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Table 1. Comparison of characteristics between immature and mature Sertoli cells in vitro. Data are presented as the mean ± SD. The
immature Sertoli cells were assessed after a total of 6 days in culture, whereas the mature Sertoli cells were assessed after either 6 or 8-
10 days in culture

Characteristic lmmature-6 days (n) Mature-6 days (n) Mature-8-10 days (n)

Viability 90-95% (8) 86-90% (6) 83-89% (4)

Purity (%)

Sertolicells
Peritubularcells
Degenerating cells
Pachytene spermatocytes
Round spermatids
Elongated spermatids

Unidentifiedcells

91.6 ± 1.6 (3)
6.9 ± 2.4 (3)

-#{176}

-

-

1.6 ± 0.8 (3)

74.4 ± 3.3 (3)
4.3 ± 2.1 (3)
14.8 ± 2.7 (3)

5.4 ± 0.4 (3)
0.3 ± 0.2 (3)

<0.1 (3)

0.9 ± 0.4 (3)

76.8 ± 4.6 (4)
6.0 ± 1.6 (4)
8.6 ± 5.1 (4)
4.3 ± 1.1(4)
1.7 ± 1.3 (4)
0.7 ± 0.3 (4)
0.9 ± 0.8 (4)

Sertolicells

Nuclear diameter (p.m)t
Plated cellarea (p.m2)j

12.1 ± 0.8 (3)
572 ± 12 (1)

15.4 ± 1.4 (3)
nd

14.8 ± 2.0 (4)

1960 ± 257 (4)

FSH ED

lnhibin (ng/ml) (- Matrigel)
Inhibin (ng/ml) (4- Matrigel)
N-cadhenn (ng/mi)

3.9 ± 0.3 (3)
4.3 ± 1.5 (3)
9.4 ± 2.1 (3)

nd
36.7 ± 20.4 (3)

no dose response (3)

nd
nd
nd

Testosterone ED

N-cadherin (ng/ml) 65.6 ± 29.2 (3) no dose response (3) nd

n indicates the number of separate cultures; nd, not determined.

*Included with unidentified cells.

t Determined as the average of 50-cell nuclei/culture from 3 separate cultures.
f: Calculated as the ratio of the total well area/number of Sertoli cell nuclei. The Sertoli cells under these conditions formed a confluent cell layer.
§ Assayed in the presence of testosterone (28 ng/mI) or FSH (1 p.g/ml), respectively.

value of 36.7 ± 20.4 (n = 3) ng/ml (Table 1). The ad-

dition of T to these cultures had no effect on basal or

FSH-stimulated inhibits levels (Fig. 3). The corresponding

ED50 value obtained with immature Sertoli cell cultures

was 4.3 ± 1.5 ng/mI (n = 3, Table 1). A comparison with

ED50 values from cultures on plastic alone gave similar

values (3.9 ± 0.3 ng/ml n = 3, Table 1). Inhibin levels

in mature Sertoli cells initially cultured for 8 days with a

2-day FSH or FSH + T treatment period (total, 10 days)

were reduced to 49.5% compared to the 6 days (total)

culture period (data not shown).

Hormonal Control of N-cadherin Levels by Cultured
Sertoli Cells

Mature Sertoli cells cultured for 6 days (as above) were

unresponsive to FSH (1,000 ng/ml), T (28 ng/ml), or a

combination of FSH and T, in terms of N-cadherin levels

(Figs. 2, 3). In contrast, immature Sertoli cells showed a

threefold increase in N-cadherin levels following stimu-

lation with FSH and T, with an ED50 for T of 9.4 ± 2.1

ng/ml and an ED50 for FSH of 65.6 ± 29.2 ng/ml (Table

1; Figs. 2, 3) and were unresponsive to FSH or T alone.

No changes in N-cadherin levels were observed between

treatment groups for mature Sertoli cells cultured for a

total of 10 days, as above (data not shown).

Hormonal Control of Round Spermatid Binding by
Cultured Sertoli Cells

For the round spermatid binding experiments, the culture

period for the mature Sertoli cells was extended to 10

days total (8 days pretreatment and 2 days treatment), in

order to reduce the proportion of degenerating cells, as

described above. Binding of round spermatids to mature

Sertoli cells (when expressed as number of round sper-

matids bound per Sertoli cell) was not stimulated by FSH

and T in combination (Fig. 4), although FSH treatment

alone significantly (P < 0.05) increased the round sper-

matid binding by 2.5-fold (Fig. 4), compared with the

binding in controls. By paired f-test, there was a signifi-

cant difference (P < 0.05) between the FSH-treated group

and either the T-treated or FSH + T-treated groups. Im-

mature Sertoli cell cultures (6-day total), in contrast,

-5

FIG. 1. Micrographs of cultured mature rat Sertoli cellsand co-cultures
of rat Sertoli cells with added round spermatids. Rat Sertoli cells were

cultured for 8 days prior to the addition of purified round spermatids, with

a further co-culture period of 2 days at 32#{176}C.Panel A, Sertoli cells alone.
Panel B, Sertoli cells with round spermatids added in medium alone.

Panel C, Sertoli cells with round spermatids added in the presence of
FSH (1,000 ng/ml). Numbers on the figures identity the following cell

types: 1, round spermatid; 2, Sertoli cell nuclei; 3. peritubutar cell;4,
pachytene spermatocyte; 5, degenerating germ cell. Scale bar, 50 m.
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FIG. 2. Inhibinand N-cadherin responses of immature and mature
Sertoli cells in vitro to graded doses of FSH. Immature (20 days old, [#{149}))
and mature (>70 days old, [#{176}1)rat Sertoli cells were cultured on Matrigel

for a period of 4 days, then stimulated with increasing doses of FSH (0-
1000 ng/ml) for48 hours in the presence of testosterone (T,28 ng/ml).
Inhibin results for both mature and immature Sertoli cell cultures are the
mean ± SD from three separate cultures. N-cadherin results for imma-
ture Sertoli cell cultures are the mean ± SD from three separate cultures,
while results from mature Sertoli cellcultures are the average of two
experiments. Results are determined as protein levels (ng) per million
Sertolicells,counted morphometrically, and are presented as percent of
basal values (immature and mature Sertoli cells; inhibin, 44.3 and 171

ng/million Sertoli cells, respectively; N-cadherin, 1.2 and 3.9 ng/miltion

Sertoli cells, respectively).

showed a significant response with FSH + T but not with

FSH or T alone (Fig. 4).

When the data for the number of round spermatids per

Sertoli cell nuclei are expressed as the number of round

spermatids per 10,000 p.m2 of Sertoli cell culture area, for

immature Sertoli cell cultures, a ratio of 0.05 8 was ob-

served, similar to that previously observed by Perryman
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FIG. 3. Hormonal control of inhibin and N-cadherin in immature and

mature Sertoli cells in vitro. Immature (20 days old;filledcolumns) and
mature (>70 days old; open columns) rat Sertoli cells were cultured for
4 days. then stimulated with FSH (1,000 ng/ml), testosterone (T, 28 ng/
ml), FSH (1,000 ng/ml) + 1 (28 ng/ml). or medium alone (C) for 2 days.

Values are expressed as nanograms of inhibin or N-cadherin per million
Sertoli cells. The Sertoli cell number was determined morphometrically
on day 6 of culture. Data is mean ± SD from three experiments. For a

vs. b and x vs. y, P < 0.05.
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FIG. 4. Hormonal control of round spermatid binding to Sertoli cells
from immature and mature rats in vitro. Immature (20 days old; filled
columns) and mature (>70 days old; open columns) rat Sertoli cells were

cultured for 4 or 8 days then stimulated with FSH (1.000 ng/ml), testos-
terone (T, 28 ng/ml), FSH (1.000 ng/ml) + T (28 ng/ml), and medium
alone (C) for 2 days. Immature Sertoli cells were pretreated for 4 days
prior to hormonal stimulation for 2 days, whereas mature Sertoli cells
were pretreated for 8 days prior to hormonal stimulation for 2 days. Val-
ues are expressed as number of round spermatids (rST) bound per Ser-
toli cell (SC). “No rST” = no added round spermatids or hormones. The
round spermatid and Sertoli cell numbers were determined morphomet-
rically on day 6 or 10 of culture. Results for the immature Sertoli cell
culture are presented as the mean ± SD of triplicate wells of a repre-

sentative culture, while results for the mature Sertoli cell culture are the
mean ± SD from three separate cultures. For a vs. b and for x vs. y vs.
z, P < 0.05.

C FSH T FSH+T

et a! (1996). The corresponding ratio for adult Sertoli cells

was 0.25.

Discussion

This study has shown that Sertoli cells isolated from adult

rats are receptive to FSH stimulation with regard to in-

hibits production and round spermatid binding but are un-

responsive to FSH and/or T treatment in relation to Sertoli

cell N-cadherin levels. These findings point to differences

in hormone responsivity between immature Sertoli cells

and mature Sertoli cells in culture.

One likely explanation for the decreased FSH + T sen-

sitivity of the mature Sertoli cell cultures in terms of N-

cadherin levels is that the mature Sertoli cells are already

fully differentiated and thus no longer responsive to FSH

+ T. Evidence of differentiation can be seen with regard

to the size of the mature Sertoli cell, which, under culture

conditions similar to those used for immature Sertoli

cells, occupied a 3.4-fold greater surface area with a 1.7-

fold greater nuclear volume. In addition, the levels of N-

cadherin observed in mature Sertoli cell cultures were

comparable with those seen in fully stimulated (FSH +
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T) immature cultures, suggesting a fully activated system.

Furthermore, maximal binding of round spermatids to

mature Sertoli cells was observed to be approximately 1

round spermatid per Sertoli cell, whereas in comparison,

only 0.65 round spermatid per Sertoli cell was bound in

the fully stimulated immature cultures. These data collec-

tively suggest that the mature Sertoli cell is better

equipped to facilitate round spermatid binding; however,

the extent of binding is still far less than that observed in

vivo, where 6-8 round spermatids per Sertoli cell have

been noted (Orth et al, 1988; Meachem et al, 1996). The
factors responsible for this disparity are unclear at this

point; however, one variable may relate to the proportion

of round spermatids in the round spermatid preparation

that are available or able to bind. Previous data (Russell,

1977; Cameron and Muffly, 1991) have suggested that the

strong adherence of round spermatids to Sertoli cells re-

quires the formation of an ectoplasmic specialization

junction apparatus that can only occur at a substage of

step 7/8 spermatids. Spermatids at this stage represent a

small proportion (<15%) of the total round spermatid

preparation isolated, and thus an improved assessment

can only occur with their isolation and with further char-

acterization of the in vitro junctions formed between these

cells and mature Sertoli cells.

Several reports have described the isolation of Sertoli



Lampa et al Immature and Mature Sertoli Cells in Culture 405

cells from sexually mature rats (Steinberger et a!, 1975,

1978; Wright et al, 1989, Karzai and Wright, 1992, Simp-

son et al, 1992). The major difficulty experienced by re-

searchers has been the removal of the very large number

of contaminating germ cells not found in immature Sertoli

cell cultures. The germ cell contamination can be reduced

by rendering the rat cryptorchid (Simpson et al, 1992) or

by the use of an extensive washing protocol (Wright et

al, 1989; Karzai and Wright, 1992) that, however, results

in a low cell yield. In the present procedure, PNA has

been effective in removing a very high proportion of

germ cells; however, even after two separate cycles of the

PNA absorption procedure, contaminating cells were still

present. This contamination was reduced by extending the

pretreatment period from 4 to 8 days.

In order to match the culturing conditions with those

used previously for the immature cell cultures, the mature

Sertoli cells were cultured for an initial pretreatment pe-

riod of 4 days plus a hormone treatment period of 2 days.

However, under these conditions, the proportion of de-

generating germ cells was sufficiently high to prevent re-

liable quantitation of the binding of added round sper-

matids. By extending the pretreatment period to 8 days

in culture under conditions not conducive for germ cell

survival (i.e., 37#{176}C;Cameron and Muffly, 1991), the pro-

portion of these contaminating cells was reduced from

14.8 to 8.6%. Under these conditions, the Sertoli cells

were still sensitive to FSH, as seen by their inhibin re-

sponsiveness, although the levels of inhibin produced

were lower than those seen after 6 days in culture. The

proportion of contaminating degenerating cells was suf-

ficiently reduced after 8 days to undertake the round sper-

matid binding studies.

The present procedure has the advantage of speed of

cell isolation and purification with high yields and ac-

ceptable viability. Based on the number of Sertoli cells/

testis determined by stereological methods, it is estimated

that an adult Sprague-Dawley rat has 39 million Sertoli

cells per testis (Meachem et al, 1996). The yield of Sertoli

cells per testis obtained by the present procedure was de-

termined to be 30%, based on an analysis of Sertoli cell

number plated under subconfluent conditions. Our data

also demonstrate that the final Sertoli cell purity depends

on the culture duration.

Following a prestimulation culture period of 4 days,

FSH stimulation of inhibin secretion by mature Sertoli

cells over a 2-day period resulted in a 3.4-fold change

with an ED50 value of 37 ng/ml, compared with a 5.5-

fold increase with an ED50 value of 4.3 ng/ml for im-

mature Sertoli cells cultured under the same conditions.

These data suggest that mature Sertoli cells are approxi-

mately eightfold less sensitive than immature Sertoli cells

to FSH stimulation in terms of inhibin production, and

these results are consistent with previous reports docu-

menting the relative refractoriness of the mature Sertoli

cells in vivo (O’Shaughnessy, 1979; Parvinen, 1982) and

in vitro (Steinberger et al, 1978) to FSH treatment. The

basis for this difference in ED50 values may reflect the

longer exposure of mature Sertoli cells to circulating

FSH, thus rendering them less sensitive to exogenous

FSH or to the effects of the contaminating germ cells. It

is also possible that the high basal inhibin level may not

allow further stimulation and that other factors may also

play a role in regulation of inhibin in mature Sertoli cells.

It appears from the round spermatid binding data that

FSH alone plays a role in the binding of round spermatids

to the mature Sertoli cell, whereas FSH alone did not

stimulate binding to immature Sertoli cells. This suggests

that the control of round sperrnatid binding may differ

between the two Sertoli cell ages for reasons that are not

known. Since N-cadherin levels were not stimulated by

FSH and/or T, while round spermatid binding was stim-

ulated by FSH, this suggests that the increasing round

spermatid binding is not a consequence of increased cad-

hem levels, and thus other FSH-sensitive factors must be

involved.

The availability of an appropriate adult Sertoli cell iso-

lation-and-culture method enables the investigation of the

interactions of germ cells with Sertoli cells. Traditionally,

such studies have had to rely on the use of Sertoli cells

from immature rats, in which the most advanced germ

cell subtype present are late pachytene spermatocytes.

Hence, it is conceivable that the hormonal regulation of

the interaction of later germ cells (e.g., round and elon-

gating spermatids) is suboptimal with these immature

cells. The present study supports this contention. Studies

investigating the hormonal regulation of the junctional ap-

paratus between mature Sertoli cells and spermatids are

in progress.

In conclusion, these studies demonstrate a method for

the isolation and culture of mature Sertoli cells from adult

(>70 days old) rats with resultant high yield and high

viability. Mature Sertoli cells cultured for up to 10 days

were greater than 76% pure, with cellular contaminants

being degenerating cells and peritubular cells with resid-

ual (<7%) pachytene spermatocytes and round and elon-

gated spermatids. Mature Sertoli cells were responsive to

FSH in terms of inhibin production, with ED50 values ap-

proximately eightfold less than for immature Sertoli cells

cultured under identical conditions. Significant differenc-

es between mature and immature Sertoli cells were noted

in the hormonal regulation of the cell adhesion protein

N-cadhenn and in the binding of purified round sperma-

tids in co-culture, indicating changes in the hormonal reg-

ulation of these functions between Sertoli cells isolated

from these two age groups.
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