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ABSTRACT The seminiferous epithelium of the mouse
testis contains a potent mitogen that induces DNA synthesis and
cell division in cultures of confluent, quiescent BALB/c 3T3
cells. Homogenates of adult mouse seminiferous tubules, when
added to 3T3 cells for 48 hr, produce a dose-dependent increase
in DNA synthesis with half-maximal activity at 400 9g of protein
per ml. Maximal stimulation causes a 70- to 100-fold increase
in [methyl-3H]thymidine incorporation into DNA, a labeling
of >99% of 3T3 cell nuclei, and a doubling in cell number. The
level of mitogenic activity in seminiferous tubules isolated from
newborn mice is five times greater than that in tubules of adult
mice. Furthermore, prepuberal Sertoli cells contain substantially
greater levels of mitogenic activity than any other cell type
purified from the seminiferous epithelium. A homogenate of
prepuberal Sertoli cells induces half-maximal DNA synthesis
at 20 jg of protein per ml. The mitogenic factor is sensitive to
proteases and to heating at 100°C for 2 min but not to di-
thiothreitol. Gel-filtration chromatography reveals that the
factor is a polypeptide with a Mr of - 15,500. These observations
provide evidence for the presence of a growth factor in the
mammalian testis.

The mammalian testis displays complex patterns of cell pro-
liferation. Primordial germ cells in the early embryo migrate
from the yolk sac endoderm to the genital ridges and proliferate
rapidly to form the gonocytes that populate the developing
seminiferous cords (1). These stem cells, although undergoing
growth, cease to divide for about 10 days late in fetal life and
early in postnatal development (2). In the mouse and rat,
gonocytes reinitiate mitotic cell divisions 4-5 days after birth,
the first division yielding primitive type A spermatogonia.
Subsequent cell divisions produce a differentiation sequence
of type A(14), intermediate and type B spermatogonia, and then
preleptotene spermatocytes (3, 4). These cells undergo meiosis
and finally spermiogenesis, which culminates with the for-
mation of spermatozoa (5). In the adult, active and continuous
proliferation of spermatogonia ensures an abundant supply of
mature sperm cells.

Testicular somatic cells also undergo unique patterns of
proliferation during development. Leydig cells divide rapidly
during late fetal life, atrophy in the neonate, but then renew
proliferation at early puberty (6). In the adult, Leydig cells
rarely divide unless experimentally perturbed (7). Sertoli cells,
in contrast, proliferate until early puberty, when they differ-
entiate terminally and never divide again (8, 9).

These varied patterns of cell proliferation suggest mitogenic
factor(s) may exist in the testis to regulate cell cycle kinetics.
This possibility was examined by testing confluent BALB/c 3T3
cells, which respond to a number of polypeptide mitogens
(10-13). Evidence presented in this report demonstrates the
existence of a mitogenic polypeptide localized primarily in
mouse Sertoli cells.

MATERIALS AND METHODS
Cell Culture. Mouse BALB/c 3T3 embryo fibroblasts (clone

A31) were obtained from C. D. Scher (Harvard Medical School,
Boston, MA) and maintained at 370C in Dulbecco's modified
Eagle's medium (Flow Laboratories, McLean, VA) supple-
mented with glucose (4.5 gm/i), 10% calf serum (Colorado
Serum, Denver, CO), penicillin (50 units/ml), and streptomycin
sulfate (50 ,ug/ml; GIBCO).

Preparation of Testis and Seminiferous Tubule Samples.
CD-1 mice (Charles River Breeding Laboratories) were used.
Adult mice, 10-12 weeks old, were anesthetized and perfused
via the thoracic aorta with 10 ml of enriched Krebs-Ringer
bicarbonate medium to remove blood from the testes (14). The
testes were then excised, decapsulated, minced, and sonicated
in phosphate-buffered saline (pH 7.4) at 100 W for 30 sec
(Braunsonic, no. 1510). Typically, one testis was sonicated in
4 ml of standard saline, and 20-50 Al of the homogenate was
assayed for growth-promoting activity.

Seminiferous tubules were isolated by incubating prepuberal
and adult decapsulated testes with collagenase (1.0 mg/ml;
Worthington) in the enriched bicarbonate medium under 5%
CO2 at 330C for 15 min with gentle shaking (15, 16). The dis-
persed seminiferous tubules were allowed to settle and the su-
pernatant fluid was decanted to remove interstitial and blood
elements. The seminiferous tubules were washed in standard
saline, homogenized, and then used for the growth-promoting
assay. For autoradiography and biochemical characterization,
particulate matter was removed from homogenates by cen-
trifugation at 100,000 X gay for 1 hr. All mitogenic activity was
retained in the supernatant fraction. Protein content was de-
termined by the method of Lowry et al. (17).

Separation of Seminiferous Epithelial Cells. Seminiferous
tubules (or cords), prepared as described above, were dissociated
to form a cell suspension by incubation with trypsin (0.5 mg/ml)
and DNase (2 ,ug/ml) in enriched Krebs-Ringer bicarbonate
medium for 15 min at 330C. The respective cell types were
separated by sedimentation velocity (14, 15). The cells were
layered onto a 2-4% gradient of bovine serum albumin in the
enriched bicarbonate medium, allowed to settle for 4 hr, and
collected. Populations of Sertoli cells (99% pure); primitive type
A (90%), type A(14) (91%), and type B (76%) spermatogonia;
preleptotene spermatocytes (93%); and a pool of leptotene/
zygotene spermatocytes (75%) were obtained from prepuberal
mouse testes (15, 16). Adult mice provided populations of
pachytene spermatocytes (89%), round spermatids (91%) (8),
and residual bodies (89%) (14). Cells were identified by dif-
ferential interference microscopy.
DNA Synthesis. The 3T3 cells in monolayers were trypsin-

ized and suspended at 5 X 104 cells per ml in Dulbecco's mod-
ified Eagle's medium containing 10% calf serum, and then
200-,u aliquots were placed into 0.3-cm2 culture wells (Mi-
crotest II, Falcon; Bioquest, Cockeysville, MD). After incubation
for 7-10 days without a change of medium, the cells became
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quiescent. These confluent monolayers, upon addition of 50 gl
of experimental sample and 4 ,Ci/ml of [methyl-3H]thymidine
[specific activity, 6.7 Ci/mmol (1 Ci = 3.7 X 1010 becquerels);
New England Nuclear], were incubated for another 40-48 hr.
The cells were then fixed in absolute methanol, washed with
H20, extracted with 5% trichloroacetic acid and dissolved in
0.3 N NaOH (18). Incorporation of [methyl-3H]thymidine into
DNA was quantified by scintillation counting. Cells also were
subjected to autoradiographic analysis (18). Typically, back-
ground incorporation of [methyl-3H]thymidine in untreated
cells was t1500 cpm, and only 1% of the nuclei was labeled.
Maximal stimulation achieved by adding fresh serum (final
concentration 20%, vol/vol) was approximately 100,000 cpm
and >95% labeled nuclei.

Cell Division. Confluent 3T3 cells were stimulated at 0 hr
and 48 hr with homogenates of either testes or seminiferous
tubules. Then the cells were suspended by incubation with
0.25% trypsin and 0.5 mM EDTA in phosphate-buffered saline,
Ca2+- and Mg2+-free, and were counted using a Coulter model
2F particle counter (Coulter Electronics, Hialeah, FL).

Characterization of the Mitogenic Factor in Adult Semi-
niferous Tubules. Sensitivity of the mitogen to protease was
tested by incubating the homogenate supernatant fraction in
phosphate-buffered saline at 370C for 4 hr with (i) buffer alone;
(ii) a mixture of trypsin and a-chymotrypsin, each at a. con-
centration of 500,ug/ml (Sigma); or (iii) trypsin and chymo-
trypsin previously inactivated by heating at 1000C for 20 min.
After the 4-hr experimental period, trypsin and chymotrypsin
were inactivated by adding 2 mg of soybean trypsin inhibitor
per ml (Sigma). Other samples were incubated with soybean
trypsin inhibitor alone. All samples were assayed for mitogenic
activity as outlined above.

Supernatant samples were also exposed for 2 hr at 250C to
5 mM dithiothreitol in standard saline or lo the saline alone.
Other aliquots were subjected to 1000C for 2 min. These sam-
ples were dialyzed against three changes of 5mM NH4HCO3,
lyophilized, and tested for mitogenic activity.

Gel-Filtration Chromatography. Supernatant fractions of
a homogenate of adult mouse seminiferous tubules were
subjected to gel-filtration chromatography on Bio-Gel A-0.5
(2.5 X 60 cm) equilibrated with 4 M guanidine hydrochloride
in 20 mM 2(N-morpholino)ethanesulfonic acid, pH 7.6, at 40C.
Samples containing t80 mg of protein in 4 ml were applied to
the column in buffered guanidine hydrochloride and eluted
at a flow rate of 30 ml/hr. Fractions (5 ml) were pooled in
groups of three, dialyzed against 20mM NH4HCO3, pH 7.6 (48
hr, four changes), and lyophilized. Each pooled sample was
tested for the ability to stimulate DNA synthesis in confluent
3T3 cells.

RESULTS
DNA Synthesis Induced by Testis Homogenate. Testis

homogenates stimulated [nmthyl-3H]thymidine incorporation
into DNA of confluent, quiescent BALB/c 3T3 cells in a
dose-dependent manner. Half-maximal activity occurred at
400.ug of protein per ml (Fig. 1). The maximal response rep-
resented 70- to 100-fold stimulation in comparison to unstim-
ulated cells. Homogenates of seminiferous tubules also stimu-
lated DNA synthesis in confluent BALB/c 3T3 cells, generating
a dose-response curve similar to that found with testis homog-
enates (Fig. 1). Autoradiography was used to determine the
proportion of 3T3 cells stimulated to synthesize DNA by sam-
ples of testis and seminiferous tubules. In these experiments,
particulate matter was removed from tissue homogenates by
ultracentrifugation. The resulting supernatant fractions ex-
hibited a 2-fold increase in specific activity. These samples also
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FIG. 1. Dose-response curve for DNA synthesis in BALB/c 3T3
cells stimulated by homogenates of mouse testes and seminiferous
tubules. Aliquots of homogenized, perfused testes or seminiferous
tubules were added, together with [methyl-3H]thymidine (4 ,uCi/ml),
to confluent, quiescent BALB/c 3T3 cells. DNA synthesis was assayed
after a 48-hr incubation by quantifying the amount of [methyl-3H] -
thymidine incorporated into-trichloroacetic acid-precipitable mate-
rial. 0, Testes; 0, seminiferous tubules.

produced equal dose-dependent increases in DNA synthesis,
with over 95% of the nuclei labeled when maximal amounts
were added (Fig. 2). Since seminiferous tubules constitute >90%
of the total testis weight (19), this evidence suggests that the bulk
of the testicular growth-promoting activity resides within the
seminiferous tubules.

Cell Division Induced by Testes Preparations. Homoge-
nates of testes or seminiferous tubules stimulated cell divisions
as well as DNA synthesis in confluent 3T3 cells. These ho-
mogenates induced a dose-dependent increase in cell number,
with maximal stimulation causing a 5- to 6-fold rise within 7
days (Fig. 3).
Temporal Pattern of Mitogenic Activity During Devel-

opment. The seminiferous epithelium consists of two classes
of cells-epithelial Sertoli cells and differentiating spermato-
genic cells. In the mouse, during the first week after birth, the
epithelium is comprised solely of the mitotically proliferating
spermatogonia (16%) and Sertoli cells (84%) (see ref. 15).
However, during the second and third week of development
the meiotic spermatocytes and haploid spermatids appear, and
these eventually become the dominant cell types (93%) (see ref.
16). Quantifying growth factor activity in seminiferous tubules
isolated from mice during postnatal development revealed that
the highest activity was present 6 days after birth (Fig. 4).
Thereafter, the specific growth factor activity declined sub-
stantially. Thus, at postnatal day 20, the level was reduced to
one-third and in the adult to one-fifth of that present in the
6-day-old mice. This dilution of activity correlates with the
temporal appearance and gradual accumulation of meiotic and
postmeiotic germ cells (16). These data suggest that the
growth-promoting activity is localized primarily in Sertoli cells
and spermatogonia, rather than in meiotic and postmeiotic
germ cells.

Mitogenic Activity in Discrete Populations of Seminifer-
ous Epithelial Cells. Preferential localization of the growth
factor in particular cells of the seminiferous epithelium can be
tested directly. This was accomplished by isolating populations
of specific cell types using sedimentation velocity (15,.16). These
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types included Sertoli cells from 6-day-old mice and germ cells
at successive stages of differentiation. Homogenates of the re-
spective cell types were tested for their ability to stimulate DNA
synthesis in confluent 3T3 cells (Fig. 5). Activity contributed
by the few contaminating cells in each purified cell population
was subtracted. Clearly, prepuberal Sertoli cells (S6) contained
the highest concentration of growth-promoting activity.
Half-maximal induction of DNA synthesis in 3T3 cells (50 X
103 cpm) occurred in response to 20 ,gg of protein per ml of a
prepuberal Sertoli cell homogenate. Spermatogenic cells with
appreciable mitogenic activity were primitive type A sper-
matogonia and preleptotene spermatocytes, which had a spe-
cific activity approximately one-sixth that of prepuberal Sertoli
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FIG. 3. Stimulation of cell division in BALB/c 3T3 cells by ho-
mogenates of seminiferous tubules. Confluent, quiescent 3T3 cells
were stimulated at both 0 hr and 48 hr by adding protein from semi-
niferous tubule homogenates to final concentrations of 0 pg/ml (0),
320 ,gg/ml (@), or 800 pig/ml (3). Following incubation for 0, 2,4 and
7 days, the cells were detached with trypsin and cell number was de-
termined. Data represent the mean of two experiments, each per-
formed in duplicate. Similar results were obtained with homogenates
of testis.

cells. Type A(1A) and type B spermatogonia; leptotene, zygo-
tene, and pachytene spermatocytes; spermatids; and residual
bodies did not contain mitogenic activity (Fig. 5).

Characterization of Seminiferous Tubule-Derived Growth
Factor. Seminiferous tubule-derived growth factor is sensitive
to protease digestion. Exposing the supernatant fraction of an
homogenate to a mixture of trypsin and chymotrypsin for 4 hr
at 370C resulted in >80%o loss of activity (Table 1). In control
experiments, samples incubated with heat-inactivated trypsin
and chymotrypsin, with protease inhibitor alone (data not
shown), or with phosphate-buffered saline alone showed no loss
of activity. The growth-promoting activity is also heat sensitive.
Exposing a sample of seminiferous tubules to 100'C for 2 min
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FIG. 4. Mitogenic activity in seminiferous tubules during the
postnatal development of mice. Seminiferous tubules were isolated
from the testes at various ages after birth. Aliquots (25 pig of protein)
of tubule homogenates were added, along with [methyl-3Hlthymidine
(1 puCi), to confluent, quiescent BALB/c 3T3 cells (final volume, 250
pil). Induction of DNA synthesis was assayed, and the results were
normalized to an internal standard of maximal stimulation induced
by the addition of serum (20% vol/vol). The data represent three in-
dependent experiments (mean I SEM).
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FIG. 5. Growth factor activity in cells isolated from the mouse
seminiferous epithelium. Highly purified populations of cells were
obtained by velocity sedimentation. The respective cell types were
homogenized and aliquots were added to confluent, quiescent BALB/c
3T3 cells (final volume, 250 .l). Induction ofDNA synthesis was de-
termined by quantifying the incorporation of [methyl-3H]thymidine
into trichloroacetic acid-precipitable material The specific mitogenic
activity (cpm/ug of protein) of each cell type was determined from
the slope of the dose response curve at half-maximal stimulation. Data
are from three independent experiments (SEM < +15% of mean). Cell
types include: Sertoli cells from 6-day-old mice (S6); primitive type
A (PA), type A(1 i) (A), and type B (B) spermatogonia; preleptotene
(PL), leptotene/zygotene (L/Z), and pachytene (P) spermatocytes;
round spermatids (RS); and residual bodies (RB).

resulted in a total loss of activity. In contrast, dithiothreitol (5
mM) had no adverse effect (Table 1).

During initial experiments, the growth factor activity was
eluted in the void volume after chromatography on Sephadex
G-100 under nondissociating conditions, indicating the protein
has a high molecular weight or exists as part of a multimeric
complex. However, when supernatant fractions were chro-
matographed on Bio-Gel A-0.5 equilibrated with 4 M guani-

Table 1. Characterization of growth factor activity
[methyl-3H]-
Thymidine*
incorporation

Treatment into DNA, cpm

Phosphate-buffered saline 1,580
Tubule supernatant fraction (TS) + saline 55,500
TS + trypsin + a-chymotrypsin 5,400
TS + heat-inactivated trypsin+ a-chymotrypsin 51,050
TS + saline + dialysis 61,400
TS + 5 mM dithiothreitol 65,180
TS + 1000C 2,490
* Seminiferous tubules of adult mice were homogenized and then
centrifuged at 100,000 X g for 1 hr. Aliquots of the resulting super-
natant fraction were incubated at 371C for 4 hr with a mixture of
trypsin and a-chymotrypsin (each at a concentration of 500 pig/ml),
a mixture of heat-inactivated trypsin and a-chymotrypsin (each at
500 Wg/ml), or phosphate-buffered saline alone. The incubation was
terminated by addition of soybean trypsin inhibitor (2 mg/ml).
Other samples were exposed at 250C for 2 hr to the standard saline,
to dithiothreitol, or to 1000C for 2 min, then dialyzed (exclusion
limit, 6000-0 daltons), and lyophilized. All samples were tested
for their ability to stimulate DNA synthesis in BALB/c 3T3 cells.
Data are the average oftwo experiments, each performed in dupli-
cate.
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FIG. 6. The supernatant fraction of an adult mouse seminiferous
tubule homogenate was chromatographed on Bio-Gel A-0.5 (2.5 X 60
cm). The column was equilibrated with 4M guanidine-HCl in 20mM
2(N-morpholino)ethanesulfonic acid, pH 7.6. A sample of t80 mg of
protein was applied and the eluant was collected in 5-ml fractions.
Every three successive tubes were pooled and assayed for mitogenic
activity. [Standards used were chymotrypsinogen (25,000), myoglobin
(17,800) and cytochrome c (12,400).] Bars, [methyl-3H]thymidine;
0 ---0, absorbance of fraction at 280 nm.

dine-HCl, the aggregate form of the growth factor dissociated
to yield a single, symmetrical peak corresponding to a Mr of
-15,500 (Fig. 6).

DISCUSSION
The seminiferous epithelium of the mouse testis contains a
polypeptide with a Mr of -,15,500 that stimulates DNA syn-
thesis and cell division in confluent BALB/c 3T3 cells. This
mitogenic factor is resistant to inactivation by dithiothreitol,
a sulfhydryl bond-reducing agent that irreversibly inactivates
a number of other growth factors, particularly those in blood.
These include the platelet-derived growth factor (20), multi-
plication-stimulating activity (21), and the nonsuppressible
insulin-like activity (22). Therefore, the testicular growth factor
is probably not one of these serum mitogens.

Mitogenic activity is concentrated primarily in Sertoli cells.
This conclusion is based on the following observations. First,
purified Sertoli cells contain a greater specific mitogenic activity
than any other cell type isolated from the seminiferous epi-
*thelium. Second, the level of activity is four times greater in
Sertoli cells than in seminiferous tubules from which they are
purified. Finally, growth factor activity in the seminiferous
tubules declines markedly during postnatal development,
concomitant with the decrease in the proportion of Sertoli cells.
Although synthesis of the growth factor has not been demon-
strated, these findings suggest that the Sertoli cell is the source
of mitogenic activity in the seminiferous epithelium.

Sertoli cells are somatic cells that form the seminiferous ep-
ithelium within which spermatogenic cells differentiate. Sertoli
cells may serve many functions in spermatogenesis, including
(i) creating a microenvironment necessary for germ-cell dif-
ferentiation; (ii) acting as target cells through which follicle-
stimulating hormone and testosterone influence spermatoge-
nesis; and (iii) selectively translocating germ cells from the
peripheral to the central compartment of the seminiferous
epithelium (23). It is tempting to speculate that the Sertoli
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cell-derived growth factor plays a role in the regulation of
spermatogenesis. An exciting possibility is that this factor
mediates the active proliferation of spermatogonia. Other po-

tential target cells include preleptotene spermatocytes and
interstitial cells.

Factors regulating the proliferation of spermatogonia are

poorly understood. Although some evidence suggests the exis-
tence of a spermatogonial chalone (24), an inhibitor of sper-

matogonia proliferation, these observations have not been
substantiated (25). In contrast to a chalone, the Sertoli cell-
derived growth factor provides a mechanism for a positive
regulation of spermatogenesis. It is plausible to speculate that
primitive type A spermatogonia and preleptotene spermato-
cytes are targets for the growth factor, since both cell types
contain some mitogenic activity. For instance, the growth factor
may be responsible for the onset of DNA synthesis and cell
proliferation that occurs in primitive type A spermatogonia
when prepuberal spermatogenesis begins. Similarly, the mi-
togen may stimulate DNA synthesis in preleptotene sperma-

tocytes in order to synchronize cells within syncytia for entry
into meiotic prophase and subsequent reduction divisions.

Cells of the interstitial compartment represent another pos-
sible target for the growth factor. These cells rarely divide in
normal adult animals (6, 19), and yet hyperplasia occurs in
response to certain experimental perturbations. Interstitial cell
hyperplasia occurs in the cryptorchid testes even in hypophy-
sectomized rats in which gonadotropins are absent (26). Simi-
larly, the inhibition of spermatogenesis by testicular implants
of androgen antagonists results in localized hyperplasia of
Leydig cells (7). In both cases the ensuing cell proliferation
could be due to the local release of the Sertoli cell-derived
growth factor.

Mitogenic factors are considered to play a role in the prolif-
eration of other cell types. Erythropoietin regulates erythroblast
proliferation (27), whereas the local release of a growth factor
from platelets may stimulate cellular division in the arterial wall
during wound healing (20). The Sertoli cell-derived growth
factor may induce or modulate cell proliferation in the testis
and, therefore, be of fundamental significance to mammalian
spermatogenesis.
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