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The potential role of transforming growth factor-3
(TGFg) as a mediator of cell-cell interactions during
the pubertal development of the seminiferous tubule
was examined. Mesenchymal-derived peritubular
cells and epithelial-like Sertoli cells were isolated
from prepubertal, midpubertal, and late pubertal rat
testes. The developmental expression of the multi-
ple forms of TGF3 (TGFS31, -32, and -83) in whole
testis and isolated somatic cell types was deter-
mined using a nuclease protection analysis. TGFS1
and TGF32 mRNA expression was predominant in
the immature testis and decreased at the onset of
puberty. TGF33 mRNA expression, the most abun-
dant form of TGF3 present, peaked at an early
pubertal stage, coincident with the initiation of sper-
matogenesis. Peritubular and Sertoli cells ex-
pressed each isoform of TGF3 during development.
Peritubular cell mMRNA expression of TGF31, -52, and
-83 decreased during pubertal development upon
differentiation of this cell type. Sertoli cell expres-
sion of TGF31 increased slightly and plateaued dur-
ing pubertal development. TGF32 mRNA expression
was evident only in immature prepubertal Sertoli
cells. Sertoli cell mRNA expression of TGF33 in-
creased transiently at the onset of puberty, corre-
sponding with the peak of expression observed dur-
ing the analysis of whole testicular development.
Immunoblot analysis indicated that both cultured
peritubular and Sertoli cells can produce the pro-
teins for TGF31, -52, and -33. Analysis of the hor-
monal regulation of TGF3 expression revealed that
FSH caused a dramatic decrease in Sertoli cell
TGF32 expression while having no effect on TGFS1
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or TGF33 expression. Potential actions of TGFS in
the seminiferous tubule were also examined. TGF31
inhibited TGFa-induced [*H]thymidine incorporation
into peritubular cell DNA with cells from each devel-
opmental stage examined. TGF31 had no effect on
Sertoli cell proliferation. Previously, germinal cells
have been shown to be responsive to TGFS. This
study demonstrates the potential of having a unique
hormone-dependent pattern of TGF3 isoform
expression during postnatal organ development.
Observations demonstrate that the suppression of
TGF32 expression, in part in response to FSH, and
the transient increase in TGF33 expression correlate
with the onset of puberty and the induction of sper-
matogenesis. (Molecular Endocrinology 7: 67-76,
1993)

INTRODUCTION

The control of testicular development and differentiation
is likely to involve a variety of cell-cell interactions
mediated by paracrine growth factors (1-3). The testis
is composed of both somatic and germinal cell popula-
tions. The Sertoli cells help form the seminiferous tubule
and provide the proper microenvironment and structural
support for the developing germinal cells (4). The mes-
enchymal (i.e. stromal)-derived peritubular-myoid cells
surround and contribute to the structural integrity of
the seminiferous tubule. Peritubular and Sertoli cells
are separated by a basement membrane. Leydig cells
are located in the interstitium and produce androgens
necessary for testicular function. Testicular develop-
ment initially requires the growth of the somatic cell
population, followed by germinal cell proliferation at the
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onset of puberty (5, 6). Sertoli celi proliferation occurs
prepubertally, and at the onset of puberty Sertoli cells
cease to divide and terminally differentiate (6, 7). Peri-
tubular-myoid and Leydig cells predominantly grow in
the immature testis (8); however, slow but continuous
proliferation occurs after puberty (9, 10). Growth inhib-
itors may be required during testicular development to
prevent prepubertal spermatogenic cell proliferation,
terminate the growth of Sertoli cells at the onset of
puberty, slow peritubular and Leydig cell growth during
puberty, and induce cellular differentiation.

Transforming growth factor-g (TGFg) is a multifunc-
tional regulatory agent (11, 12) previously shown to be
produced in the testis (13-15). TGFS is generally con-
sidered a potent growth inhibitor and differentiation
factor (11, 12, 16). Three highly conserved but distinct
mammalian isoforms of TGF8 (TGFG1, -82, and -33)
have been identified (17-20). TGF3 isoforms display
similar, aithough not identical, biological activity (21—
23) and differential tissue expression. For example, in
the mature testis, TGFG3 is the major isoform ex-
pressed (20, 24). TGF31 has been shown to be ex-
pressed and produced by Sertoli cells and may be
regulated by gonadotropins (13, 14). Apparently, TGF3
has minimal effects on Sertoli cell functions (13, 25);
however, TGF3 may regulate environmental interac-
tions necessary for spermatogenesis (26). Sertoli cell
production of TGFS may be targeted to the germinal
cell population in part due to the blood-testis barrier.
Germinal cells express a unique transcript of TGF31
(24) and have been shown to respond to TGFg31 (27).
TGFg1 is aiso expressed and produced by the mesen-
chymal-stromal peritubular cells (13). TGF3 has dra-
matic effects on peritubular cell differentiation, including
the promotion of cellular migration, colony formation,
and the producticn of specific proteins (13, 28). These
observations suggest that TGF3 may play an important
role in morphogenesis and differentiation of the semi-
niferous tubule. Local production of TGFS may also act
to limit the actions of growth stimulators (e.g. TGF«) in
the tubule (29). Understanding the role of TGFS3 as a
mediator of cell-cell interactions requires evaluation of
each of the isoforms of TGFS. Presently, few systems
have simultaneously examined the expression and pro-
duction of the multiple TGF3 species (30-32). The
current study initiates an evaluation of the role that
multiple forms of TGFg play during pubertal testicular
development.

RESULTS

TGFB1, -2, and -3 gene expression was examined
by S1 nuclease protection assay (33), allowing for sen-
sitive and quantitative evaluation of gene expression. A
schematic representation of the cDNA probe se-
quences (M) used for nuclease protection is provided in
Fig. 1. TGFg is synthesized as a precursor that is
cleaved, releasing mature peptide (£J). Each TGFg iso-
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Fig. 1. Schematic Diagram of Molecular Probes Used for S1
Nuclease Protection

Antisense probes corresponding to regions of TGF31,
TGFB2, TGFg3, and cyclophilin (M) were generated for S1
nuclease protection studies, as described in Materials and
Methods. The mature regions (&) of the TGFg3 precursors are
marked. Each TGF3 probe corresponds to precursor regions
specific to each TGFg isoform, including a 199-bp TGF81
probe, a 182-bp TGFB2 probe, and a 329-bp TGFB3 probe.
The cyclophilin probe codes for an 83-bp region of the carboxy-
terminus of the protein. Nucleotide labeling corresponds to
published nucleotide sequences.

form is highly homologous in the mature region; there-
fore, probes correspond to specific precursor regions.
Molecular probes for murine TGF82 and -33 cross-
reacted with rat tissue in S1 nuclease protection due
to high sequence identity. However, a species-specific
TGFB1 cDNA was required and generated by reverse
transcriptase-polymerase chain reaction (PCR). S1 nu-
clease analysis resulted in the protection of a 199-
basepair (bp) TGFS1 fragment, a 182-base-pair TGF52
fragment, and a 329-bp TGF33 fragment. The probe
for the constitutively expressed cyclophilin displays an
83-bp protected fragment. Analysis of TGF3 expression
in rat tissue was found to protect similar size fragments
in murine AKR-2B cells, and the pattern of TGFS gene
expression in various tissues was similar to that previ-
ously described (19, 20) (data not shown).

Expression of TGF31, -2, and -83 during testicular
development was evaluated. Total RNA was isolated
from prepubertal (days 5 and 10), early pubertal (day
15), midpubertal (day 20), late pubertal (day 35), and
adult (day 60) rat testis (Fig. 2). Message levels were
quantitated by excising and counting gel fragments and
normalized to the cyclophilin signal. Relative expression
presented for whole testicular development (Fig. 3) is
also normalized relative to TGFgB2 expression in adult
(60-day-old) testis. All forms of TGF3 were most abun-
dant in the prepubertal testis. TGF31 and 82 mRNA
expression decreased during testicular development
(Figs. 2 and 3). This expression pattern is characteristic
of somatic cell expression in the immature testis, fol-
lowed by dilution of signal due to increased germ cell
proliferation once puberty is initiated. TGFS3 mRNA
expression peaked on day 15, coinciding with the initi-
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Fig. 2. Nuclease Protection Assay of TGFg1, -32, and -33
during Whole Testicular Development

Lane 1, Undigested cyclophilin probe; lane 2, undigested
TGFg probes; lane 3, control protection assay with ribosomal
RNA; lanes 4-9, S1 nuclease protection assay of 25 ug total
RNA prepared from testes of rats at 5 (lane 4), 10 (lane 5), 15
(lane 6), 20 (lane 7), 35 (lane 8), and 60 (lane 9) days of age
was performed as described in Materials and Methods. Pro-
tection of TGF31 mRNA (top) demonstrates an expected
protected fragment of 199 bp shifted from a 230-bp probe.
Protection of TGF32 mRNA (middle) probe protects a 182-bp
fragment of the 198-bp probe. Protection of TGFS3 mRNA
(bottom) probe protects a 329-bp fragment of the 372-bp
probe. Simultaneous analysis with cyclophilin, displaying an
83-bp protected fragment of the 125-bp probe, demonstrates
equal loading. The data presented are representative exam-
ples of at least three experiments performed on multiple tes-
ticular preparations.
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Fig. 3. Quantitation of Whole Testicular Expression of TGF31,
-52, and -33

S1 nuclease protection was performed as described in Fig.
2. Gel fragments were excised, solubilized, and counted, and
expression was normalized to the cyclophilin signal. The data
presented are normalized to TGF 52 expression in the mature
60-day-old testis and represent at least three experiments
(mean = sem) on multiple testicular preparations.

ation of spermatogenesis, and remained the most abun-
dantly expressed isoform in the mature testis (Fig. 3).
Cellular expression of TGFS during development was
further evaluated. Sertoli and peritubular cells were
freshly isolated from testes at different stages of de-
velopment, including prepubertal (10-day-old), midpub-
ertal (20-day-old), and late pubertal (35-day-old) rat
testis. TGFS3 expression was quantitated, and relative
abundance was determined by calculating an approxi-
mate number of MRNA copies per cell. Peritubular cells
expressed each form of TGFS during each stage of
pubertal development (Fig. 4A). TGF31, -32, and -33
mRNA expression is predominant during the prepuber-
tal period and decreases as this cell type differentiates.
Sertoli cells have a distinct pattern of TGF3 gene
expression during pubertal development (Fig. 4B).
TGF{31 expression increased and plateaued during Ser-
toli cell differentiation. TGF32 was predominant only in
prepubertal Sertoli cells, and expression dropped to
imost nondetectable levels at the onset of puberty.
TGFg3 was the most abundant form of TGFS during
Sertoli development. TGF33 expression increased dur-
ing the onset of puberty and spermatogenesis. This
transient increase in TGF33 expression coincides with
the peak in expression seen in Fig. 3 with whole testis,
The ability of peritubular and Sertoli cells to synthe-
size the multiple forms of TGF3 was evaluated by
immunoblot analysis. Peritubular and Sertoli cell serum-
free conditioned medium was collected, concentrated,
and analyzed electrophoretically. TGF31, -32, and -33
polyclonal antisera were specific for their respective
isoform (data not shown) (34) and recognized the pre-
cursor and mature forms, as previously reported (34).
Negative controls showed no detectable bands, and
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Fig. 4. Quantitation of Cellular Expression of TGF31, -52, and
-83

51 nuclease protection was performed on 25 g total RNA
from freshly isolated peritubular (top) and Sertoli cells (bottom)
from 10-, 20-, and 35-day-old rat testes, as described in
Materials and Methods. Gel fragments were excised, solubi-
lized, and counted, and expression was normalized to the
cyclophilin signal. Estimated absolute abundance (number of
mRNA copies per cell) was calculated as described in Materials
and Methods. The data presented represent at least three
experiments (mean + seEm) on at least four preparations of
isolated cells.

isoform-specific antisera showed no cross-reactivity
(data not shown). Various preparations of both peritu-
bular and Sertoli cell secreted proteins were analyzed.
Proteins of 12, 25, 42, and 55 kilodaltons (kDa) were
periodically detected by all of the antisera in various
secreted protein preparations (data not shown). TGFg1,
-2, and -83 antisera consistently recognized a 55-kDa
protein in all of the peritubular and Sertoli secreted
protein preparations (Fig. 5). The uncleaved precurser
and reduced monomer of TGFg3 is 55 kDa, which is
minimally processed into a 42-kDa precurser and a 12-
kDa mature form of TGF3 (35). An immunoreactive high
mol wt protein (~150,000) was also apparent, poten-
tially representing the latent TGF3 complex/binding pro-
tein. The 12.5-kDa mature form was not consistently
present in these preparations, suggesting incomplete
processing and/or activation of the TGFS precursor
during the serum-free cell culture of these cells. Incom-
plete processing of the 55-kDa precurser during cell
culture has previously been reported (35-38). Results
indicate that both peritubular and Sertoli cells have the
capacity to express and synthesize the multiple iso-
forms of TGF§.
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Fig. 5. Immunoblot Analysis of TGF31, -52, and -3 Production
by Peritubular and Sertoli Cells

Concentrated conditioned medium from peritubular and Ser-
toli cells was collected, resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (12%), and electrotrans-
ferred to nitrocellulose. Immunoblotting with TGF31 (left), 32
(micdle), 83 (right) antibodies as described in Materials and
Methods. Numbers to the left correspond to the migration of
standards (mol wt X 107), and the number to the right indicates
the precursor TGFj detected. The data are representative of
at least three different experiments on separate secreted
protein preparations. PSP, Peritubular cell secreted protein;
SSP, Sertoli cell secreted protein.

The hormonal regulation of TGF3 expression was
examined with both the nuclease protection assay and
immunoblot analysis. Peritubular cells are an androgen-
responsive cell; however, androgens had no effect on
TGF31, TGFS2, or TGFB3 expression by cultured mid-
pubertal peritubular cells under the conditions used
(data not shown). Sertoli cells were isolated from mid-
pubertal 20-day-old rats and cultured in the absence of
serum. Neither androgen nor the testicular paracrine
factor PModS (36) had any effect on TGF31, TGF32,
or TGF33 expression by Sertoli cells (data not shown).
Sertoli cells cultured in the presence of FSH (100 ng/
ml) had no detectable TGF32 expression. Sertoli cells,
therefore, were cultured for 48 h before treatment with
FSH. FSH decreased steady state levels of TGFg32
mRNA after 24 h and completely suppressed expres-
sion after 72 h (Fig. 6). FSH also significantly decreased
TGFpB2 protein production (>60%) during culture, as
determined by quantitation of immunoblot analysis (Fig.
7). FSH had no effect on TGF81 or TGF33 expression
by Sertoli cells (data not shown). The results indicate
that TGF82 is the predominate hormone-dependent
isoform of TGF3 expressed by Sertoli cells. Therefore,
FSH-induced Sertoli cell differentiation required for pu-
bertal development results in a suppression of TGF32
expression and correlates with the developmental data
shown in Figs. 3 and 4.

To examine the actions of TGFg8 during testicular
development, cellular growth was examined. TGF§1
inhibited TGFa-induced DNA synthesis by peritubular
cells isolated from each stage of pubertal development
(Fig. 8). TGFS neither stimulated nor inhibited DNA
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Fig. 6. FSH Down-Regulation of Sertoli Cell TGF32 Gene
Expression

S1 nuclease protection was performed on 25 ug total RNA
isolated from Sertoli cells treated in the absence or presence
of FSH. Lane 1, 5 x 10° cpm undigested 1B15 probe; lane 2,
5 % 10° cpm undigested TGF32 probe; lane 3) control protec-
tion assay with ribosomal RNA; lane 4, AKR2-B cells; lane 5,
Sertoli cells, control, 24 h; lane 6, Sertoli cells, FSH, 24 h; lane
7, Sertoli cells, control, 72 h; and lane 8, Sertoli cells, FSH, 72
h. The data presented are representative of five experiments.
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Fig. 7. FSH Down-Regulation of Sertoli Cell TGF32 Protein
Production

TGFS2 immunoblot analysis was performed on conditioned
medium collected from Sertoli cells treated for 72 h in the
absence or presence of FSH. Immunoreactive bands were
excised, counted, and normalized to cellular DNA content. The
data presented represent the mean + sem of three experi-
ments performed in duplicate, and the asterisk indicates a
statistically significant difference from the control (C; P < 0.01).

synthesis in immature Sertoli cells (Fig. 8). As a positive
control, 10% fetal calf serum stimulated prepubertal
Sertoli cells. Sertoli cells did not respond to TGFg1
under a variety of culture conditions examined. To
confirm observations on DNA synthesis, alterations in
cell number 72 h after treatment were determined.
TGFB1 had no effect on immature Sertoli cell or peri-
tubular cell proliferation (data not shown). In contrast
to DNA synthesis, TGF31 did not inhibit TGFa-induced
cellular proliferation of peritubular cells. This observa-
tion appears to reflect increased peritubular cell matrix
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Fig. 8. [*H]Thymidine Incorporation into DNA in Peritubular
and Sertoli Cells

Peritubular and Sertoli cells were isolated from 10-, 20-, and
35-day-old rat testes and cultured in 0.1% serum for 2 days,
followed by treatment with TGF« (2.5 ng/ml) andfor TGFg31
(2.5 ng/mi). After 18-24 h, [*H]thymidine incorporation into
DNA was determined and normalized to the levels of DNA per
well, as described in Materials and Methods. Data are pre-
sented as the fold increase above the control (Cont) value
(mean + sem) and are representative of at least five experi-
ments from each age group.

production (34). This extracellular matrix resulted in
enhanced cellular attachment and viability during long
term culture, thus masking apparent growth inhibition.

DISCUSSION

Testicular development requires the combined growth
and differentiation of both somatic and germinal cell
populations. This process involves a number of different
cell-cell interactions mediated by locally produced
growth and differentiation factors (1, 39). The multiple
forms of TGF3 display unigue patterns of expression
during embryogenesis. TGF31 gene expression ap-
pears widespread in many tissues and cell types, while
TGFj32 and -33 expression is more restricted (30-32,
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40). TGF31, -82, and -83 gene expression can simul-
taneously occur in a tissue. TGF32 and -33 expressions
often occur together. Interestingly, the testis appears
to be one of the few tissues in which TGF33 is the
predominant isoform expressed (19, 20). The current
study demonstrates that, as observed during embryo-
genesis (30-32, 40), unique patterns of TGF3 expres-
sion also appear to be required for postnatal organ
development.

Previous examination of TGF3 expression in the tes-
tis by Northern analysis (19, 20, 24) has been extended
in the present study on the organ and cellular level
using the more sensitive and quantitative nuclease pro-
tection analysis. Sertoli and peritubular cells were iso-
lated from different stages of rat testicular development,
including prepubertal (day 10), midpubertal (day 20),
and late pubertal (day 36) periods. Most somatic cell
proliferation occurs in the prepubertal testis. Sperma-
togenesis is initiated by 15-20 days, and by 35 days,
the first spermatogenic wave is complete (5). Although
the 35-day-old rat cannot breed, the somatic cells at
this stage exhibit biochemical profiles similar to those
of adult cells. TGFB31 and -2 mRNA expression was
found to be most abundant in the immature whole testis
and decreased once puberty was initiated (Fig. 3). This
expression pattern is characteristic of somatic cell
expression in the immature testis, followed by dilution
of signal due to increased germ cell proliferation. Sper-
matogenic cells rapidly become the predominant cell
population once puberty is initiated. Interestingly, tes-
ticular expression of TGF33 peaks on day 15 of devel-
opment. This time point coincides with the initiation of
spermatogenesis, when Sertoli cells comprise the ma-
jority of the seminiferous tubule population. Transient
increases in TGF33 mMRNA expression have previously
been described in other tissues, coinciding with timing
of critical cell-cell interactions for organ development
(41).

Peritubular cells expressed each TGFB isoform
throughout development (Fig. 4A). TGF31, -2, and -
33 were most abundantly expressed by the prepubertal
peritubular cell. TGFG expression decreased as the
peritubular cell differentiates. Previous observations
suggest that TGF3 has dramatic effects on peritubular
cells, including the promotion of cell migration and
matrix production potentially required for tubule mor-
phogenesis (13). The high level of TGF3 mRNA expres-
sion by prepubertal peritubular cells correlates with the
timing of recruitment of this cell type from the undiffer-
entiated stromal-fibroblast population. Thus, peritubular
production of TGF3 may act as an autocrine factor to
promote peritubular cell differentiation. Prepubertal per-
itubular TGF3 production might also influence sperma-
togonia located on the basal surface of the tubule.
Therefore, peritubular TGFS production could poten-
tially influence prepubertal spermatogonial proliferation.

Sertoli cells display a distinct pattern of TGF3 isoform
expression during pubertal development. Sertoli cell
expression of TGF31 mRNA increased and plateaued
during pubertal development (Fig. 4B). Sertoli cells ter-
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minally differentiate and cease to divide at the onset of
puberty. Interestingly, only prepubertal Sertoli cells ex-
pressed appreciable levels of TGFg2 (Fig. 4B). Results
indicate that the level of TGF32 expression does not
appear to be due to a cell contaminate. In situ hybridi-
zation studies suggest that TGFS2 is expressed pri-
marily by mesenchymal cell types (40). The Sertoli cell
is believed to be derived from the same precursor
mesenchyme as the peritubular cell during fetal gonad
development (10). Therefore, the Sertoli cell may dis-
play mesenchymal characteristics during its early de-
velopment. The decline in TGFS2 expression may rep-
resent the mesenchymal to epithelial conversion asso-
ciated with Sertoli cell differentiation. FSH is a critical
agent in the promotion of Sertoli cell differentiation.
Previously, FSH was found to influence TGFS2 expres-
sion in granulosa cells (42). The current study demon-
strates a suppression of TGF32 expression at the onset
of puberty that correlates with FSH-induced Sertoli cell
differentiation. The Sertoli cell is known to act as a
“nurse” cell for the developing germinal cell. The mor-
phology of the Sertoli cell permits secretory products
to be targeted to the germinal cell populations. Sertoli
cell production of TGF32 could potentially act as a
growth inhibitor prepubertally to suppress germinal cel!
proliferation and development. At the onset of puberty,
the depression of TGFB2 could allow locally produced
growth stimulators (e.g. TGF«) to promote germinal cell
growth. Previously, germinal cells have been shown to
be responsive to TGFg (27). Primordial germ cell prolif-
eration was found to be inhibited by TGFg3 (43). There-
fore, TGFB2 is postulated to mediate an important
Sertoli cell-germinal cell interaction that may control the
proliferation of germinal cells at the onset of puberty.

Analysis of TGF33 expression by Sertoli cells re-
vealed a transient increase at an early pubertal stage
corresponding with the onset of spermatogenesis (Fig.
4B). TGFg has previously been demonstrated to influ-
ence stem/progenitor cells (44) and may act in a similar
fashion for spermatogenic cells in the testis. Therefore,
TGF33 targeted to the germinal cell population could
potentially act to influence the differentiation of sper-
matogenic cells. The unique temporal pattern of TGF33
expression by Sertoli cells suggests that TGFS may
mediate an important Sertoli-germinal cell interaction
required for the induction of the spermatogenic proc-
ess.

To correlate TGFg gene expression with protein pro-
duction, the capacity of peritubular and Sertoli cells to
secrete the multiple forms of TGFg during culture was
evaluated. Immunoblot analysis of concentrated se-
creted proteins indicates that both cultured Sertoli and
peritubular cells have the ability to produce all of the
TGFg isoforms (Fig. 5). Although the most consistently
detected form of TGF3 observed was 55 kDa, other
forms periodically detected were 12, 25, and 42 kDa.
TGFg is produced as a 100-kDa dimeric precurser that
is processed into a 25-kDa dimeric mature form of
TGF3. The reduced 55-kDa monomer is processed into
a 42-kDa precurser region and a 12-kDa mature mon-
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omer of TGFg (35). Previous investigators have dem-
onstrated that cells in culture can produce a variety of
processed forms of TGFg, including the 55-kDa unpro-
cessed form (35, 37, 38). We have used the TGFS1
and TGF32 antisera to precipitate the 12-kDa form from
ovarian cell types (45). Therefore, the degree of proc-
essing appears to depend on the cell type and culture
conditions. Preabsorption of the TGF31 and TGFj32
antisera with TGF 3 has been shown to block the detec-
tion of the 55-, 42-, and 12-kDa forms on Western blot
analysis (35, 37, 38). Therefore, the 55-kDa form de-
tected is postulated to be the unprocessed reduced
monomer of TGF3. However, processing of TGFS by
cultured peritubular and Sertoli cells is variable, since
the 12-kDa mature form was periodically detected.
Alterations in protease production and activation may
be a variable in TGF3 processing (36). Peritubular and
Sertoli cells both produce plasminogen activator inhibi-
tor that can inhibit TGFg8 activation. Our observations
suggest that both peritubular and Sertoli cells have the
capacity to express, synthesize, and secrete TGF3
isoforms; however, the in vivo production of TGFgS
isoforms remains to be thoroughly evaluated.

Analysis of TGFg actions revealed that TGFg31 inhib-
ited TGFa-induced peritubular cell DNA synthesis from
each stage of pubertal development (Fig. 8). In contrast,
TGFB1 neither stimulated nor inhibited Sertoli cell DNA
synthesis or growth. This observation suggests that
alternate locally produced growth factors may regulate
prepubertal Sertoli cell proliferation. Therefore, the
growth regulatory actions of TGFg3 appear to be tar-
geted to the peritubular cells. Although TGF3 has been
shown to influence lactate production by Sertoli cells
(25), TGFg has no effect on a major functional param-
eter, transferrin production by differentiated Sertoli cells
(31), suggesting a restricted role for TGF g in maintaining
Sertoli function. The limited action of TGFS on Sertoli
cell differentiation suggests that alternate locally pro-
duced factors, such as the testicular differentiation
factor P-Mod-S (46), may be involved in postpubertal
induction and maintenance of Sertoli cell differentiated
functions.

The current study demonstrates that TGF81, -52,
and -33 are expressed and appear to act at critical
times during testicular development. The distinct pat-
terns of TGF3 isoform expression suggest a potential
role in the onset of the spermatogenic process. The
dramatic decrease in Sertoli ceill TGF32 expression
during puberty suggests a potential growth inhibitory
mechanism to prevent prepubertal spermatogenic cell
proliferation. The transient increase in Sertoli cell TGF 33
expression at the onset of puberty implies a potential
role in the initiation of spermatogenesis. Further analy-
sis of the cellular localization of TGFS receptors and in
vivo actions of TGFg is required to fully elucidate these
potential function of TGFB2 and TGF33. Observations
imply that TGF8 may play an important role as a media-
tor of cell-cell interactions required for testicular devel-
opment and the process of spermatogenesis.
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MATERIALS AND METHODS
Tissue and Cell Preparation

Testes were collected from 5-, 10-, 15-, 20-, 35-, and 60-day-
old Sprague-Dawley rats. Multiple preparations were obtained
from at least eight rats of each age, which were killed with the
approval of the University of California-San Francisco and
Vanderbilt Animal Care Committees. Isolated testes were fro-
zen in liquid nitrogen and then processed for RNA. Sertoli and
peritubular cells were isolated from the testis from 10-, 20-,
and 35-day-old Sprague-Dawely rats by sequential enzymatic
digestion (47) with a modified procedure, as previously de-
scribed (48). Decapsulated testis fragments were digested first
with trypsin (1.5 mg/ml; Gibco, Grand Island, NY) to remove
interstitial cells, followed by collagenase digestion (1 mg/ml;
type I, Sigma, St. Louis, MO) and then hyaluronidase digestion
(1 mg/ml; Sigma). Peritubular cells were obtained from the
collagenase digestion supernatant after tubule segments had
gravity sedimented, as previously described (43). Freshly iso-
lated cells were immediately homogenized in guanidine isothio-
cynate and processed for RNA. Cultured cells were maintained
at 32 C in a 5% CO, atmosphere in Ham's F-12 medium
(Gibco). The purity of the cultures was examined after 48-h
culture by staining for peritubular cells with alkaline phospha-
tase and a-smooth muscle isoactin (49, 50). All cell prepara-
tions appeared more than 98% pure, except for 10-day-old
Sertoli cell preparations, which displayed 40% «-isoactin stain-
ing; this appears to be in part from positive staining of Sertoli
cells. The 10-day-old rat testis contains greater than 25-fold
more Sertoli than peritubular cells (8); thus, a crude 10-day
testicular preparation should contain greater than 90% Sertoli
cells. These markers have not been well characterized devel-
opmentally, and the Sertoli cell will probably display mesen-
chymal characteristics during its early development, account-
ing for the immunostaining results observed.

Peritubular and Sertoli cell serum-free conditioned medium
was collected, the protease inhibitors phenylmethylsulfonyl-
fluoride (25 uM) and benzamidine (0.1 mm) were added, and
the mixture was centrifuged at 1000 x g for 15 min at 4 C to
remove cell debris. Conditioned medium was concentrated
100-fold by ultrafiltration with an Amicon system (Dan-
vers, MA) using a membrane with a 3000 mol wt exclusion
limit. This concentrated conditioned medium was referred to
as peritubular cell secreted proteins and Sertoli cell secreted
proteins.

PCR Amplification of cDNA

Murine cDNA probes for TGF32 and TGFg33 cross-reacted
with rat mRNA in an S1 nuclease protection assay; however,
a species-specific TGF1 cDNA was required. The murine
TGFg3 probes were generously provided by Drs. Duncan Miller
and Harold Moses (Vanderbilt University, Nashville, TN). A rat
TGFB1 cDNA was generated by reverse transcriptase-PCR
(51) using a region specific to the rat TGF31 precursor (1004
to 1203) (52) with oliogonucleotide primers (coding primer 5’-
CCCGGGCTGC AGGAATTCGG GGTGGCCATG AG-
GAGCAGG and noncoding primer 5'-TTAAGCTTAT
CGATTTTGAC GTCACTGGAG TTGT). The cDNA fragment
generated contained restriction enzyme sites on both ends,
allowing for an evident probe shift after S1 nuclease protection.
Ten micrograms of total RNA from liver, peritubular cells, and
Sertoli cells were reverse transcribed [50 mm Tris (pH 8.3), 50
mm KCI, 10 mm MgCl,, 1 mm dithiothreitol, 1 mm EDTA, 10
ug/mi BSA, 200 um deoxy-NTPs, 1 U RNAsin, and 0.5 ug
oligo(dT) primer/ug RNA] with 10 U AMV reverse transcriptase
(Promega, Madison, Wi) for 1.0 h at 42 C. Complementary
DNA was PCR amplified [10 mm Tris (pH 8.3), 50 mm KCI, 1.5
mm MgCly, 0.01% gelatin, 200 um deoxy-NTPs, and 1.0 um
primers) from reverse transcription reaction with 2.5 U Ampli-
tag DNA polymerase (N801-0060, Perkin-Eimer, Nor-
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walk, CT). Amplification conditions for PCR consisted of an
initial denaturing step at 95 C for 5 min, followed by 30 cycles
of 94 C denaturing for 1 min, 60 C annealing for 2 min, 72 C
extension for 3 min, and ending with one final 72 C extension
for 6 min. A predicted 230-bp fragment was evident after PCR
from liver, peritubular, and Sertoli RNA, known sources of
TGFB1. Gel purification of this fragment was subjected to
another round of PCR to generate template for cDNA iabeling.
DNA sequencing and Northern analysis confirmed this cDNA
as rat TGFg1.

RNA and Radiolabeled Probe Preparation

Total RNA was prepared from fresh and cultured cells by
homogenization in guanidine isothiocynate, followed by ultra-
centrifugation through a cesium chloride cushion (53). Anti-
sense cRNA and cDNA probes were generated for nuclease
protection studies (54). Plasmids containing larger cDNA se-
quences than required for useful protection probes were li-
nearized with restriction enzymes in the coding sequence (see
Fig. 1), allowing for generation of antisense probes of 100-
400 bp. A 230-bp reverse transcriptase-PCR-generated rat
TGF31 cDNA contained coding sequence with restriction en-
zyme sites on both ends, allowing for an evident probe shift
after nuclease protection. This TGFS1 fragment was used as
a template for cDNA labeling with {*3P]deoxy-CTP (3000 Ci/
mmol; New England Nuclear, Boston, MA). Antisense cDNA
probes (55) were generated by asymmetric PCR, using a 1:10
ratio of sense/antisense primers, generating a 230-bp probe
resulting in a 199-bp (1004-1203) protected fragment. A mu-
rine TGF32 cDNA contained a 442-bp Xhol/EcoRI insert in
sp72 (19). Antisense riboprobes were generated using T7
polymerase from a Clai-linearized plasmid, generating a 198-
bp probe resulting in a 182-bp (1593-1773) protected frag-
ment. A murine TGF33 cDNA contained a 609-bp EcoRI/Smal
insert in PGEM7Z (20). Antisense riboprobes were generated
using T7 polymerase from a Alul linearized plasmid, generating
a 372-bp probe resulting in a 329-bp (1111-1440) protected
fragment. A rat cyclophilin cDNA contained a 645-bp insert in
sp65 (56). Antisense riboprobes were generated using SP6
polymerase from a Ddel-linearized plasmid, generating a 124-
bp probe resulting in an 83-bp (670 to 587) protected fragment.
The p1B15 is a cDNA for rat cyclophilin, a gene that appears
to be constitutively expressed and was used to control for
RNA integrity and equivalent loading. Riboprobes were radio-
labeled with [o-32P]JUTP (800 Ci/mmol; New England Nuclear),
as described by Promega, except that no cold UTP was used
in generating TGF32 probes. Riboprobes were gel purified to
remove incomplete and miscellaneous size transcripts typically
labeled to specific activities of approximately 5 x 108 (TGF§1,
TGFB3, and 1B15) and 1 x 10° (TGFS32) cpm/ug. Northern
analysis confirmed the specificity of each probe [TGF31, ~2.4
kilobases (kb); TGF32, ~3.0 and 5.0 kb; TGF33, ~3.5 kb;
cyclophilin, 0.9 kb mRNA].

Nuclease Protection Analysis

S1 nuclease protection was performed similar to the method
of Krause et al. (33). Twenty-five micrograms of total RNA
were annealed to excess riboprobe (2 x 10° cpm) in 10 wl
hybridization buffer [80% formamide, 10 mm HEPES (pH 6.5),
and 400 mm NaCl], denatured for 10 min at 90 C, and
hybridized overnight at 48 C. Samples were also simultane-
ously probed with cyclophilin (1B15) as an internal control.
Nonannealed nucleic acids were digested with 100 U (4 U/ug
RNA) S1 nuclease (Bethesda Research Laboratories, Gaith-
erburg, MD; no. 8001SB) in 25 ui digest buffer (400 mm NaCl,
30 mm Na acetate, and 3 mm ZnCl,, pH 4.4) for 1.0 h at 39 C.
Protected fragments were ethanol precipitated, resuspended,
and electrophoresed on a 5% denaturing polyacrylamide-8 m
urea gel. Gels were dried, followed by autoradiography on
Kodak X-Omat AR film (Eastman Kodak, Rochester, NY) with
intensifying screens at —70 C for 12-36 h. Typically, cyclophilin

Vol 7 No. 1

signals are evident after 6 h of exposure, TGFg3 after 10 h,
and TGFB1 and TGFpB2 after 12-24 h. Quantitation was
achieved by counting excised and solubilized gel fragments
(Solvable, DuPont, Boston, MA). Serial dilution of RNA sam-
ples confirmed the linearity of the assay and the presence of
excess probe. Negative controls included crude yeast RNA
and E. coli ribosomal RNA (Boehringer Mannheim, Indianapo-
lis, IN).

TGFS expression was quantitated, and relative abundance
was determined by calculating an approximate number of
copies mMRNA per cell. The activity of each copy of probe
generated was calculated based on the percentage of radio-
label incorporation, the specific activity of the radiolabeled
probe, and the probe length in basepairs. The activity of the
protected gel fragment thus represents an approximate num-
ber of mMRNA molecules. An estimated number of cells ana-
lyzed per assay (representing 25 ng total RNA) was deter-
mined by assuming that the rat cellular RNA content is 10%
of the cellular DNA content (7 pg DNA/cell) (55). Calculated
values were compared and adjusted for assay efficiency (ov-
erdigestion, sample loss) between empirically determined and
previously reported transferrin and sulfated glycoprotein-2
mRNA abundance in Sertoli cells (~1600 and ~5000 copies/
cell, respectively) (57).

Electrophoresis and Immunoblot Analysis

One-dimensional polyacrylamide gel electrophoresis (58) was
carried out after denaturation and reduction of peritubular cell
secreted proteins and Sertoli cell secreted proteins with so-
dium dodecy! sulfate and 8-mercaptoethanol and analyzed on
12% acrylamide gels. Proteins were then electrophoretically
transferred to nitocellulose paper (Bio-Rad, Richmond, CA) for
2 h at 80 V and reacted with antiserum to TGFg1, -32, and -
53, generously provided by Dr. Kathleen Flanders (NCI, Be-
thesda, MD). TGF$1 and -32 polyclonal turkey antisera do not
cross-react and specifically recognize precursor and mature
forms (34). A specific TGF33 polyclonal rabbit antiserum (P50-
60-3) recognizes the N-terminal 50-60 amino acids of TGF33.
TGFp antibodies from R & D Systems (Minneapolis, MN) were
also used to confirm results. Membranes were blocked [50
mm phosophate (pH 7.0), 150 mm NacCl, and 0.5% Tween-20
(TPBS)] and incubated with TGF31, TGF32 (1:500 dilution in
TPBS), or TGF33 antibodies (1:20 dilution in TPBS) overnight
at room temperature, then rinsed three times for 10 min each
time in TPBS. ['**I]Antiturkey (Zymed Laboratories, South San
Fransisco, CA) or ['®I]antirabbit immunoglobulin G (Sigma; 1
x 108 cpm/ml) was used for autoradiographic detection. Blots
were exposed to x-ray film with intensifying screens for 12—
36 h. Radioactive bands were excised, counted, and normal-
ized to the amount of cellular DNA plated.

Growth Studies

Peritubular and Sertoli cells were plated subconfluently in 24-
well culture plates in Ham's F-12-0.1% fetal calf serum. After
48 h, medium was changed, and cells were treated with TGF«
(2.5 ng/ml; Calbiochem, La Jolla, CA) and/or TGF31 (2.5 ng/
ml; R & D Systems). DNA synthesis was evaluated 16-24 h
after treatment by replacing medium with Dulbecco’s Modified
Eagle’s Medium-0.1% calf serum with 1 uCi [*H]thymidine
(New England Nuclear) and incubated for 4 h. The amount of
[*H]thymidine incorporated into DNA was determined as pre-
viously described (29) and normalized to cell number. Alter-
natively, cells were treated on day 2 of culture and maintained
for 72-96 h in the presence of growth regulators, followed by
DNA assay to determine alterations in cell number. DNA was
measured flourometrically with ethidium bromide, as previ-
ously described (59).

Statistics

All statistics were performed using the SAS statistical package
(SAS Institute, Cary, NC). Data were analyzed by analysis of
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variance, followed by Duncan’s multiple range test when ap-
plicable for determination of differences in treatment grouping.
Data are presented as the mean *+ sem unless otherwise
indicated.
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