OTER e
0 - . s
| Cdca2, 528 bp 14— P -
- C B . R RS
|2, "= mRNA Cded2 . e L
. 385 Protei - - .
$16. 385 bp 10 rotein . . . . ;
7 _ 8 v e e e
wotabemsanbigill | 516385 bp £ s - -
. ‘E - - - ~
oy = 4- -
W ) W o wmid 88 | Racl. 196 bp e ) .
5 - o .
= 0 B — - -~ = i
L 516. 385 bp £ . R -
R .. R L .
- - mRNA RacZ 0T
L MEKK?2, 279 bp = Protein -
2 — -
. « .
- N-Ras, 518 bp Z - .
i.; . _,_-“ z ~
W s E .
y 2
: 3
Fd
é‘ G —7— I — ___7 .
C 10— BRYA MEKK2
" Protein
Sertoli cells  Germ cells .2 8
(20-day) (20-day) Ry
T 1 r 1 = ‘s
. . X 4
e A | $mai2. 58 kD
: 2
= -4 | Cdcd2. 22kDa 0 - . -
6 U :
M 2,24 kDa m— mRNA N-Ras
s W 5 Protein
!' ﬁ MEKK2, 70 kDa ol "
h n 3
| L &k} N-Ras. 21 kDa R
i
0 —— —— —
Sertoli cells  Germ cells
(20-day) (20-day)

the basal to the adluminal compartment (Fig. 7A). The
localization shown in Figure 7A appears to be specitic
because the immunoreactive brown precipitites were not
found in control sections (Fig. 7B versus Fig. A
TGFR3 was found in stages [-X (Fig. 7. C-Er and
stages VII-VIH associated with spermatocyies. round
spermatids. and Sertoli cells. but it was not associated
with elongated spermazids (Fig. 7. C-Ex. h» localization
appeared to be predominant in stages V=V and became
diminished in stages IX and X (Fig. 7E). Immunoreactive
TGFR3 was virtually undetectable in stages NI=-XTV
(Fig. 7F). Immunoreactive TGFB3 was found to extend
from the basal region of Sertoli cells to near the adlu-
minal compartment.

Changes in Steadh -State mMRNA g Provens Loves
of MERK In Sertals O [darivg the TGFBA-Ved ared
Disruption of Seroll Cell TEPermeshs :

- [ .rr
LT ¢ TE RS S04

[t was <hown that there was o wizniticant Jecline
the expression of TGFEE (Fig. 20 A und B cutnviding
with the assembly ot the Sertoli cell TH barrier ikig, 200
and that the addition of recombinant TGEB3 to Seroh
cells cuttured novitro during T1 assembly could indecd
perturh the TJ barner (Figo 200 We have exumned the
steady-state MRNA levels of the upstresm TGER ~ional
tramsducers during TI assembly o assess 1f the pattern
of their exvpression paratlels that of TGFB3 Yot ne siz-
nificant changes in the protein devels of Smad2, Cdod
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FIG. 5. Developmental regulation of the
steady-state mRNA levels of the TGFB up-
stream signai transducers in Sertoli (A, Bl
and germ (C, Dj cells, RT-PCR was pei- 20 60
formed to assess the steady-state mMRNA R
levels of Smad2, Cdcd2, Rac?, MEKKZ,
and N-Ras in Sertoli cells (A} and germ
cells (C) during maturation. B, DY The cor-

Age of Sertoli cells (Day)

Siiw S e | Smad2, 244 bp
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responding densitometrically scanned re-
sults using autoradiograms such as lhose
shown in A and C. Results are expressed
as mean * 5D using two batches of cells
normalized against S16 from two different

experiments. Each experiment had tripli-
cate culiures. ns, Not significantly different
from cultures isolated from rats at 20 davs X

of age in B and 5 or 10 days of age in D,

which was arbitrarily set at ane, by Stu-
dent t-test; ¥, significantly different by Stu-
dent ftest, P <2 0.05; *=, significantly dif-
ferent by Student ttest, P < 0.01; nd, not
detectable.
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Rac2, and N-Ras were detected in the Sertoli celt cultures
during the assembly of the TJ barrier (Fig. 8A). consis-
tent with resuits of RT-PCR (data not shown). Similar
results were obtained when Sertoli cells were cultured in
the presence of TGFB3 (Fig. 8B), 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 TGFB3. While the Sertoli cell MEKK?
mRNA and protein levels remained steady during the as-
sembly of the Sertoli cell TJ barrier (Fig. 8. C. E. and
G), its pattern of expression was in sharp contrast with
the other TGFB upstream transducers at the time of

=]
E
=
w

ek pnt

Relative steady-state mRNA level (Arbitrary unit)

CSNAMNESN S = NW LA M N LeoSNMOABSS

5 10 20 40 60 90
Age (Day)

TGFB3-mediated TJ barrier disruption, Fourfold increas-
es in MEKK2 mRNA and protein levels were detected
when the TJ barrier was perturbed by TGFB3 (Fig. 8, D,
E and H), suggesting the TGFR3-induced disruptive ef-
fects on the 1) ussembly are mediated via the MEKK?2
MAP kinase (Fig. 1),

Inhibition of Sertoli Cell T} Assembly by TGFB3
Via the Activation of p38 MAPK

To confirm the above observation, we next assessed
the activation of three distinet downstream MAPKSs such
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as INK. p38. and ERKI1/2 by immunoblotting using spe-
cific antibodies against both their total and phosphory -
lated/activated forms. Sertoli cells cultured at 0.5 < 10°
cells/fem?® on Matrigel-coated dishes in the absenve iFig.
9. A and B. left panel) or presence (Fig. 9. A und B. right
panel) of TGFR3 (3 ng/mli were terminated at specitied
lime points during the assembh of the Tl-permeability
harrier. Celis were Ivsed in SDS sample butfer to ohtain
total lvsates. As shown in Figure 9. A and B. the levels
of both the total and phoshorylated/activated JNK (p-34
INK and p-46 JNK) remained the same in both controls
and TGFR3-treated Sertoli cell Tvsates at the tine of TJ
assembly. For ERK1/2. a time-dependent decline 1n the
protein level of its phosphory lated form, but nut the wtal
unphosphoryiated form. was also detected during Sertoli
cell-TJ barrier assembly. vet this pattern of changes dur-
ing TJ assembly is not responsive TGFB3 (Fig. 9. A
and B). In contrast. there was a mild decrease in the ac-
tivated p38 level tp-p381 in Sertoli cell lvsates (Fig, Y.
A and B) at the time the Sertoli cell TJ-permeability bar-
rier was formed. ~1-3 davs (see Fig. 2). More tmportant.
the presence of TGFB2 at 3 ng/mi not only abolished this

transient decline in p-p38 level during the assembly ot

the Sertoli cell TJ-permeability barrier: instead. 1t in-

ns L T T
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duced d transient but signifcant increase in the p-piy
protein fevel tFig. 9o A and B

Errects of Dirferent MAP K nase Ihiores
on the TGFB-Induced Dise :
sertofi Cell T-Permeabsin Barrer

To contirm TOFR2 indeed medidtes 1ts inhibitory eftects
on the Sertoli cell TJ harrier v the p3% MAP kinase path-
way, different inhibitors were tested on thetr abthiny o phock
the TGEP3-induced effects. When the entire MAPK path-
wars were blocked by aprzenin st I oM oo b op M which
wie added o the Senolr ceil epithelivm 16 h privr to
TGEFB3 (3 ng'mb treatment, it blovked the TGS 3-medi-
ated effects (Fig. 10 This resuit clearly lustrates that
TGER3 exernts its effects v MAP e, The additon of
i specitic pAn MAP kanase inhibitor. SBI021u, at 1.1 nM
o | M 1o the Sertoli cell epithelium 2 pun hetore TGFR2
treatment also dose dependenthy hlocked the TGEE? ettects
(Fig. 10B1 In contrust. when o MERD 2 MAP Rindase -
hibitor, U026 (10 A which s knows to blovk the Raw’
ERK1/2 pathway {35] tsee Figo Toowas used, i tatled w
block the TGFBR2 etfects (Frg, T allustratng the spect-
ficity of the apigenin and SBIOZTHY reatment <hown
Figure 10, A and B.

Do 7 I
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FIG. 7. Cross-sections of rat testes that show changes of TGFB3 in the seminiferous epitheium i different stages of the spermatagenic cvcle by
immunohistochemical localization. Micragraphs of adull testes showing the seminiferous epitheliva immunostained with TGFB3 1A, C-F) or normal
rabbit serum that substituted the primary antibody (B1. The specificity of this antibocly was confirmed {yy immunoblotting shown in Figure 2. Q)
seminiferous epithelium at stages 1-V: immunoreactive TGRB3 was found in the epitheliun extencing from the basal to the adluminal compartment.
TGFR3 was found to associate with elongated spermatids. D) Seminiferous epithelium at stage VIL with the most intense immunostaining. However, TGFR3
was not associated with the elongated spermatids. B Seminifercus epithelium at stages IX and X wior spermiation and the level of immunoreactive TGFR3
was reduced. F) No TGFR3 immunostaining material was visible in the epithelium at stages I X1V Bar = 120 um for A and B; bar = 50 um for C-F.

Changes in Sertoli Cell Total and Activated P38 MAP cells cultured at 0.5 x 100 cells/em? on Matrigel-coated
Kinase Protein Level During Assemblv of Tf Barrier with dishes in the absence (Fig. 11A) and prescnce (Fig. 11B)
and Without Pretreatment with 5B202190 and TGFB3 of TGFR3 (3 ng/m 1y or with pretreatment of SB202190 (0.1

Because SB202190 could block the TGFB3-mediated in-  0M) before the addition of TGFB3 (3 ng/ml) (Fig. 11C)
hibitory effects on the Sertoli cell TJ barrier (Fig. 10). itis  were terminated al specified time points during TJ assembly

crucial to investigate if it also blocked the TGFP3-mediated  to obtain total lysates for immunoblot analysis, As shown
increase in p-p38 MAP kinase level. To verity this, Sertoli in Figure 11. the Tevels of the phosphorylated/activated p38
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were stimulated when Sertoli cell TJ barmier was perturbed
by TGFR3 (Fig. 1B similar to results shown in Figure 9.
However, pretreaiment of Sertoli cells with SB202190 tol-
fowed by TGFR3 could abolish the TGFB3-induced p-p38
MAP kinase protein level (Fig. 11C versus Fig. 1 1By, mak-
ing the pattern of p-p38 expression similar to cells cultured
alone without TGFBR3 treatment tFig. T1A versus Fig. 1,
B and ). Thus, these results have uneguivocally demon-
strated that the TGFR3-induced TJ disruption is mediated
via the p38 MAP Kinase pathway.

DISCUSSION

Is TGFB3 the Onhv Determinant in the Regulation
or Sertoli Cell T} Dvnamics?

While the timely movement of preleptotene and lepto-
tene spermtatocytes across the blood-testis barrier 1o gain
entry into the adluminal compartment for further devel-
opment at stages VII-XI in the rut has been known for
muore than two decades [43]. the participating molfeculerss
and the biochemical basis that regulate this event are en-
tirclv unknown. Results of the studies presented herein
have shown for the first time that TGFRJ playvs a crucial
role in the regulation of the Sertoli cell TJ dynamics via
the MEKK2/p38MAP kinase pathway. Yet TGFB3 is un-
likely to be the only plaver that dominates these events.

Time of Sertoli cells in culture (Day)
+ TGF-B3

First. studies on the 1C:, of TGFB2 reported herem have
shown that while this oxtokine i~ effective in perturbing
the Sertoli cell TS barrier. yvet it vannot blovk the wssembly
of the Sertoli TJ-permeatihity barmier in sitme. Second, re-
vent studies on the regulation of Sertob cell T) dynamies
have shown that the interplay of hinases and phosphatases
that determines the cellulur phosphopritein content also
phins a cructat role i regulating TH dynanues (441 For
instance. the use of either PTPi such as ~odium orthos -
anadate. or PP such as sodivm okadate, was ~shown o
perturb the wssembly of the Sertoli cell T barrier {451
Stil, these inhtbitors: either used alone orin combinaten,
while effectively and resersibly perturbing the Sertoh cell
T)-permeabihity buarrrer. they also fuided to block the entire

ings collectivelv, 1t is clear that the TF dyvnamics in the
westis are regulated by an array of motecules anmd signabing
pathwavs, which are intriguingiy related but are wlso dif-
ferentialhy reguiuted. Such complevity v abo physiologi-
cully important because o fatlure in one of these signaling
events witl not cause a shut-down of germ coll mosement,
halting spermatogenesis,

sovyor THI g

Roles or Cvtokines in the Reay

Recent swudies using ditferent epithelial and endothelial
celks have demonstrated the physiclosical signiticance of



1608

FIG. 9. Change in the levels of total and
activaled MAPK protein when Sertoli cell

TJs were assembled in vitro in the absence in culture (Day?

Time of Sertoli cells (6.5 x 10% cells/cm?)

LUT ET AL.

Time of Sertoli celis {0.5 x 10° cells/cm?)
in culture (Day}

and presence of TGFR3. Sertoli cells (0.5 -~ TGF-B3 + TGF-B3
1] 3 A 2 1 _ r 1 r 1
# 100 celisiom?) culturgd on Matrigel 61 23 45 86 7 6 1 23 4.5 8 7
coated dishes in the absence (left panel, o = 54 INK. 54 kDa
Al or presence (right panel, Al of TGF[33 ol “‘M 46 INK, 46kDa

{3 ng/mli were lysed at speciiied time
points during the assembly of the Sertoli
cell T) barrier to obtain cell lysates. Two

p-34 INK, 54 kDa
-46 INK, 46 kDa

p-54 INK, 54 kDa
p-46 INK, 46kDa

hundred micrograms of protein of whole

- |-p38,38 kDa

cell lysates from each time point were

loaded onto a 7.5% T S13S-polyacrylamide
gel and SDS-PAGE was performed under

LY FITE I—p-p38, 42kDa

reducing conditions. Immunoblotting was
performed using specific antibodies against
total JINK, p38, and ERK1/2 and their cor-

ERK1, 44 kDa
s s weee | ERK2. 42 kDa

responding phosphorylated and activaled

p-ERKI, 44 kDa
p-ERKZ, 42 kDa

forms: p-INK, p-p38, and p-ERK1/2. B)
Corresponding densitometrically scanned
results using results of the ECL blots such
as those shown in A illustrating the protein

levels of activated MAPKs were normal-
ized against total MAPK. This experiment
was repeated three times using different
hatches of cells, Each time point had du-
plicate cultures. ns, Not significantly dif-
ferent by ANOVA, in which each sample
at a given time point was compared with
sarmples of all other time points within the
same experimental group; *, significantly
different by ANOVA, P < 0.01; **, signifi-
cantly different by ANOVA, P < 0.001; D,
davs.

Relative MAPK activation 0
(Arbitrary unit)

0 7 1 ‘ 2 — 3
Time in culture (Day)

cytokines, such as hepatocyte growth factor {HFG). inter-
leukin (IL), and interferon-y (IFN-vy) in the regulation of
TJ dynamics (for review, see [46]). For instance. HGF
caused the redistribution of ZO-1, moving it away from the
site of TJs to cytoplasm, and reduced the association of
occludin with ZO-1, which in wrn perturbed the TI-per-
meability barrier in MDCK cells [ 15]. And IFN-vy has been
shown to reduce the expression of occludin and ZO-1 in
T84 cells [16]. In a previous study, we have also demon-
strated that TGFB3 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 the signaling
pathways by which cytokines mediate their effects in the
regulation of TF dynamics. A more recent study has shown
that TNF-a, another cytokine known to be produced by
Sertoli and germ cells (for reviews, see |7. 471), can reg-
ulate the homeostasis of the extracellular matrix via its ef-
fects on the level of metalloproteases and tissue inhibitors
of metalloprokases (TIMPs), which in tarn regulates the
Sertoli cell dynamics |48]. Taken collectively. these data
clearly illustrate the pivotal role of cvtokines in TJ dynam-
ics in the testis.

Molecular Mechanism Utilized by TGFB3 to Perturb
the Sertoli Cell T} Barrier

In this report, we have provided compelling evidence
that the TGFpB-induced inhibitory effects on the Sertoli
cell TJ-permeability barrier are mediated via the p38-
MAP kinase pathway. First, it was shown that the
TGFR3-mediated inhibitory effect on TJ barrier was as-
sociated with an increase in MEKK?2 expression, the p38

- TGF-#3

+TGF-B3 | CpINK

5 ' mp-p3s
@ p-ERK

Relative MAPK activation
(Arbitrary unit)

6 7 ¢ 1 2 3 4 5 6 7
Time in culture (Day)

4 5

MAP kinase upstream transducers, but not Smad2.
Cdcd42, Rac2. and N-Ras (see Fig. 1), These results
strongly suggest that the TGFBR3-induced disruptive ef-
fects on the Tl assembly are mediated via the MEKK2
MAP kinase sigznaling pathway. Second, a transient surge
in p-p38, but not the p-JNK or the p-ERK, as demon-
strated by immunoblotting techniques, was induced by
TGFR3. Third. perhaps the most importani of all, the
TGFA3-induced effects on the Sertoli cell TJ barrier
could be reversed by pretreatment of Sertoli cells with
SB202190, a specific p38 MAP kinase inhibitor, but not
U0126, which is a specific MEK1/2 inhibitor. Further-
more, SB202 1690 not onty blocks the TGFR3-induced ef-
fects to perturb the Sertoli cell TJ barrier, it also blocks
the TGEFR3-induced transient induction in the p-p38 MAP
kinase protein. In this connection. it is noteworthy to
mention that the TGFB3-mediated inhibitory effect on
the Sertoli cell TJ barrier is associated only with an in-
crease in the activated and phosphorylated form of p38-
MAP kinase (p-p38) but not the overall p38 MAP kinase.
These results seemingly suggest that this TGFB3-induced
transient p-p3¥ MAP kinase increase somehow triggers
a yet-to-be defined transcriptional activation pathway.
This in turn shuts down the production of eccludin, clau-
din-11. and ZO-1. the building blocks needed to maintain
the TJ functionality. Work is now in progress to inves-
tigate the invoelved transcription factor(s) that regulate
the occludin promoter. Alternatively, it is possible that
TGFR3 stimulates the phosphorylation of p38 MAP ki-
nase, which in turn activates other motecules that perturb
TJ assembly. For instance, activation of p38 MAP kinase
is known to induce MMP-13 in fibroblasts [24]. Indeed,
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other studies have shown that the dyvnamics of both TIs  tease inhibitors [9. 48, 49] 1t is theretore possible that
and Als (cell-cell actin-based adherens junctions. such as this TGFB3-induced p38 activalion can exert its effects
ectoplasmic specialization. which is a testis-specific AJ vid more than one pathwas. It s also of interest o note
type) are regulated. at least in part. by protease and pro- that the assembly of Sertoli cell T s also assoviated
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FIG. 11, Effects of recombinant TGFR3 on the levels of tatal and activated p38 MAPK protein in Sertoli cells
during T) assembly with pretreatment of SB202190 for 20 min in vitro. Sertoli cells (0.5 X 10° cellsicm?) were
cultured in the absence (A} and presence (B} of TGFB3 €3 ng/ml) or with pretreatment with $8262190 for 2¢ min
before the addition of TCFR (3 ng/mly (Ci. At specified time points during the assemhly of the T) barrier, cells were
lysed in SDS sample buffer. Two hundred micrograms of protein of whale ce | lysates from each time point were
loaded onto a 7.5% T SDS-polyacrylamide gei and SDS-PAGE was periormed under reducing conditions. Immu-
noblotting was performed using specific antibodies against the total p38 and [husphorylated/activated form of p38

{p-p38).

with a decline in pERKI/pERK2 protein expression,
which seemingly suggests that an induction of its ex-
pression may perturb the TI-permeability barrier.

Other Functions of TGFB-Mediated Signaling Pathways
in the Testis

Earlier studies have shown that the TGFR signaling
mechanism consists of an elaborate network of signal
transducers. These include Smad proteins and MAP ki-
nases (for reviews, see [21, 22]; see also Fig. ). For
instance, Smad2, one of the TGFp signal transducers, 1%
known to be expressed by mousc 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 TGFP upstream signal transducers in the testis
since their discovery in the testis. Herein, we reported
that both Sertoli and germ celis express all of the known
TGFR upstream and downstream signaling molecules.
suggesting that these cells are equipped with al] the need-
ed transducers to mediate TGFB signals for a variety of
biological functions. Furthermore. these results also
clearly demonstrate that, while the TGFB-induced inhib-
itory effects on the Sertoli cell TJ barrier are mediated
via the p38-MAP kinase pathway, TGFB and/or other cy-
tokines can utilize these other signal transducers 1o exe-
cute other biological effects in the testis essential to
maintaining normal testicular function. More important,
these results illustrate that germ cells are equipped with
the same signaling counterparts found in Sertoli cells.
The observation that the level of TGFA3 remains elevat-
ed after the Sertoli cell TJ barrier is established (sce Fig.
2A and B) also suggests that, while a transient reduction
of TGFP3 is needed for the TJ barrier to assemble, an
elevated level may be required to maintain the well-being
of the Sertoli cell epithelium.

TGFB3 Is a Stage-Specific Protein in the Testis

Previous studies have shown that the localization of
TGFB1 and -B2 in the rat testis are stage specific, that a
decline of TGFBI is found at stages VITI-IX, and that an
increase in TGFB2 localization is detected at stages V and
V1 in the rat testis [51]. However, it is not known if TGFR3
is stage specific. In this siudy, we have cxamined the lo-
calization of TGFB3 in the rat seminiferous epithelium by
immunohistochemistry. TGFB3 in the rat seminiferous ep-
ithelium is a stage-specific protein. being highest in stages
V-VII, declining thereafter, associated primarily with sper-
matocytes and early spermatids but not elongated sperma-

tids, vet becoming virtually undetectable in the epithelium
at stages XI-XIV,

Current Molecular Models in the Regulation
of T} Dynamics

There are two currently available molecular models (for
a review, see |1]) atlempting to explain how small mole-
cules. such as fatly acids, amino acids, glucose, and IgG,
can traverse cpithelial TIs to permit food absorption in
small intestine and to alfow the migration of neutrophils
and macrophages across Tls in inflammatory responses.
First. the Ca°  switch model (for a review, see [52]). This
model is based on the observation that depletion of Ca="
from MDCK cells induces immediate disruption of the TJ
barrier. Upon addition of [Ca?*] to the media, the TJ barrier
reseals. We have recently shown that the Sertoli T barrier
can also be disrupted and resealed by manipulating [Ca?']
in the culture media [37]. Second, the ATP depletion-re-
pletion model {52] hypothesizes that, when ATP is depleted
from the system, ZO-1 becomes associated with cytoskel-
etal proteins. fodrin, This, in turn, pulls Z0-1 laterally away
from the sites of Tls, inducing T}J leakiness. Upon repletion
of ATP the association between ZO-1 and fodrin becomes
disrupted, allowing ZO-1 molecules to move back to the
TJ sites. rescaling the TJ [53]. These models, however., ap-
parently can only explain how Tls become leaky in vitro
to allow the passage of small molecules and ions. This is
in contrast with the dvnamics of the BTB, which must dis-
assemble and reassemble to allow for the passage of pre-
leptotenc and leptotene spermatocytes, which are in the mi-
crometer size range. Recent studies have shown that cel-
lular phosphoprotein content is an important determinant in
regulating T) assembly/disassembly. For instance, the as-
sembly of TJs in the blood-brain barrier requires occludin.
However, a high 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 Tls in MDCK cells has shown that
highly phosphorylated occludin is selectively concentrated
at TJs whereas non- or less phosphorylated occludin is dis-
tributed on the basolateral membranes [55; for a review,
see 1]. Also. increased tyrosine phosphorylation induces
redistribution of AJ- and TJ-associated proteins. This in
turn perturbs the T) permeability barrier [56] and AJ dy-
namics [57]. Taking these results collectively, it is possible
that TGEB in conjunction with other molecules operating
synergistically yet under different paracrine and/or hor-
monal control regulate the intriguing event of cell move-
ment across the BTB.
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