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Summary. During incubation of fragments of seminiferous tubules in the absence of
glucose, pachytene spermatocytes and round spermatids died within 24 h, while
Sertoli cells were still viable. The germ cells survived for at least 72 h in seminiferous
tubule fragments which were incubated in the presence of glucose. Lactate rather
than glucose is essential for [3H]uridine incorporation and survival of isolated
pachytene spermatocytes. However, if the spermatocytes were incubated in the
presence of Sertoli cells, glucose maintained the incorporation of [3H]uridine into the
germ cells. Sertoli cells secreted lactate in the presence of glucose and the lactate
secretion was stimulated 2\p=n-\4-foldby FSH. It is concluded that the activity and
survival of pachytene spermatocytes in vitro can be regulated by the supply of
lactate from Sertoli cells.

Introduction

In mammalian testes the walls of the seminiferous tubules are lined by Sertoli cells which are

connected by tight junctions and thus form a barrier between the intratubular (adluminal)
compartment and the extratubular environment (blood-testis barrier). The composition of the
tubular fluid differs from the composition of lymph fluid and blood plasma (Setchell & Waites,
1975). Early primary spermatocytes move across the blood-testis barrier and further germ cell
development occurs in the adluminal compartment of the seminiferous tubules.

In the adluminal compartment Sertoli cells may control the composition of the fluid which
surrounds the germ cells during development. Sertoli cells are target cells for FSH and
testosterone (Fritz, 1978) and these hormones may therefore have an effect on the tubular
micro-environment and thus on developing germ cells. Several compounds are known to be
secreted by Sertoli cells, e.g. androgen binding protein (Fritz, Rommerts, Louis & Dorrington,
1976), transferrin (Skinner & Griswold, 1980), plasminogen activator (Lacroix & Fritz, 1980),
glycoproteins (Galdieri, Zani & Stefanini, 1981), sulphoproteins (Elkington & Fritz, 1980) and
myo-inositol (Robinson & Fritz, 1979). However, none of these compounds has been shown to
affect germ cells. We have reported previously that RNA and protein synthesis and oxygen
consumption of isolated spermatocytes and spermatids were stimulated by exogenous lactate
(Jutte et al, 1981a; Jutte, Grootegoed, Rommerts & van der Molen, 1981b). These results have
been confirmed by the observation that protein synthesis in round spermatids was stimulated by
lactate (Nakamura, Hino, Yasumasu & Kato, 1981). The capacity of isolated germ cells to use

glucose as an energy source appears to be very low. Glucose, however, is essential for
maintenance of spermatogenesis in vivo (Mancini, Penhos, Izquierdo & Heinrich, 1960; Zysk,
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Bushway, Whistler & Carlton, 1975). It is possible that the Sertoli cells convert glucose to a
substrate which is used by germ cells, and we have investigated whether Sertoli cells can
influence the activity and survival of germ cells via the secretion of lactate.

Materials and Methods

Isolation ofseminiferous tubules
Testes from immature rats (Wistar, substrain R-Amsterdam, age 30-35 days, body weight

70-80 g) were decapsulated and treated with collagenase (CLST; Worthington, Freehold, New
Jersey, U.S.A.; 10 mg in 20 ml) in isolation medium (Jutte et al, 1981b) in a 100 ml Erlenmeyer
flask during 20 min at 32°C in a shaking waterbath (120 cycles per min). Tubules released by
the enzyme treatment were washed three times by sedimentation at unit gravity in isolation
medium. When used for culture, the tubules were also washed three times in incubation medium.

Isolation ofpachytene spermatocytes
Isolated seminiferous tubules were treated for 15 min with isolation medium containing

trypsin (TRL; Worthington; 10 mg in 20 ml) and deoxyribonuclease (DN-C1; Sigma, St Louis,
Missouri, U.S.A.; 20 µg in 20 ml), using the conditions described above, followed by addition of
trypsin inhibitor (Sigma; 10 mg in 20 ml) and bovine serum albumin (Sigma, fraction V; final
concentration 0-5% w/v). Subsequently, the tubules were dispersed during 3 min with a 1 ml
measuring pipette (i.d. 2-5 mm) and the cell suspension was filtered through a nylon filter (60 µ  
pore size) to remove tubular fragments. A fraction of middle-late pachytene spermatocytes
(72% middle-late pachytene spermatocytes, 10% early primary spermatocytes, 14-17% other
germ cells and unidentified cells, 1-4% somatic cells) was obtained by sedimentation of the cell
suspension at unit gravity for 70 min at 22°C in a non-linear albumin gradient (1-3-2% w/v)
(Grootegoed, Grollé-Hey, Rommerts & van der Molen, 1977). The cells were washed three
times in incubation medium without glucose before they were used for incubation.

Isolation ofSertoli cells
Sertoli cells were obtained as follows. Isolated seminiferous tubules were fragmented with a

Dounce homogenizer (Fritz et al, 1976) and washed three times in incubation medium without
glucose. The fragments were incubated without glucose for 1 day, followed by an incubation
period of 4-5 days in the presence of 3-3 mM-glucose and 1% (v/v) fetal calf serum (Gibco,
Glasgow, Scotland). Pachytene spermatocytes and more mature germ cells were killed during
incubation in the absence of glucose and could easily be aspirated from these cultures.

In one series of experiments, as indicated in the text, Sertoli cells were isolated from testes of
rats irradiated in utero with 150 rad on Day 19 of gestation (Beaumont, 1960). The germ
cell-depleted testes of these rats at 24-29 days of age were treated with collagenase, as described
above, to obtain Sertoli cell aggregates which were fragmented with a Dounce homogenizer.

Incubation conditions
Cells or tubules were incubated in incubation medium (Jutte et al, 1981b) at 32°C under a

humidified atmosphere of 5% C02 in air. Glucose and lactate concentrations are given in the
'Results'.

Co-culture ofSertoli cells and pachytene spermatocytes
Sertoli cell monolayers, cultured in 24-well tissue culture plates for 4-5 days, were washed

once with medium without glucose and twice with medium containing the required glucose
Downloaded from Bioscientifica.com at 08/24/2022 03:15:25PM

via free access



concentration. Subsequently, 0-25  IO6 pachytene spermatocytes were added to each well (2
cm2). After 30 min, 2 µ  [5-3H]uridine/ml were added (final sp. act. 5 Ci/mmol). After another
2 h the labelling was stopped with cold 0-9% (w/v) NaCl containing 0-57 mM-uridine. The
germ cells were removed from the Sertoli cell monolayer by gentle pipetting with a Pasteur
pipette and the amount of [3H]uridine incorporated into RNA of the germ cells was determined
by trichloroacetic acid precipitation of RNA on filters (Jutte et al, 1981b). Filters and
precipitate were dissolved in 8 ml Filtercount (Packard). Duplicate or triplicate incubations were

performed for all conditions. Parallel incubations of Sertoli cells without germ cells were

performed to estimate the concentration of lactate in the medium and the amount of cellular
protein.

Estimation of lactate and glucose
Seminiferous tubules or Sertoli cells were preincubated for 1 day in 2 ml incubation medium,

unless stated otherwise. This medium contained 5 µg FSH/ml (NIH-FSH-S12, 1-25 U/mg, was
a gift from the Endocrinology Study Section, NIH, Bethesda, U.S.A.) and/or 200 ng
testosterone/ml or the solvents. Concentrated (x 100) stock solutions of FSH and testosterone
were prepared in 0-9% (w/v) NaCl containing 0-1% albumin (Povite, Amsterdam, Holland) and
in 10% (v/v) ethanol respectively.

The medium was removed and the cells were washed once with incubation medium.
Subsequently, the cells were incubated for 24 h in 2 ml fresh incubation medium containing FSH
and/or testosterone and glucose (0-6-6 mM). The medium from the 2nd day of culture was

collected, centrifuged to remove unattached cells and kept frozen at
—

20°C for not more than 1
week until lactate and/or glucose were determined. The attached and unattached cells were
collected and lysed in 1 M-NaOH and protein was estimated (Lowry, Rosebrough, Farr &
Randall, 1951). Lactate was estimated enzymically, using lactate dehydrogenase (Hohorst,
1970). Glucose was estimated using enzymic conversion with hexokinase and glucose-
6-phosphate dehydrogenase (Schmidt, 1961). In all experiments single estimations of lactate and
glucose were performed for duplicate incubations of Sertoli cells or seminiferous tubules.

DNA flow cytometry
Seminiferous tubules cultured for 1 day without or with glucose (3-3 mM), followed by 2

days of culture in the presence of glucose, were treated with 0-25% trypsin (Difco, Detroit,
Michigan, U.S.A.; 1:250) in phosphate-buffered saline (Dulbecco & Vogt, 1954) for 20 min at
37°C. After dispersion by pipetting with a Pasteur pipette, a few drops of fetal calf serum

(Gibco, Glasgow, Scotland) were added and the cells were washed in 0-9% (w/v) NaCl. The
cells were fixed under continuous mixing by slow addition of cold ethanol (96%, v/v) to a final
concentration of 70% (v/v) ethanol. After 30 min at room temperature the cells were stored for
several weeks at 4°C. Then the suspensions were washed in 0-9% (w/v) NaCl and incubated in
0-4% pepsin in 0-02 M-HC1 at 37°C for 15 min. The cells were cooled in ice, centrifuged and
incubated for 30 min at room temperature in a mixture of ribonuclease A (Sigma type 1-A; 10
mg/1), ethidiumbromide (BDH, Poole, England; 10 mg/1) and Nonidet P-40 (BDH; 300 µ / )
(Vindelov, 1977; Clausen & Abyholm, 1980). The suspension was filtered through a nylon filter
(70 µ  pore size) and processed through an Ortho Cytofluorograph 50 H (Ortho Instruments,
Westwood, U.S.A.). The counting of the fluorescent nuclei was interrupted after the fluorescence
in the highest peak had reached a maximal level. Therefore, the distribution of fluorescence over
the different peaks was relative.

Results
Seminiferous tubules in culture produced lactate and the lactate production was dependent on

the concentration of glucose in the medium (Text-fig. 1). No detectable change in glucose
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Text-fig. 1. Effect of glucose on the lactate production by rat seminiferous tubules. Fragmented
tubules were incubated for 48 h in 7-5 ml medium containing different concentrations of glucose.
Lactate was measured in the medium from the 2nd day of incubation (24-48 h). Each point
represents the mean of duplicate incubations. Two different cell preparations were used.
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Text-fig. 2. Effect of FSH and testosterone on the lactate production and the glucose
consumption of rat Sertoli cells. Sertoli cells obtained from irradiated rats were incubated in
medium containing 3-3 mM-glucose. FSH (5 pg/ml) and/or testosterone (200 ng/ml) were

present during the incubation from 0 to 48 h. Glucose and lactate concentrations were measured
in media collected during 24 h culture (24-48 h). Results obtained with the same cell preparation
are connected.

concentration occurred during incubation under these conditions. The lactate secretion by
seminiferous tubule fragments from 27-day-old rats was stimulated 3-fold by FSH. Because
germ cells may metabolize part of the lactate secreted in seminiferous tubule cultures, we have
also studied pure Sertoli cells isolated from irradiated rats. Like seminiferous tubule fragments
from intact rats these pure Sertoli cells were able to convert glucose to lactate and the lactate
secretion and glucose consumption were stimulated 2-4-fold by a mixture of FSH and
testosterone (Text-fig. 2). This stimulation appeared to be caused by FSH under these conditions
(Text-fig. 2).

Downloaded from Bioscientifica.com at 08/24/2022 03:15:25PM
via free access



Channel no. (relative fluorescence intensity)
Text-fig. 3. DNA flow cytometric analysis of rat seminiferous tubules cultured for 1 day with or
without glucose. Isolated seminiferous tubules were processed for DNA flow cytometric
measurements as described in 'Materials and Methods' section, (a) Freshly isolated; (b)
incubated for 3 days in the presence of glucose (3-3 nun); (c) incubated for 1 day in the absence
of glucose followed by 2 days in the presence of glucose (3-3 mM). Nuclei of primary
spermatocytes (4C), spermatids (1C), somatic cells, secondary spermatocytes and spermatogonia
(2C) showed different fluorescence after staining of their DNA with ethidium bromide.
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Text-fig. 4. The effect of glucose on the incorporation of |3H]uridine into rat spermatocytes,
co-cultured with Sertoli cells. Pachytene spermatocytes (0-25  IO6) were labelled with
[5-3H]uridine during 2 h of co-culture with Sertoli cells. The radioactivity incorporations into the
spermatocytes are given as means ± s.d., obtained with 3 different germ cell and Sertoli cell
preparations. The amount of lactate estimated in parallel incubations of Sertoli cells is given for 2
different cell preparations.

It was shown by phase-contrast microscopy and by cytofluorometric measurements that
spermatids and pachytene spermatocytes survived when fragments of seminiferous tubules were

incubated for 3 days in the presence of glucose (3-3 mM) (Text-figs 3 a, b). However, when
seminiferous tubules were incubated without glucose for 1 day, spermatids and spermatocytes
were absent (Text-fig. 3c). The Sertoli cells in these tubule cultures survived 1 day of glucose
depletion, because after addition of glucose (3-3 mM) on the 2nd day of incubation, the Sertoli
cells migrated normally, incorporated leucine (as judged by radioautography) and produced
0-96 ± 0-55 µ    lactate/24 h (compared to controls incubated with glucose, which
produced 0-85 ± 0-37 µ    lactate/24 h). Previously we observed that isolated pachytene
spermatocytes, incubated in the presence of glucose, did not incorporate significant amounts of
[3H]uridine and [14C]leucine (Jutte et al, 1981b). However, the incorporation of [3H|uridine into
RNA of isolated spermatocytes incubated in contact with Sertoli cells increased with increasing
glucose concentrations (Text-fig. 4). In the absence of glucose, the activity of spermatocytes in
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these co-cultures was minimal; maximal activity was reached only in the presence of glucose
concentrations greater than 0-5 mM. Lactate production by the Sertoli cells under these
conditions was also dependent on the glucose concentration (Text-fig. 4).

Isolated spermatocytes incubated in the presence of 6 mM-DL-lactate and 1-5 mM-glucose
incorporated 22-7 ± 4-2 nCi [3H]uridine (106 cells/2 h). Spermatocytes incubated on top of
Sertoli cells in the presence of 1-5 mM-glucose incorporated 23-1 ± 8-3 nCi [3H]uridine (106
cells/2 h) (means ± s.d. of 3 different cell preparations). Therefore, the |3H|uridine incorporation
in spermatocytes appeared to be maintained both in the presence of Sertoli cells plus glucose and
in the presence of lactate.

Discussion

Isolated pachytene spermatocytes do not survive in the presence of glucose (Jutte et al, 1981b).
The present results, however, indicate that RNA synthesis and the integrity of pachytene
spermatocytes in cultures of seminiferous tubules and in co-cultures of isolated germ cells and
Sertoli cells were maintained by exogenous glucose (Text-figs 3 and 4). When glucose was
omitted from these incubations, the pachytene spermatocytes did not survive (Text-fig. 3c).
Lactate is known to be essential for survival of germ cells (Jutte et al, 1981b) and the present
results indicate that this substrate maintained isolated pachytene spermatocytes as well as did
Sertoli cells. Lactate was secreted by the Sertoli cells and this secretion was stimulated by
hormones and glucose (Text-figs 1 and 2). These observations support the idea that the activity
and survival of pachytene spermatocytes is regulated by Sertoli cells via conversion of glucose to
lactate.

Most studies on metabolic pathways in the testis have been performed with mixed cell
populations and little is known about metabolic activities in different cell types. It has been
suggested that somatic cells in the testis are mainly dependent on lipids for the provision of
energy (Free, 1970). We observed that Sertoli cells survived an incubation of 24 h without
glucose; Sertoli cells may use lipids under these conditions. Study of the metabolism of glucose
by cultures of pure Sertoli cells showed that maximally 2-9% of the glucose utilized was

converted to carbon dioxide and 95-8% was converted to anionic compounds, mostly to lactate
(Robinson & Fritz, 1981). These observations demonstrate the enormous capacity of Sertoli
cells to convert glucose into lactate. In contrast to our observations, Robinson & Fritz (1981)
did not observe a stimulatory effect of hormones on lactate production by Sertoli cells. This may
be caused by differences in the preparation of the Sertoli cells. The concentration of lactate in
tubular fluid in vivo is not known, but might be comparable to the concentration of lactate in rete
testis fluid (0-65 mM in rams and 0-74 mM in bulls), which is half the concentration present in
blood plasma (Setchell, Scott, Voglmayr & Waites, 1969). Glucose appears to be available in the
testis because its concentration in the testicular lymph of the rat is as high as the concentration in
blood plasma (+ 3 mM) (Setchell & Waites, 1975). This does not imply, however, that the Sertoli
cells are directly exposed to these concentrations, because at least one other cell type (myoid
cells) is interposed between the Sertoli cells and the lymph.

The glucose uptake and/or the glycolysis in isolated germ cells appears to be defective.
Lactate oxidation via the Krebs' cycle could supply energy for metabolic activities. Germ cells
may be able to maintain an aerobic metabolism, because it has been shown that the oxygen
tension in seminiferous tubules is as high as the tension in testis interstitial tissue (Free, Schluntz
& Jaffe, 1976). An extreme dependence of germ cells on the activity of the Krebs' cycle is
illustrated by in-vivo experiments with rats which were fed inhibitors of the Krebs' cycle. While
other tissues were not affected, spermatocytes and spermatids died. This degeneration is
probably not caused by a direct effect of the inhibitors on Sertoli cells, because these cells
remained in the tubules and were able to support a restored spermatogenesis (Paul, Paul,
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Kopko, Bender & Everett, 1953; Novi, 1968; Steinberger & Sud, 1970; Sullivan, Smith &
Garman, 1979).

In different stages of germ cell development, a different dependence of germ cells on
carbohydrate substrates appears to exist. Round spermatids and pachytene spermatocytes are
dependent on a supply of lactate (Jutte et al, 1981b), whereas ejaculated spermatozoa can use

glucose or fructose as substrates (Voglmayr, 1975). Therefore, following a stage of dependence
on lactate, germ cells may become independent of lactate during or after spermatid elongation.

The present results indicate that lactate from Sertoli cells influences the survival of pachytene
spermatocytes and that the lactate production is increased by hormones. Lactate could therefore
be an important intermediate for the regulation of the survival of pachytene spermatocytes and
round spermatids by hormones.
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