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Chapter 1

INTRODUCTION

1.1. Some aspects of spermaccgenesis

In mammals the testig, the site of male germ cell development, can be
divided morphologically in two cellular compaftmenté, viz. the seminifercus
tubules and the interstitial tissue between the tubules. The seminifercus
tubules contain developing germ cells and Sertoli cells and are surrounded
by a boundary layver of wmyoid cells. The interstitial tissue contains Leydig
cells, blood and lymph vessels, nerves and fibroblasts. In intact animals
transfer between the two compartments is restricted (Setchell & Waites,
1975). A barrier to substances of widely varying molecular size is formed,
because the Sertoli cells which line the seminiferous tubules are closely
connected by elaborate tight junctions between the basal parts of the cells
(blood-testis barrier). In some species a second, iess effective barrier is
formed by myoid cells which surreund the seminiferous tubules (Fawcett,
1975) (Figure 1.1).

Development of germ cells starts with the spermatogonial stem cells
which are located at the basis of the Sertoli cells in the seminiferous
tubules but outside the blocd~testis barrier (basal compartment). After
several mitotic divisions of the spermatogonia, preleptotene spermatocytes
develop which synthesize DNA, so that they finally contain twice the
amount of DNA present in non-dividing somatic cells. In the prophase fol-
lowing the preleptotene stage, fearrangement of the chromosomal material
takes place as a preparation for the first meiotic division. The meiotic
prophasé is subdivided in the leptotene, zygotene, pachytene and diplo~
tene. During the leptotene and zygotene tight junctioné are formed betwsen
the Sertoli cells at the basal side of thé germ cells and subsequently the
tight junetions at the luminal side are dissclved (Russell, 1980). In this
way the germ cells are transported thfough the blood-testis barrier to the
lumen of the seminiferous tubules {adluminal compartment) without disrupt-~
ion of the blood-testis barrier. The prophase is followed by the first mei-
otic division, and the generated secondary spermatocytes go quickly through

the second meiotic division, without synthesis of DNA. The resulting

il



Figure 1.1. a) Transverse section of a small fragment of testicular tis-—

sue from a 32-day-old (immature) rat (x1400).
Spermatogenesis is still incomplete at this age. In the fragments of
seminiferous tubules shown, the most advanced germ cells, which are lo-
cated at the luminal side of the tubules, are late pachytene spermatocytes
(tubules A and B) or round spermatlds (tubule C). Between the tubules the
interstitial tissue can be observed (A) which contalns Leydig cells, blood
and lymph vessels, and fibroblasts.

b) Scheme of the position of the cells in the germinal epi-
thelium and the adjacent cell 1layer.

Sertoli dells (S) and myoid cells (M) line the basal compartment (B), the
location of spermatogonia and preleptotene spermatocytes. During germ cell
development leptotene and zygotene spermatocytes pass through the tight
junctions (T) between the Sertoli cells, and the more mature germ cells
are located in the adluminal compartment (A), surrounded by Sertoli cells.
Finally, the spermatozoa are transported from the testis via the lumen (L)
of the seminiferous tubules.

1:2



haploid spermatids, which contain half the amount of DNA present in-
non-dividing somatic cells, differentiate from round cells to spermafozoa
involving nuclear and cytoplasmic elongation and reorganization. The close
contact between the developing germ cells and the Sertoli cells is then
lost and the spermatozoa are released into the lumen of the tubule and are
transported from the testis. During spermatogenesis the germ cells remain
interconnected by cytoplasmatic bridges, which remain after the mitotic
divisions of the spermatogonia and which are broken only during spermatid
elongation.

The entry of spermatogonia into meiosis occurs at fixed intervals,
lasting approximately 13 days in the rat. Total developmént from spermato-
gonium to spermatozoon also has a fixedllength which is approximately 50
days for rats. Therefore in a given tubule section different generations
of germ cells are present which occur in cellular associations of a fixed
composition. For the rat 14 associations have been distinguished, based on
the morphology of the differentiating spermatids (LeBlond & Clermont,
1952). ,

Sertoli cells enclose almost all developing germ cells within the
blood-testis barrier. In the immature animal, differentiation beyond the
spermatocyte stage is temporally correlated with the development of
Sertoli cell-tight jﬁnctions (Fawcett, 1974). This may indicate that.
the barrier is important for spermatogenesis. It is thought that Sertoli
cells contribute to the composition of the tubular fluid by active
secretion (Fritz, 1978; Waites & Gladwell, 1982). Extensions of Sertoli
cell cytoplasm surround all germ cells and cytoplasmic and membrane
specializations were shown on the boundary of Sertoli cells and the
adjacent germ cells (review: Russell, 1980). Based mainly on such morphol=
ogical evidence it is generally thought that the presence of Sertoli cells
. is obligatory for spermatogenesis. As :possible explanations for the action
of Sertoli cells upon germ cells it has been-suggested, that Sertoli cells
may render mechanical support, nutrition or control of differentiation.

Spermatogenesis is dependent on the pituitary hormones follitropin
(FSH) and lutropin (LH). LH acts upon spermatogenesis via its stimulation
of testosterone synthesis by Leydig cells. In adult hypophysectomized
rats, the absence of FSH and testosterone results in an increased
degeneration of advanced germ cells, viz. mid-pachytene spermatocytes,

round spermatids step 7 and elongating spermatids step 19 (Russell &



Clermont, 1977}. Ample research (mainly on rats) has been performed to
learn which part of germ cell development is influenced by the different
hormones. The literature on this subject has been reviewed extensively by
S8teinberger (1971) and Fricz (1978). In summary, it is thought now that
the presence of FSH is mainly required durihg initiation of spermatogen-
esis in immature rats and during restoration of spermatogenesis in adult
animals. Testosterone is thought to be most important for maintenance of
spermatogenesis in mature animals. However, in addition testosteromne
possibly facilitates initiation of spermatogenesis in immature rats when
FSH is present,and FSH may cooperate with testosterone to maintain sperm-
atogenesis inmature rats. With regard to the hormenal regulation of sperm—

atogenesis it is important to distinguish qualitative regulatiocn, i.e.

develop.

Secretion of androgen binding protein by Sertoli cells is correlated
with the state of spermatogenesis under different hormonal conditions,
suggesting that spermatogenesis reéuires functioning Sertoli cells
(review: Purvis & Hansson, 1981). FSH exerts many effects on Sertoli cell
activities and these effects have been reviewed recently (Means et al., 1980;
Davies, 1981; Purvis & Hansson, 1981; Ritzénetal., 198]; Waltes & Gladwell,
1982). No direct effects of FSH on germ cells have been reported, although
FSH binding to spermatogonia was suggested (Orth & Christensen, 1978}.
Androgen receptors were shown to be présent in Sertoli cells (Mulder et
al.; 1976), but were absent iu spermatocytes and spermatids (Groctegoed
et al., 1977b). Several observations, which support the absence of a direct
androgen effect on germ cells, were recently reviewed (Fritz, 1978).
Therefore, at the moment it is generally assumed that the effects of FSH
and testosterone on spermatogenesis are mediated by Sertoli cells
{Grootegoed et al., 1977b; Fritz, 1978; Ritzén et al., 1981). Still, the
mechanism by which Sertoli cells act upon germ cells remains to be

elucidated.



1.2, Aim and scope of the present thesis

The assumption that the effect of hormones on spermatogenesis is me=
diated by Sertoli cells is based on rather indirect evidence‘ because it
remains unclear in which way Sertoli cells may influence germ cells and -

“which biochemical events in germ cells may be influenced by Sertoli cells.
To gain more insight into these questions, investigations with isclated
Sertoli cell and germ cell preparations were performed (Chapter 2). We
have investigated in particular pachytene spermatocytes and round sperma—
tids, two germ cell stageé which are sensitive to the absence of FSH and
testosterone and to other conditions that disturb spermatogenesis, like
hypoglycemia and heat (Clermont & Morgentaler, 1955; Mancini et al., 1960;
review: Setchell, 1978). Moreover, these two cell types can be isolated
from rat testes.

Specific changes in cells will often be expressed in a change of
proteins synthesized. The development of advanced two-dimensional electro-
phoretic techniques {(0'Farrell, 1975) has made it possible to visualize
small changes in protein synthesis. We investigated whether
protein synthesis in germ cells, incubated in the absence of Sertoli
ceils, changed, to gain insight into the dependence of germ cells on
Sertoli cells (Chapter 3). The fate of protein synthesis in adult testicﬁ*
lar tissue was previously shown to b; extremely dependent on glucose
supply when compared to other tissues (Pavis, 1969%9). It was concluded from
experiments with total testicular tissue,that pachytene spermatocytes and
round spermatids required glucose (Means & Hall, 1968; Davis, 1969). Pre-
liminary investigations on isclated germ cells, however, indicated that
synthetic processes in pachytene spermatocytes and round spermatids were
hardly stimulated by glucose, but were markedly stimulated by catabolites
of glucose (Chapter 4.1). It seemed that in total testicular tissue the
effect of -glucose on germ cells could be mediated by the glucose catabol-
ism of Sertoli cells (Figure 1.2). This phenomenon was the first known
reaction of germ cells on a controllable and possibly physiologic
stimulus that might be regulated by Sertoli cells. In this regard we have
studied some aspects of carbohydrate metabolism in isolated germ cells and
Sertoli cells (Chapter 4.1, 4.2), and we have investigated a possible car-
bohydrate-mediated relationship between Sertoli cells and germ cells
(Chapter 4.3). Finally, a possible role of carbohydrate metabolism in the

effect of hormones on germ cells was investigated (Chapter 4.2, 4.3).
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Figure 1.2. Hypothetical model for the effect of glucose on syn—
thetic processes in germ cells. '
Glucose was found to stimulate protein synthesis of germ cells
present in testicular tissue. However, protein synthesis in iso-
lated germ cells was hardly increased by glucose and stimulation
by pyruvate and lactate was far more effective. Possibly, Sertoli
cells exert a positive effect on germ cells via a (hormone-
dependent) supply of pyruvate and lactate.
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Chapter 2

MATERIALS AND METHODS

A summary of some general aspects of the methods is presented in
this chapter. Details of the materials and methods used in the presenc

experiments have been described in detail in the appendix papers.

Animals

Pachytene spermatocytes and round spermatids were isolated from
testes of immature rats (30-35 days old). At -this age spermatogenesis has
progressed up to and including development of round spermatids and no
elongated spermatids or spermatozoa have been formed, which during purif-
ication could sediment with pachytene spermatocytes and round spermatids.

Sertoli cells'were isolated from testes of rats of different ages,
which were depleted of germ cells after irradiaticn in utero on day 19 of
gestation . (Beaumont, 1960). At this age the primordial germ cells are
very sensitive to irradiation and degenerate when they attempt to divide.
Therefore, this treatment results in a sterile testis. It has been shown
that in these Sertoli cell-enriched testes from rats below 20 days cof age,
FSH binding, adenylate cyclase and protein kinase activation, and ABP
producticon take place like in testes of normal rats. However, formation
of the blecod testis barrier appears to be delayed for approximately 10
days (reviews: Means et al., 1976; Means et al., 1978). It was oEserved
in our experiments that after a few months some geonocytes started to
divide and spermatogenesis could take place in several tubules. This
dindicates that after irradiation Sertoli cells remain capable to support
spermatogenesis.

Seminiferous tubules were generally obtained from testes of 30-353
day old rats. In some experiments, testes of 25 day old rats were used.
At this age not many round spermatids have formed in the testes and spermato-
genesis has progressed up te and including pachytene spermatocytes.

For one experimenﬁ rats of 25 days of age were hypophysectomized via

the auditory canal.



The isolation of germ cells and tubular fragments

An outline of the isolation procedure is given in the following

scheme.
Intact rats . prenatally irradiated rats
decapsulated testes ’ . decapsulated testes
——————— collagenase — — — — —
G e T
fragments of I Sertoli cell aggregates
seminiferous tubules : ?
mechanical
. =~ fragmentation
trypsin, Iy
DNA ase 4. .9/ — — incubation — —p
-.Sd 2
+“
v i Se v
cell suspension layer of Sertoli cells
velocity ‘
: sedimentation at 1 x g
' pachytene /\‘ round
spermatocytes " spermatids
— — —Percoll— —
pachytene ' rodnd
spermatocytes spermatids

(increased purity)

The distribution of cells over the fractions obtained after sedimentation
of the cell suspension at 1 x g is shown in Figure 2.1. Details of the
procedures for the isolation of germ.cells and Sertoli cells have been
presented in Appendix Paper III. The additional purification of the iso-
lated germ cells by cenﬁrifugation in a Percoll gradient has been used

" for the experiments described in Chapter 3 and Appendix Paper I. The

procedure has been described in Appendix Paper I.
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Figure 2.1. Distribution of cells eluted from a sedimentation column

used for enrichment of germ cells,
A germ cell suspension was obtained from testicular tissue of 32 day old
rats as described in Appendix Paper TT1I. After sedimentation of the cells
in a non—linear albumin gradient (1-3.2%) (Grootegoed et al., 1977a) for
75 min at room temperature, the column was eluted from the bottom at a
rate of 15 ml per min. The eluate was lead through a cuvette which was
placed in a spectrophotometer and the tramsmission, measured at 360 nm, was
monitered continuously with a recerder.. Simultaneously, fractions of
10 ml were collected and pooled as indicated in the ‘figure. The peaks con-
tained predominantly pachytene spermatocytes (I), round spermatids (II) or
somatic cells and cellular debris (III} {(se¢e Appéndix Paper IV).

Media used for isolation and incubation of cells

The isolation and incubation medium were respectively essentially
Hank's Balanced Salt Solution (Hanks & Wallace, 1949) and Eagle's Minimal
Essential Medium {(Eagle, 1959). Both media were modified with an increased
amount of KCL (56.9lmM) and the osmolarity was adjusted by lowering the
NaCl concentration {(Grootegoed et al., 1977a). The isolation medium was
supplemented with 6 mM sodiuvm DL~lactate and 2 mM sodium pyruvate. The
incubation medium contained 3.3 mM glucose, and no pyruvate and lactate,
unless described otherwise at the individual experiments. For estima-
tion of oxygen consumption, cells have been incubated in pﬁosphatE*buffered
saline (Dulbecco & Vogt, ]954), sﬁpplemented with vitamins and amine acids

as present in the incubation medium.



Incubation conditions

Incubations were performed at 32°C under a humidified atmosphere of

57 CO2 in air. The measurements of germ cell activities were generally
started within 1 h after completion of the isolation procedure and the
incubation period was b h, unless described otherwise. The activities of
Sertoli cells were generally estimated during 24-48 h after completion of
the isolation procedure. After the first peried of 24 h the medium was
renewed,

‘ Experiments were performed by incubation of isolated cell types or

combinations of different cell types according to the following scheme.

isolated cells ! combination of cells
germ cells ; seminiferous tubules
Sertoli cells ; isolated Sertcli cells
. . ‘ + isolated germ cells
germ cells in spent medium . ;
{recombination)

from Sertoli cells
(conditicned madium)

Analysis of cellular activities

Qualitative analysis of cellular prﬁtein synthesis was performed,
after incubation of the cells for 2 h in the presence of (358)methionina,
by means of one- and twodimensional electrophoresis as described in

" appendix Paper TI. . .
‘ Oxygen consumption of intact cells was measured in a Warburg apparatus
{(Umbreit et al., 1964}, .

Quantitative analysis of cellular RNA and/or protein synthesis was
performed by estimating the amount of radicactively labelled precursors,
incorporated during 2 h in acid-precipitable material, as described in
Appendix Papers IT and IiI.

Glucose, pyruvate and lactate were estimated in media from germ cells
incubated from 0-24 h and in media from Sertoli cells incubated from 24-
48 h after isolation, unless described otherwise. Glucose was estimated
using enzymic conversion with hexokinase and glucose-6-phosphate dehydro-
genase . (Schmidt, 1961). Pyruvate and lactate were estimated enzymically,

using lactate dehydrogenase {(Czok & Lamprecht, i%970; Hohorst, 1970).

20



Analysis of the composition of cell preparations

The cellular composition of the preparations of isolated germ cells
was monitored after fixing the cells in Bouin's fixative on microscopic
‘slides and stainiﬁg with hematoxylin. ‘

The cellular composition of fragments of seminiferous tubules was
estimated by DNA flow cytometry immediately after isolation or following
incubation. After dispersion of the cells by enzymic treatment, which also
destroyed dead cells, the DNA of the intact nuclei can be stained with
ethidiumbromide (Appendix Paper III). Nuclei of cells of the germinal
epithelium contain different aﬁounts of DNA (viz. primary spermatocytes:
4C, Sertoli cells, secondary spermatocytes and spermatogonia: 2C, and
spermatids: 1C; 1C is defined as the amount of DNA present in a haploid
gamete), and showed different fluorescence intensities after staining
with ethidiumbromide. During processing of the suspension through a cyto-
fluorometer, the counting of the fluorescent nuclei was interrupted after
the fluorescence in the highest peak had reached a maximal level. There-
fore, the distribution of fluorescence over the different peaks was
relative, and the number of germ cells and Sertoli cells can be expressed
as percentage of the total number of cells (Figure 2.2). To facilitate com-—
parison between different cell suspensions, the number of germinal cells’

was expressed relative to the number of Sertoli cells in some experiments.
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Figure 2.1. DNA distribution pattern of dispersed cells obtained from
fragments of seminiferous tubules of 33-day-old rats after

incubation for 1 day. Nuclei of primary spermatocytes (4C), and somatic

cells (mostly Sertoli cells), secondary spermatocytes and spermatogonia

(2C) and spermatids (1C) showed fluorescence intensities corresponding

to their DNA content (see above). The amount of each cell type was calcu-

lated as percentage of the total number of cells.
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Chapter 3

PROTEIN SYNTHESIS IN GERM CELLS

3.1. Differences in _protein synthesis in different ger@;ggll types:

Description of the morphology of germ cell development was followed
by investigation of several biochemical parameters of this complicated
series of events (reviews: Bellvé, 1979; Erickson et al., 1981). With
autoradiography it was shown. that protein synthesis occurs at all germ
cell stages (rat: Davis, 1969; mouse: Monesi, 1971; ram: Loir, 1972) ..

Nuclear basic proteins are thought to play a role in regulatibn of
nuclear events and were studied extensively, which has resulted in the
discovery of testis—spécific histones in germ cells in addition to the
regular somatic histones. During spermatid elongatioﬁ the histones are
replaced by testis—specific non~histone basic proteins, which are subse=
quently replaced by arginine- and cysteine-rich protamine. The role of
the testis—specific histones in germ cell development is not yet clear,
despite recent studies on histones concerning site of synthesis (Brock
et al., 1980; Meistrich et al., 1981), isolation, characterization and
.quantification (Chiu & Irvin, 1980; Kumaroco & Irvin, 1980; Seyedin &
Kistler, 1980; Trostle~Weige et al., 1982) and organ specificity (Seyedin
&_Kistler; 1979). The non-histone basic proteins are possibly involved in
stabilizarion and condensation of the nuclear material (review: Bellvé,
1879; Rodman et al., 1979). Nuclear non-histone acidic proteins have
not been intensively investigated (Bellvé, 1979).

The abundance of some specific proteins in spermatozoa initiated
studies concerning their presence and site of synthesis during spermato-
genesis. These studies were performed mainly by cerrelating the appearance
of proteins in total testicular tissue with the appéarance of particulay
germ cell stages or by histochemical detection. A special group of
proteins are the testis-specific isozymes, which emerge in germ cells
during spermatogenesis (reviews: Goldberg, 1977; Beilvé, 197§; Blanco,
1980; Erickson et al., 1981). The occurrence of specific,protein synthesls
in cells hefore or after meiosis was often used to investigate whether

postmeiotic gene expression occurred. However, definite proof for hapleid
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gene expressiom is still lacking (Erickson et al., .1981).

Biochemical analysis of germ cells has progressed through the in-
creasing use of cell separation techniques. With respect to proteins,
recent studies, performed on different germ cell preparations enriched
with one stage of development, involved characterization of total cellular
proteins (Boitani et_al., 1980; Geremia et al., 1981; Kramer & Erickson,
1982), mitochondrial proteins (Hecht & Bradley, 1981), membrane proteins
(Millette & Moulding, 1981a,b), glycoproteins (Grootegoed et al., 1982c) or
specific proteins, such as specific membrane antigens (Tung & Pritz, 1978;
Millet;e & Bellvé, 1980; 0'Rand & Romrell, 1981; Géﬁnt, 1982; Romrell et
al., 1982), adenylate cyclase (Adamo et al., 1980; Gordeladze et al.,
1981), proteih kinase (Conti et al., 1979), DNA polymerase  (Grippo et al.,
1978; Hecht et al., 1979), protéin carboxymethylase (Gagnon et al., 1979),
phosphoglycerate kinase (Kramerr& Erickson, 1981) and glycosyltransferases
(Letts et al., 197-8). ' '

In our studies we were interested in a biochemical "fingerprint" of
differéntlgerm cell stages ag‘a potential parameter for the investigation
of the action of Sertoli cells upon germ cells. With two—dimensional elec—
trophoresis several hundreds of proteins could be separated.

With this method we investigated protein synthesis in cell preparations
highly enriched with pachytene spermatocytes and round.spermatids and the

" results, shown in Appendix Paper I, demonstrated clear differences between
the two cell types. Some proteiné were synthesized predominantly in pachy-—
tene spermatocytes, some predominantly in round spermatids and a large
group of proteins was synthesized at the same rate in spermatocytes and
spermatids. The synthesis of total cellular proteins in these germ cell
stages has also been analyzed by others (Boitani et al., 1980; Kramer &
Erickson, 1981). All studies demonstrated synthesis of stage-specific
proteins, although the number varied in the different cells, possibly as a
result of differences in experimental conditions. Because we obtained with
two-dimensional electrophoresis a specific pattern of proteins newly syn—
thesized By pachytene spermatocytes, this technique was used to investigate

the protein synthesis in spermatocytes under different conditioms.
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3.2. Maintenance of qualitative protein synthesis in isplated

pachytene spermatocytes

The presence of Sertoli cells appears obligatory for spermatogenesis.
It is largely unknown, however, which biochemical activities of germ cells
are primarily dependent on activities of Sertoli cells. We have investiga-
ted whether changes were induced in protein synthesis of pachytene sperm-
atocytes during incubation of 24 hours in the absence of Sertoli cells, in
medium containing pyruvate (2 mM) and DL=lactate (6 mM). As shown in
Appendix Paper I, the results demonstrated that the pattern of proteins,
newly synthesized by isolated pachytene spermatocytes immediately after
isolation, and analyzed with two-dimensional electrophoresis, was main-—
tained during 24 h. Moreover, the amount of amino acids incorporated inte
acid-precipitable material was comparable for spermatocytes incubated
from 0-2 h or from 24-26 h in the presence of pyruvate and lactate. In
contrast, the pattern of proteins synthesized in Sertoli cells was showm
to change during one day of incubation.

Previously it was reporxted, that isolation of mouse pachytene sperm-—
atocytes and spermatids from seminiferous tubules did not result in an
immediate change of the protein synthesis pattern (Boitani et al., 1980).
Moreover, it was shown that qualitative RNA synthesis by isolated sperm-
atocytes and glycoprotein fuﬁosyiation by isolated spermatids were main-
tained after respectively 12 h and 20 h of incubation in chemically defined
medium (Grootegoed et al., 1977a; Grootegoed et al., 1982a). These observa-
tions demonstrate that pachytene spermatocytes and round spermatids incu-
bated in a chemically defiped medium, can maintain a specific pattern of
gynthetic activities in the absence of Sertoli cells. Many activities of
Sertoli cells im vitro are stimulated by FSH and therefore it seems likely
that activities of Sertoli cells in vivo are decreasad affer hypophysectomy.
In rats, ne changes were cbserved in qualitative RNA gynthesis of pachytene
spermatocytes at 64 h after hyponysectomy'(Grootegoed et al., 1979).
Therefore, spermatocytes appear to maintain their qualitative synthetic
activities in vitre in the absence of Sertoli cells, and also in vivo in

the presence of Sertoli cells with a reduced activity.
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Chapter 4

CARBOHYDRATE METABOLISM OF GERM CELLS AND SERTOLI CELLS

In intact animals, the development, composition and normal function
of the testis are dependent on an adequate supply of several nutrients
(review: Leathem, 1975). It is difficult‘to establish, however, whether
the effects of nutrients on the testis are exerted directly on Leydig
cells-and/or.germiﬁal epithelium or occur via an intermediate action of
nutrients on the pituitary (Leathem, 1975; Setchell, 1978). This problem
can be partly circumvented by investigation of testicular tissue in vitro.

The first in vitro studies on energy metabolism of rat testis already
shoﬁed that both lipids and carbohydrates were oxidized with the latter
predominating. These and following‘investigations on carbohydrate metab-
olism of total testicular tissue were extensively reviewed by Free (1970).
Utilization of glucose by testicular tissue was demonstrated in different
species, and it was shown that intact testicular tissue from adult Tats is
extremely dependent on gluccse supply as compared to 16 other tissues.
From studies with testicular tissue containing different gérm:cell popula-
tions, Free (1970) suggested that blood glucose is mainly used by germ |
cells, while lipids provide the main source of energy for non—germinal
testicular cells. The role of amino acids and iipids as sources of energy for
testicular cells was not extensively investigated. In contrast, pathways of
carbohydrate metabolism in the testis have been amply investigated (review:
Free, 1970). However, these investigations have béen performed with total
testicular tissue which contains cell types with various functions which
require different metabolic pathways. Therefore it is difficult to aseribe
pathways to individual cell types.

Activities of indiviﬁual cells can be investigated with autoradio—
graphic studies. Tt was shown with autoradiography that protein synthesis
in pachytene spermatocytes and round spermatids can be stimulated by
addition of glucose to testis slices in vitro (Davis, 1969). Based on
these studies and the studies mentioned previously in this section, it was
suggested that glucose directly stimulated the synthetic activity of
pachytene spermatocytes and round spermatids. Preliminary investigations

in our laboratory, however, showed cnly a minor effect of glucoge and a
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major effect of its metabolites (pyruvate and lactate) on synthetic
activities (RNA - and protein synthesis) of isolated spermatocytes and
spermatids. Hence, some aspects of carbohydrate metabolism in isolated
germ cells (section 4.1) and Sertoli cells (section 4.2) were investiga-
ted. The possible dependence of germ cells on carbohydrate metabolism of
Sertoli cells induced studies on the effect of hormones on the carbo-
hydrate metabolism of Sertoli cells (section 4.2), and the possible inter-
action between Sertoli cells and germ cells via intermediates of carbo-

hydrate metabolism (section 4.3).

4.1. Carbohydrate metabolism of isolated germ cells

For studies on the effects of substrate supply on germ cells, measure-
ments of energy-requiring activities like RNA - and protein synthesis
seemed an appropriate endpoint. A scheme for the pathways of carbohydrate
metabolism in germ cells, based on data presented in sections 4.1.1 and

4,1.2, is presented in Figure 4.1.

SPERMATOCYTE

glycoproteins, glycolipids

glucose —1—»glucose —TDNADPH
' ? ribgse

NADH citric
acid

‘ te NADH
pyruvate pyruva -ﬁﬂ cycle ADHz
KNAD*
lactate lactate protein &
: i ATP | RNA

lactate lactate synthesis

2 NADH 0,

— electron

pyruvate

transport chain J

Figure 4.1, Pathways of carbohydrate metabolism in pachytene spermatocytes
incubated in the presence of glucose and pyruvate (1) or in
. the presence of glucose and lactate (2). See section 4.1.
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4.1.1. Effect of carbohydrates on synthetic activities of serm cells

Medium, composed in our laboratory for the incubation of isolated germ
cells, which contained glucose, pyruvate and lactate, was successfully
used to investigate RNA ~ and protein synthesis in these cells (Grootegoed
et al., 1977a,1982¢; Appendix Paper I). An indication that glucose was not
the most important substrate to support isolated germ cells, was obtained
by the removal of pyruvate and lactate -from the medium. When observed by
phase-contrast microscopy, lsolated spermatocytes showed signs of degenera-
tion after incubation for 24 h in ﬁedium containing only glucose, also
when insulin (134 mU/ml) was added. When pyruvate and/or lactate were
present in the medium, the morphology of spermatocytes after 24 h was
still very similar to that of freshly isolated cells. Therefore, the
effects of pyruvate, lactate and glucose on the synthetic activities of

‘isclated germ cells were further investigated.

Addition of glucose to—spermatocytes and round spermatids did only
have a small effect on uridine and leucine incorporation, and no effect on
oxygen consumption. Addition of lactate in the absence or presence of
glucose, however, increased both uridine and leucine incorporation at
least five—fold and oxygen consumption two-fold (Appendix Paper II). In
cell preparations enriched with pachytene spermatocytes or round sperm-
atids, which were incubated in the presence of glucose, the effect of lac-
tate and pyruvate on protein synthesis was shown to be dose-dependent
(Appendix Paper IV). Pyruvate stimulated the leucine incorporation into
spermatocytes and spermatids at lower concentrations than lactate. Maximal
leucine incorporation was reached at 0.2 mM pyruvate or 2-3 mM lactate
{Appendix Paper IV). Addition of lactate togefher with a high dose of
pyruvate did not further increase protein synthesis above the level ob-
tained with pyruvate alone, indicating that both substrates stimulate
activities via the same routes: {Figure 4.2). These cobservations strengly
suggest that pyruvate and lactate can supply more energy for maintenance
of synthetic activities in spermatocytes‘and spermatids than glucose.

Other invéstigators partly confirmed and extended our observations.
Glucose, fructose, galactose, mannose, ribose, glycerol and acetate had
only a small stimulatory effect on ATP levels and protein synthesis in
round spermatids (Nakamura & Hall, 1976,1977; Nakamura et al., 1978,
1981a,b; Nakamura & Kato, 1981; Mita & Hall, 1982), whereas lactate had a
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Figure 4.2. Effect of addition of lactate on the incorporation of leucine

into isolated germ cells incubated in the presence of 2 mM
pyruvate. Leucine incorporation into isclated pachytene spermatocytes or
round spermatids, incubated in the presence of lactate (6 mM DL) and/or
pyruvate (2 mM), was estimated as described in Appendix Paper II. The
number of incubations is stated at each column.

%# p < 0.02 when compared to the activity in the presence of lactate.

major stimulatory effect on ATP levels, protein synthesis and oxygen con—
sumption in these cells {(Nakamura et al., 198la,b; Nakamura & Kato, 1981).
The effect of lactate  on protein synthesis was not mediated by a stimula-
tion of transport of amino—acids into the cells (Nakamura ét al., 1981b).
However, the following observations from these inﬁestigators appear con-—
tradictory. In contrast to our results, Nakamura & Kato (1981) did not ob-
serve an effect of lactate on uridine incorporation into RNA of round
spermatids. In addition, although both pyruvate and lactate stimulated
protein synthesis, only lactate was effective in increasing the ATP levels
in spermatids (Nakamuraz et al., 198la; Mita & Hall, 1982).

In our studies incubation of isolated germ cells in the absencé of
pyruvate and lactate had a rapid effect on cellular activities, as indica-
ted by the decrease in protein synthesis in spermatocytes (Figure 4.3),
which is supported by the depletion of ATP in spermatids observed by’
Nakamura et al. (198la) after 30 min. After a few hours of incubation
in the abseﬁce of p &1 irreversible changes were induced (Appendix
Paper II).
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Figure 4.3. Rapid effect of p &1 depietion on the leucine incorporation

into pachytene spermatocytes

Cell fractions enriched with pachytene spermatothes were incubated in in=-

cubation medium without additions or in the presence of 6 mM DL-lactate.

. After 30 or 70 min 0.6 uCi (140)leucine was added, followed by an incuba-
tion of 2 h. Subsequently, ceold 0.9% NaCl (w/v}, cohtaining 3 mM leucine,
was. added and the cells were washed thrice in this solution by centrifuga-
tion for 7 min at 200 g at 4°C. Next, the cells were collected by cen~
trifugation at 600 g and lysed in 0.5% SDS during 10 min in ice. Macro-
molecules were precipitated in cold 10% trichlorcacetic acid, followed by
three washings in 10% TCA by centrifugation for 5 min at 700 g at 4°C.

~Finally, the pelliets wére washed with 96% ethanol, centrifuged for. 10 min
at 1500 g at 40C, dried and sclubilized in 1 N NaOH. Part of this solution
was counted for radieactivity and part was used for protein estimation
(Lowry ét al., 1951). Mean values and range of duplicate incubations are
given. The results indicate that aftér 30 min of incubation in the absence
of p & 1 but in. the presence of gluccse, no substrate remained in the
cell which could maintain protein synthesis during the subsequent period.

Combined morphological and biochemicalnstudies of isclated germ cell
mitochondria indicate that the typical condensed mitochondria, present in
late pachytene spermatocytes and round spermatids, have a high oxida-
tive capacity {Setchell, 1978; De Martino et al., 1979). Moreover, in
early round spermatids, mitochondria.are localized close to the cell sur-
face (Fawcett, 1974). These observations suggest that pachytene spermato-
cytes and rbund'spermatids are equipped to oxidize exogenous p & 1 at a
high rate. ' ‘

In conclusion, . the presence of p & 1 appears to be eésentiai for

the maintenance of synthetic activities in isolated germ cells. The com-
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bined biochemical and morphological observations indicated that decreased
synthetic activities are correlated with a decrease in survival time of

the germ cells.

4,1.2. Non—energy generating pathways of carbohydrate metabolism in germ

Glucose was shown to be inadequate in maintaining synthetic activities
in isclated spermatocytes and spermatids in short-term experiments. However,
the presence of glucose might be requiredKin loeng—term incubations, as a
substrate for the hexose monmophosphate shunt, for the supply of inter-
mediates, such as ribose, for RNA synthesis, dnd to keep a proper NADPH/
NADP+ balance, oxr glucose may be used for glycoprotein or glycolipid syn-
thesis. It has been shown that RNA synthesis (review: Bellvé, 1979} and
fucosylation and glycosylation of proteins take place in late pachytene
spermatocytes and spermatids (Grootegoed et al., 1982c; Letts et al.,
1978).

After incubatiop of isolated germ cells in the presence of pyruvate,
lactate was found in the incubation medium, and the amount of iactate in
the medium was increased even in the presence of added lactate and irrves-
pective of the presence of glucose (Table 4.1). At least 50% of the con—’
sumed pyruvate was converted to lactate. After incubation of germ cells in
the presence of lactate, no pyruvate was fouﬁd in the incubation medium in
our experiments (Table 4.i), which is in contrast to the results of Mita &
Hall (1982}, who observed secretion of pyruvate by round spermatids.

The comversion of pyruvate to lactate reduces the amount of NADH
available for ATP generation in the electron transport chain, firstly by
diverting pyruvate from oxidation in the Krebs cycle, which would generate
NADH, and secondly because NADH is oxidized concomitant with pyruvate
reduction. Therefore, the conversion of pyruvate to lactate appears to be
a waste for the cell in terms of energy supply, but it cculd play a role
to maintain a proper ratio between NAD' and NADH in the cells. In spite of
the apparent waste of energy~yielding substrates when pyruvate is added,
germ cells acquire maximal synthetic activity at a pyruvate concentration
which is 10-fold lower than the lactate concentration required (Appendix

Paper IV). Therefore, the effect of pyruvate on isolated germ cells might be
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Table 4.1. p & 1 consumption and secretion by isolated germ ceils.

ymoil p & 1,/106 cells/24 h
incubation conditions

pyruvate consumed lactate secreted lactate consumed pyruvate secreted
glucose + pyruvate 3.52 + 0.42 (3) 2.08 + 0.40 (3) - -
pyruvate 7 3.80 + 0.26 (2) 2.40 + 0.04 (2) - -
glucose + pyruvate + lactate 3,24 + 0.26 (3) 1.90 + 0.32 (3} - -
glucose + lictate - - 0.70 + 0.28 (4) 0 (2)

Pachytene spermatocytes (0.5 x 106 cells) were incubated in 2 ml ineubation medium in the presence of pyruvate
(2 mM), lactate (6 mM DL) and/or glucose (3.3 mM) or combinations of these subétrates{Afterrz4}1éhe amounts of
pyruvate and L-lactate in the media were estimated. Results are presented as means + S,D. The numbers between
brackets indicate the number of cell preparations used.

The results indicate that the consumption of pyruvate and the amount of pyruvate converted to and secreted as

lactate were similar in the presence or absence of added glucose or lactate. No secretion of pyruvate was

observed after incubation of spermatocytes in the presence of lactate.



two-fold, viz. firstly the effect of pyruvate as a source of energy, and

secondly &n effect on the redox balance in the cells by pyruvate reduction.

4.1.3. Possible other energy sources for spermatocytes and spermatids

No depots of energy-rich substrates, like glycogen or lipids, have
been reported for pachytene spermatocytes or round spermatids. The apparent
absence of energy stores is confirmed by the rapid effect of triose deple-
tion on the synthetic activities of these germ cells (section 4.1.1;
Appendix Paper II).

In vivo, exogenous substrates for germ cells could be supplied via
the fluid which surrounds the germ cells, but the chemical composition of
this fluid is largely unknown. More is known about the fluid in the rete
testis, where the ends of the tubules meet. It must be kept in mind that
the composition of the latter fluid may differ from the composition of
the fluid which is closer to the germ cells, as has aiready been shown for
the ionic composition (Setchell, 1978). Moreover, the meaning of high con-
centrations of sﬁbstrates in rete testis fluid is by no means unequivocal;
it may reflect either that these substrates have to be available to gerﬁ
cells or that they are not used by the germ cells and are being removed as
waste.

In many species the concentration of myoinositol in the'rete.testis
fluid is very high in contrast to the concentration of glucose and frﬁc-
tose, which aré hardly detectable (Setchell, 1978). Myoinositol has been
shown to be an important nutrient for mammalian cells in culture (Eagle et
al., 1957). However, myoinositol did not increase the ATP level in round
spermatids (Mita & Hall, 1982). Rete testis fluid from rats contains high
amounts of the amino-acids: aépartic acid, alanine, glycine, proline and
lysine, as compared to plasma. In some other species glutamic acid is in-
creased instead of proline and lysine (Setchell, 1978). These amino-—acids
might be used by the germ cells as an energy source or as subsfrate; for
purine and pyrimidine synthesis. However, the amino-acids present in the
incubation medium were not sufficient to maintain synthetic activities in
isolated germ cells (section 4.1.1).

Little is known about 1ipiés as substrates for germ cells. The
specific activity of carnitine acyltransferase, an enzyme involved in the

translocation of fatty acid .across the mitochondrial membrane, was low in



spermatogonia and high in pachytene and diplotene sPermatocytes (Vernon

et al., 1971}, However, this enzyme is vequifed in fatty acid synthesis as
well as fatty acid oxidation and it was shown recently that purified mouse
pachytene spermatocytes and round spermatids synthesize cholesterol and do-
lichol (Potter et al., 1981). From experiments with testicular cell sus-
-pensions from rats of different ages, it was concluded that spermatogonia
were active in palmitate oxidation, but the activity of spermatocytes and
spermatids appeared to be less (Lin & Fritz, 1972). In coﬁclusion, up to

now there are no indications that other substrates than p & 1 are

~ important energy sources f£or pachytene spermatocytes and round spermatids.

4.1.4, Presence of ggrm cell-specific enzymes

It is striking that several isozymes of enzymes which catalyze path-
ways inmvolved in carbohydrate metabolism, are located in germ cells and not
in any other cell type. Some of these enzymes are involved in lactate and/
or pyruvate oxidatiom, viz. 1ac£ate dehydrogenase—c4 (LDH=~X) and cyto-
chrome e, These testis-specific isozymes emerge in mid-late pachyterne
spermatocytes and remain present in more mature germ cells (Hennig, 1975;
Goldberg et al., 1977; Hintz & Goldberg, 1977 Meistrich et al., 1977;
Wheat et al., "1977;. LDH-C, was shown to catalyze preferentially lactate
oxidation (review: Goldberg, 1977). It has been suggested that LDH"--C4 is
involved in a shuttle for transport of reducing equivalents across the
mitochondrial membrane (review: Blance, 198C). Nothing is known about a
specific kinetic propefty of cytochrome s zlthough the amino-acid
sequence has been elucidated (Hennig, 1975). In addition, several testis-
specific glycolytic isczymes, hexokinase (reviews: Gomes & VandeMark,
19743 Goldberg, 1977), phosphoglycerate kinase (PGK-2) (Van de Berg et
al., 1973,1976,1981; Kramer, 1981), enolase (Edwards et al., 1981) and
glucose phosphate iscomerase (Buehr & MclLaren, 1981) are known, which are
more abundant in spermatozoa than in developing germ cells,

Another germ cellfspecific property is the inactivation of the sex
chromosomes throughout the meiotic prophase, while the autosomes are
transcriptionally active (Mongsi, 1965). Two enzymes involved in glucose
metabolism, viz. glucose 6~phosphate dehydrogenase; which catalyzes the
first reaction of the hexose monophosphate shunt, and an isozyme of the

glycolytic enzyme phosphoglycerate kinase (PGK-1), are coded for by the
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X-chromosome. This may be the cause of the absence or low activity of these
enzymes in elongating spermatids and spermatozoa (Van de Berg et al., 1973,
1976,1981; Erickson; 19765 Brock, 1977; Kramer, 1981). It must be kept in
mind, however, that germ cells also may contain non-testis-specific iso-
zymic forms or autosomally linked forms of the enzymes mentioned in this
section. Hence, the understanding of the importance of the testis-specific

isozymes awaits élucidation of their specific kinetic properties.

4.1.5. Effect of temperature on isolated germ cells

Increase of the temperature of the testis from 32° to 37°C is known to
induce degenération of pachytene spermatocytes and meore mature germ cells.
This may be caused by disturbances in carbohydfate metabolism, because addition
of glucose during the incubation of testicular tissué prevented the décrease
in protein synthesis, which was observed at temperatures above 32°C (Davis, .
1969) . » ' _

Isolated, partly phrified pachytene spermatocyﬁes and spermatids in-
cubated at 32° or 37°C showed increased membrane damage at the higher tem-—
perature (Lee, 1974). In isolated round spermatids increase in temperature
caused a decrease of protein synthesis (possibly by an effect on the initia-
tion of protein synthesis or by a change in availability of messenger—RNA)
and a decrease of transport of hexoses and amino-acids. The effect of tem-—
perature on this transport was reversible, which was interpretgd as an in-
dication that cell death was not causing the phenomena observed (Nakamura
et -al, , 19783 Nakamura‘& Hali, 1978; Hall et al., 1981; Hall & Nakamura,
1981). None of these effects were found'on spermatocytes, although it was
shown that these cells are also affected by cryptorchidism in mature animals
(Davis, 1969; Setchell, 1978; Rommerts et al., 1980).

These effects of temperature increase on isolated germ cells were ob-
served during incubations in the absence of pyruvate and lactate and it
remains to be demonstrated whether similar changes are induced in the ‘

presence of proper energy yielding substrates.
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4.2, Carbohydrate metabolism of isolated Sertoli cells

4.2.1. Glucose metabolism of Sertoli cells

We have investigated whether Sertoli cells could supply the p & 1
required by pachytene spermatocyteé and round spermatids. A scheme for the
pathways of carbohydrate metabolism in Sertoli cells, based on data pre~

seated in this section, is shown in Figure &4.4.

A SERTOLI CELL

/ (—;—+myoir!ositol \ ;

glucose Polucose \ \vbfructose
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acid
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Figure 4.4. Pathways of carbohydrate metabolism in Sertoli cells incuba-
ted for 24 h in the presence of glucose. See section 4.2.1.

Both pyruvate and lactate were secreted by Sertoli cells from 4-week-old
rats (Appendix Papers III, Iv). Approximately 4 times more lactate than
pyruvate accumulated in the medium. The amount of lactate, present in the
medium of Sertoli cells from prenatally irradiated rats or from intact
rats, increased with increasing exogenous concéntrations of glucose {Ap-

pendix Paper II1), indicating that exogenous glucose is converted to lactate.
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Sertoli cells from 20 day old intact rats were reported to convért
maximally 2.97 of the glucose utilized to COZ’ while 95.87 was converted
to anionic compounds,mainly to lactate, during incubation for 60 min
(Robinson & Fritz, 1981). In our studies, during incubation of Sertoli
cells from 4-week-old rats for 24 h approximately 507 of the glucose
utilized accumulated as lactate (Appendix Paper III). These observations
may indicate that, when the p & 1 concentration in the medium increases
during prolonged incubation, Sertoli cells utilize glucose in other path-
ways not involved in p & 1 secretion.

It was shown previously that Sertoli cells in vitro can convert glﬁ-
cose to myoinositol (Robinson & Fritz,-1979) which is present in high con-
centrations in rete testis fluid (Setchell, 1978). However, the quantita-
tive importance of this pathway in the total rate of glucose utilization
by Sertoli cells seems small (Robinson & Fritz, 1981). Another minor glu-
cose—-consuming pathway in Sertoli célls might be the conversion of glucose
to sorbitol-catalyzed by aldose reductase, which was recently shown to be
present in Sertoli cells and not in germ cells (Ludvigson et al., 1982).
Together with sorbitol dehydfogenase, aldoée reductase constitutes the
polyol pathway, which has a net production of NADP and NADH, and of fruc-
tose when glucose is the substrate (Metzier, 1977; Ludvigson & Sorenson,
1980) . Intravenous infusion of radioactively labelled gluccse in rams
results in the appearance of radioactively labelled amino-acids in rete

~testis fluid (Setchell, 19755. It is not known whether this conversion
takes place in Sertoli cells. .

In conclusion, Sertoli cells from intact as well as from prenatally
irradiated rats appear to have a large éapacity to convert glucose to
'p & 1 ,which are secreted by the cells,and little p &1 appear to be
used as energy source by Sertoli cells. However, li_n vivo a high extra-
ceilular P & 1 concentration or a change in the ratio between NAD and
NADH may influence the rate of secretion of pyruvate and lactate by
Sertoli cells,and'other pathways of glucose metabolism may become more

important.
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4.2.2. Non-carbohydrate substrates and enerpy metabolism of Sertoli cells

It was sﬁggested previously, based on investigations with. total
testicular tissue, that ﬁon-germinél cells in the testis ére dependent on
lipid oxidation for energy supply (Free, 1970). Lipid dfoplets.are of ten
observed in the cytoplasm of Sertoli cells. In vitro as well as in vivo
the amount of lipid stored in Sertoli cells increasesrﬁarailel to germ

_ceil degeneration (Fawcett, 19753), suggesting that germ cells which havé
been phagocytized aré an energy scurce for Sertoli cells. However, increase
iﬁ lipid material was also shown to occur in Sertoli cells in prenatally
irradiated (germ cell-depleted) testes as a result of cryptorchidism
(Bergh,]ggl). When isolated Sertoli cells were incubated for one day in
the absence of glucose and p & 1 - followed by incubation in the presence
cf glucose, the cells fetained the property to migrate on the bottom of
the Petri dishes and retained their p & l-secreting capacity. Sertoli
cells may have used 1ipidsras'energy substrateg to survive one day of glu-
cose depletion. - l .

4 possible role for amine acids as additional energy substrates for
Sertoli cells is suggested by a high rate of branched-chain amino‘acid_
oxidation by Sertoli cells in vitro (data not shown} (Grootegoed et zl.).
] in vivo Sertoli cells may have access to all substrates preseat in
the interstitial lymph fluid and the améunt of substrates available to
Sertoli cells can be regulated by'the.testicular blood flow and the per-
meability of the testicular capillaries. In conclusion, pon-carbohydrate
substrates may be a major source of energy for Sertoli cells, but to

support this conclusion, further investigations are required.

4.2.3. Direct effe;ts‘of hormones on Sertoli cells

FsH .

It is well established now that fcllicle-stimulating hormone’ (FSH)
can stimulate many Sertoli cell activities in vitro and in vive (recent
reviews: Means et al.,_1976,1978,f980; Fritz, 1978; Davies, 1981; Purvis
& Hanssomn, 1981). This FSH stimulation is age—dependent and stimulation of
intracelliular events decreases in rats above 20 days of agé (Fritz; 1978;
Steinberge; et al., 1978; Means et al., 1980), whereas stimulation of oces-

tradicl secretion decreases above 5 days of age (Dorrington et al.,
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1878). The p & 1 secretion by Sertoli cglls from 3, 4, 5 and 6-week—-old
prenatally irradiated rats can be stimulated by FSH. However, the relative
response appeared to decrease with age concurrent with an increasing basal
level of the p & 1 secretion (Appendix Paper IV). Because stimulaticn by
FSH was most effective in Sertoli cells from 4-week—old rats, cells of this
age were further investigated. FSH stimulation of both pyruvate and lactate
gecretion by Sertoli cells was dose-dependent and half maximal stimulation
was obtained with approximately 10 ng FSH-S13/ml (Appendix Paper IV), which
is a lower EDSO than reported by others (Mita et al., 1982) (Table 4.2).
Other known EDSO'S of FSH on Sertoli cell activities in wvitro are summarized
in Table 4.2. FSH stimulated the p & 1 secretion in tubules from 4-week-

0ld intact rats three—fold.

Testosterone

Testosterone can support spermatogenesis in adult animals. Therefore,
the effect of testostercne on the p & 1 secretion was investigated in
‘Sertoli cells from 4~ and 6-week-old rats. No effect of testosterone on
p & 1 secretion was observed at both ages either in the presence or
absence of FSH (Appendix Papers III, IV). This might be caused by the pre-
sence of a low basal level of testosterone, synthesized by a few contamina-
ting Leydig cells in the Sertoli cell preparation. Effects of testosterone
on Sertoli cell activities in vitro shown previously, are the secretion of
proteins (Rommerts et al., 1978), such as inhibin (Franchimont et al.,
1980) and ABP (Louis & Fritz, 1977), and the activity of RNA polymerase
(Lamb et al., 1981), which were stimulated by testcsterone in Sertoli

cells from 19-25~day-old rats (Table 4.2).

Insulin

Insulin was found to stimulate the p & 1 secretion by Sertoli cells
from 4~week-old rats two—fold, whersas the stimulation by FSH in these
experiments was four—fold (Appendix Paper IV). The effects of insulin and
FSH were not additive, although the Sertoli cells were capable to secrete
6 times the control level of p & 1 , as is shown in incubations in the
presence of dibutyryl-eyclic AMP (btchMP) ﬁlus a phosphodiesterase inhib-
itor (MIX). In contrast to these results, the FSH-stimulated rate of
transferrin secretion by Sertoll cells was further enhanced by insulin
(Skinner & Griswold, 1982),

Ay



|84

 Table 4.2. Comparison of the doses of FSH or testosterone necessary for stimulation of different Sertoli

cell activities in vitro.

incubation period

# Hormone present from the time of plating.

Sertoli cell activity (22721) age (days) (hours) Reference
FSH
ABP secretion 3.5 20 72-144% Louis & Fritz, 1979
Protein kinase inhibitor 100 - 16 sterile 0- 72* Tash et al., 1980
Pyruvate/lactate secretion 150 28 sterile 2%~ 48% Appendix Paper IV
Sulfoprotein secretion 162 (MIX) 20 48-120 Elkington & Fritz, 1980
Plasminogen activator sectetion 180/460 20 24=% Lacroix & Fritz, 1982
DNA synthesis 219 20 72— 96 Fritz et al., 1978
Testosterone aromatization 288 18-20 24~ 48 Dorrington et al., 1978
Phosphodiesterase 300 9 168~192 VVerhqeven et al., )98f
Lactate secretion 635 16 48~ 54 Mita et al., 1982
Intracellular cAMP 815 20 48- 49 Fritz et al., 1978
Intracellular cAMP "1150-3450 18-24-33 96— 96.5 Steinberger et al,, 1978
Phosphodiesterase | . 200 I5 120-144 Conti et al., 1981

rat FSH-BI .
Tesfosterone
ABP secretion 1.2 20 72-168% Louis & Fritz, 1979
‘Inhibin secretion 144 19 144-168 Franchimont et al., 1980
RNA polymerase 6056 25 120-120.25 Lamb et al., 1981
The different ovine FSH preparations used were converted to FSH-S] Units. I ng Sairam FSH-SI554 = 45 ng
FSH-S11 (Louis & Fritz, 1979); FSH-S11 = 1.15 FSH-S1; FSH-512 = 1.25 FSH-51; FSH S$13 = 15 FSH-S1.



‘TSH
Recently, thyroid-stimulating hormone (TSH) was shown to stimulate the
activity of Sertoli cells from 16-day-old rats, as expressed in an '

increased secretion of ABP and plasminogen activator (Hutson & Stocco,
1981).

In summary, Sertoli cells in vitro can be stimulated by FSH, testoste-
rone, insulin and TSH. The p & 1 secretion by Sertoli cells was increased

. by FSH and insulin, but not by testosterone.

4.2.4. Effect of incubation conditions on Sertoli cells

We have observed that the p & 1 secretion by Sertoli cells from &4-and
5-week-o0ld rats was higher during the first 24 h of incubation than duriﬁg
the following 24 h (24-48 h) (Figure 4.5). The FSH-stimulated p & 1
secretion by these cells decreased also during incubation, but at'a lower
rate. Possibly the effect of FSH stimulation in vivo is temporarily retained

i :
in vitro. Hence, the ratio stimulated/unstimulated p & 1 secretion

LACTATE PYRUVATE

M

pmol lactate/mg protein/24h
~N
umol pyruvate/mg protein/2th

p

0-24h 24-48h 0-24h 24-48h
incubation period

Figure 4.5. Decrease of the amount of p & 1 secreted by Sertoli cells
during incubation.
Sertoli cells from prenatally irradiated rats were isolated at 4 weeks of
age. The cells were isolated and incubated as described in Materials and
Methods in the absence (8——-@) or presence of NIH-FSH-S13 (0.5 ug/ml) and
testosterone (200 ng/ml) (A—a4). The media of the first and the second
day of incubation were collected separately, the amounts of pyruvate and
lactate were estimated and expressed per mg protein present at the end of
the incubation. Mean 'and range of duplicate incubations are given.
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increased during imcubation. Other activities of Sertoli cells have been
shown to change during incubation, viz. ABP - and transferrin secretiom by
Sertoli cells from 20 day old rats decreased {Louis & Fritz, 1977; Rommerts
et al., 1978; Gianetto & Griswold, 1979; Karl & Griswold, 1980; Skinner &
Griswold, 1982), basal cyclic AMP levels in Sertoli cells from 33 day old
rats and FSH-stimulated oestfadiol secretion by Sertoli cells from Zd day
old rats increased (Rommerts et al., 1978; Steinberger et al., 1978) and
protein synthesis changed (Chapter 3, Appendix Paper I)}. Therefore, care
must be taken in extrapolating in vitro results directly to the in vivo

situation.

4.3. Metabolic_dependence of germ cells on Sertoli cells

In the previous sections some aspects of carbohydrate metabolism by
‘isclated. germ cells and isolated Sertoli cells have been reported. Im this
section it will be considered whether and to which extent the activities

of germ cells are influenced by Sertoli cells.

4.3.1. Effect of glucose depletién on the activity and gurvival of germ

Isolated germ cells were shown to re@uire p &1 as substrates for
maintenance of synthetic activities (section 4.1.1). We observed also; that
glucose supply to Sertoli cells is correlated with the p & 1 secretion by
Sertoli cells (sections 4.2.1). Therefore, we have investigated the effect
of glucose on the activity and survival of germ cells incubated in the
presence of Sertoli cells. )

Fragments of seminiferous tubules from 4i-week-old rats, containing
germ cells up to and including round spermatids, were incubated without
glucose for 24 h followed by incubation in the presence of glucose. After
spreading of the tubule fragments, pachytene spermatocytes and round
spermatids were virtually absent from the cultures, whereas in control
tubules incubated in the continuous presence of glucose pachytene sperm-
atocytes and round spermatids were still present. Many early spermatocytes
and spermatogonia appeared to remain present under both conditions. The
latter observation would agree with autoradicgraphic studies of slices of

testis tissue incubated in the absence or in the presence of glucose. The
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early spermatocytes and spermatogonia A in these slices retained a high
level of leucine incorporation in the absence of glucose (Davis, 1969) and
therefore, these cells appear less dependent on supply of glucose or its
~metabolites than the more mature germ cells. The degeneration of the
majority of the germ cells in fragments of seminiferous tubules incubated
in the absence of glucose was confirmed by quantitative cytofluorometric
measurement of the cell types present in the incubations (Appendix Paper
I11). '

For measurement of the Synthetip activity of germ cells in the
presence of Sertoli cells, a homogeneous population of germ cells was co-—
incubated with a monolayer of Sertoli cells. The incorporation of uridine
into pachytene spermatocytes co-incubated with Sertoli cells in increasing
glucose concentrations increased concomitant with the lactate secretion by
Sertoli cells (Appendix Paper III). Spermatocytes; incubated- under
comparable conditions in the absence of Sertoli cells but in the presence
of lactate and glucose, showed the same uridine incorporations as sperm-—
atocytes co-incubated with Sertoli cells in the presence of glucose.
Because it was demonstrated that glucose has only a small effect on sperm-
atocytes (section 4.1.1), the results suggest that glﬁcose influenced germ
cells via p & 1 secretion from Sertoli cells. Only lactate was measured,
but pyruvate was probably also involved.

In conclusion, survival of pachytene spermatocytes and round sperm-
atids, and RNA synthesis in pachytene spermatocytes, could be regulated by:
glucose in the presence of Sertoli cells. This regulation was accompanied
by changes in the p & 1 secretion by Sertoli cells, suggesting that germ
cell activity can be regulated by p & 1 secretion from Sertoli cells.

Possibly, glucose depletion in testicular tissue is also involved in
the effects of cryptorchidism on germ cell activities. The blood flow in
the cryptorchid testis is either unchanged or slightly increased as com-
pared to the scrotal testis (Setchell, 1978). Therefore, the amount of
glucose available to the Sertoli cells in the cryptorchid testis would not
be increased and the amount of p & 1 secreted would remain rather
constant during temperature-elevation. Hence, an increased demand for
energy-rich substrates by germ cells caused by the higher temperature
may not be compensated by an increased supply and this may result in degen—
eration of pachytene spermatocytes and round spermatids (see also section
4s1.5).
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4.3.2, Effect of secretion products from Sertoli cells on germ cells

It cannot be excluded from the experiments described in the previous
section, that the stimulation of germ cell activities was mediated by
membrane contacts between the germ cells and the Sertoli cells. Therefore,

~germ cells were incubated in medium which was comnditioned by Sertoli cells
"(Appendix Paper IV). Isclated pachytene spermatocytes and round spermatids
incubated in the conditiomed medium incorpofated significantly higher
amounts of leucine than cells incubated in fresh medium. The total leucine
incorperation into cells incubated in the conditioned medium was similar
to the incorporation into gells, which had been incubated in fregh medium
containing the same concentration of pyruvate and lactate as the conditioned
medium. These observations confirm that secretion products from Sertoli
cells can stimulate activities of germ cells and .p & 1 seem to be the
major secretion products from hormone-~stimulated Sertoli cells which

affect the synthetic activity of germ cells.

4.3.3. Indirect effects of hormones on germ cells via Sertoli celis

With cytofluorometric measurements we have found, that more primary
spermatocytes appeared to survive in fragmgnts cf seminiferous tubules
incubated in the absence of hormones thanm in tubules of hypophysectomized
rats (Figure 4.6). The relative number of spermatecytes in these incuba-
tions of tubule fragments was virtually equal to the number‘in tubules of
intact rats (Figure 4.6). Therefore, incubation of tubule fragments under
these conditions appears close to optimal for the suxvival of spermato-
cytes for a few days, This may explain why no effect of FSH and/or testo-—
sterone was observed on the synthetic activities of spermatocytes co-
incubated with Sertoli cells, or on survival of spermatocytes in incuba-
tions of fragments of seminiferous tubules (resulcts not shown). It may be
possible that some nutriemts (glucose, amino acids etc.) are available at
a higher concentration in vitro than in vivo. Under these conditicons un-
stimulated Sertoli cells may produce sufficient p & 1 for germ cells to
survive. To demonstrate an effect of hormones on germ cells in vitro,
imitation of the effect of hypophysectomy may require a change in incuba—
tion conditions of seminiferous tubules, so that germ cells degenerate in

vitro in the absence of hormones.
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Figure 4.6. Effect of incubation on the composition of the cell population
in seminiferous tubules isolated from 25-day-old rats and com-

parison with the effect of hypophysectomy.

Cell preparations were obtained from seminiferous tubules of 25-day-old in-
tact rats immediately after isolation (A) or following incubation of the
tubules for 4 days in the absence of hormones (B), of 29-day-old rats hypo-

physectomized at 25 days of age (C) and of
number of cells and their DNA content were
The quantity of cells containing 1C, 2C or
lated as percentage of the total number of
of germ cells is expressed relative to the

29-day-old intact rats (D). The
measured by DNA flow cytometry.
4C DNA (see Fig.2.2) was calcu-
cells. For comparison, the number
number of Sertoli cells.

The relative number of primary spermatocytes remained virtually constant
in intact rats of 25 and 29 days of age (4C/2C = 1.7) and in tubule frag-
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ments incubated for 4 days (4C/2C = 1.6). In the hypophysectomized rats the
relative number of spermatocytes was decreased after 4 days (4C/2C = 0.9},
Some spermatids had developed in intact rats of 29 days old (lIC/ZC 0.2
compared to < 0.1 in intact 25 day old rats). Ne spermatid development was
observed in the hypophysectomized rats (1C/2C < 0.1).

These results indicate that germ cell development stops and degeneration

of pachytene spermatocytes occurs after hypophysectomy of immature rats.

In contrast, no proncunced rveduction of pachytene spermatocytes occurred in
fragments of seminiferous tubules “incubated in the absence of hormones.
Hence, the present incubation conditions appear close to optimal with
respect to survival of spermatocytes for a few days, and more favourable
for survival of these germ celis than the conditions in vivo in seminifercus
tubules of hypophysectomized rats. __






Chapter 5

GENERAL DISCUSSION

5.1. Changes in_carbohydrate metabolism during development of germ cells

The studies on carbohydrate metabolism of germ cells described in
this thesis concentrated cn pachytene spermatocytes and round spermatids.
In this section some information about the effects of trioses and hexoses
on other stages of germ cell development will be considered, starting with
the earliest stage (Figure 5.1).

It has been éhown‘that primordial germ cells, taken from the gonadal
ridges of 15 day-old mouse fetuses, are 10 times more active in pyruvate
oxidation thah in glucose oxidation (Brinster & Barstad, 1977). This
pattern of substrate preference appears to be similar to that of pachytene
spermatccytes and round spermatids. However, spermatogonia and early
spermatocytes, stagés interpcsed between the‘primordial germ cell and the
pachytene spermatocyte stage, appear less dependent on carbohydrate supply
than the more mature germ cells, because spermatogonia and early spermato-
cytes survived in seminiferous tubules incubated in the absence of glucose,
whereas pachytene spermatocytes and round spermatids degemerated {section
4,3.,1). Spermatogonia may oxidize palmitate and acetoacetate at a higher
rate than pachytene spermatocytes and spermatids, whereas in these
experiments spermatogonia appeared to be less active in pyruvate oxidation
than the more mature geym cells and thus lipids may be the substrates pre-
ferred by spermatogonia (Lin & Fritz, i972).

Preliminary results indicate that elongated spermatids, in contrast
to the preceding stage of round spermatids, maintain their ATP level with
glucose as well as with lactate as substrates (Le Gac et al., 1982). Elon-
gated spermatids develop into testicular spermatbzoa, which, during their
passage through the epididymis, acquire.the capacity to be motile and to
fertilize. Although development from testicular to ejaculated spermatozoa
is accompanied by metabolic changes (Voglmayr, 1975), little is known
about the effects of carbohydrates on energy—consuming processes in' this
stage. In rats, spermatozoa from the cauda epididymis maintained their

motility and energy charge for 60 min in the presence of pyruvate and lac-—
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Figure 5.1. Carbohydrates as energy-yielding substrates in different
stages of germ cell development.
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tate, but not im the presence of glucose (Ford & Harrison, 1981). However,
it has been reported that in several species, including man, the motility
of ejaculated spermatozea can be enhanced by hexoses (Mann & Lutwak-Mann,
1981), Many other substrates, e.g. lactate, pyruvate and -amino

acids, also can stimulate motility, but markéd species differences exist
(Mann & Lutwak-Mann, 1981). Similar to rat spermatocytes and spermatids
(section 4.1.2}, spérmatozoa from boar and bull metabolize 507 or more of
the pyruvate taken up to lactate concomitant with pyruvate oxidation (Mann
& Lutwak-Mann, 1981). It is apparent from this information that some dif-
ferences in carbohydrate dependence cccur in the different stages of germ
cell development.

The substrate supply to spermatogonia, which are located outside the
blood-testis barrier, may be less controlled by Sertoli cells than the
suéply to pachytene spermatocytes and round spermatids at the luminal side
of this barrier, and spermatogonia may have the ability to use a variety
of substrates. However, it is unlikely that a dramatic devélopmental shift
in metabolic pattern oceurs during the transformation of spermatogonia to
pachytene spermatocytes, because spermatocytes resemble primordial germ
cells with respect to a high rate of pyruvate oxidatiom. In 15 day-old
fetuses, the male primordial germ cells ére surrounded by supportiag cells
(precursors of Sertoli celis), atthough nao blood-testis barrier exists at
this age (Kluin & de Rooij, 1981) and possibly these supporting cells
supply p & 1 to the primordial germ cells, like Sertoli cells to the
differentiating germ cells. 4 decrease in p & 1 dependence and an in-
crease 1n glucose utilization appears to occur when round spermatids
develop into ejaculated spermatozoa. Comcomitantly, the isozymic pattern
of some glycolytic enzymes changed (section 4.1.4). The effect of pyruvate
and lactate -on rat spermatozoa from the cauda eﬁididymis may'indicate that
elongated spermatids do not loose their dependence on pyruvate and lactate.
On the other hand, the relative independence of elongated spermatids on
p & 1 could suggest that an increase in glucose utilization occurs
during spermatogenesis.

When the dependence of germ cells on. p & 1 or other substrates
changes during spermatogenesis, possible effects of hormones on the avail-
ability of substrates may have different effects at different stages of
development. The present knowledge of the metabolie requirements

of spermatogonia, early spermatocytes and elongated spermatids
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suggests that these cells would be less affected by a decrease in p & 1
secretion by Sertoli cells than pachytene spermatocytes and round sperm—
atids. Therefore, an effect of hormones on the p & 1 secretion by Sertoli
cells would mainly influence the latter cells. However, also eloﬁgated
spermafids (step 19) were affected by hypophysectomy (Russell & Clermont,
1977). Further investigations of the metabolism at different stages of

germ cell development are required to clarify the precise role of metabolic
interactions between germ cells and Sertoli cells in the effect of hormones

on spermatogenesis.

5.2. Influence of germ cells on Sertoli cells

The effect of many agents on spermatogenesis is thought to be mediated
by Sertoli cells (Chapter 1). In this thesis (section 4.3.) it was shown
that Sertoli cells can influence synthetic activities of pachytene sperm-
atocytes and round spermatids. However, the relationship between Sertoli
cells and germ cells is probably not a one-way influence and several ob-
servations support an effect of germ cells on Sertoli cells.

Morphological studies demonstrated in Sertoli cells intracelluiar and
membranal specializations which are associated with certain stages of
developing germ cells (review: Russell, 1980). Tubules from rats, treated
with busulphan or X-irradiated in utero, do not contain germlcells and the
tubular fluid, the compositinnlof which is probably regulated by Sertoli
cells, contains a low potassium concentration, in contrast to the
high potassium concentration in tubular fluid from intact rats (Levine &
Marsh, 1975; Setchell et al., 1978). Preliminary experiments demonstrated
an effect of co-incubation of germ cells and Sertoli cells a glycoprotein
in the membranes of Sertoli cells (Galdieri e;'al., 1982). All these ob-
servations suggest an influence of germ cells on activities of Sertoli
cells.

Co-incubation of isolated Sertoli cells and isolated.germ cells can
be of use in further investigations on the interaction between these two
cell types (Stefanini et al., 1980; Galdieri et al., 1981; Grootegoed et
al., 1982a,;b) . Another method which has been used to investigate the
effect of germ cells on Sertoli cells uses pieces of seminiferous tubules
of definite stages of the cycle of the germinal epithelium, which can be

dissected with help of a "tramsillumination technique" (Parvinen & Vanha-

52



Perttula, 1972)}. In these tubular fractioms, containing Sertoli cells with
different germ cell associations, different activities, ascribed to-
Sertoli cells, were recently investigated (Figure 5.2). Secretory activ-
ities of Sertoli cells appear to be maximal at stages VIL and VIII of the
cycle in rats (Figure 5.2A). The secretion of plasminogen activator
appears to vary most clearly at the different stages, but the comparison
with other activities is influenced by the expression per mg cellular
protein in contrast to per mm tubule length. The apparent parallelism
between the different gecretory activities of Sertdli cells in different
stages may indicate that the cells show a general high activity in stage
VII-VIII. Recent experiments indicated that phagoeytosis of residual
bodies, shed by late spermatids prior te spermiation, may be cme of the
stimuli which increase the production of plasminogen activator by Sertoli
cells at stages VIL anﬂ VIII of the cycle (Lacreix et al., 1982). An in;
crease in activities of Sertoli cells could also be caused by a high
demand from the germ cells present during this stage. The carbohydrate
metabolism by Sertoli cells might be stimulated to some extent by the
number of germ cells, which consume the p & 1 secreted by Sertoli cells,
In contrast to the secretory activity of Serteli cells, the binding of FSH
énd the FSH-stimulated cyclic AMP production (in the presence of MIX) are
minimal in stages VII~VIII {(Fig. 5.2B). These studies were all performed
with adult (rat) testes, because complete spermatogenesis ig required to
recognize the stages to be dissected. The response of Sertoli cells to FSH
and the effect of FSH ﬁn spermatogenesis in intact rafs-decreases with age
{sections 4.2.3, 5.4). This may explain why, in spite of the stage-dependent
FSH biﬁding and intracellular cAMP increase after stimulation with FSH (in
the presence of MIX), only a small stage-independent increase in ABP
secretion was observed after stimulation with FSH in the preseance or ab-
sence of MIX (Riézén et al., 1982). Therefofe, a possible role of_the
stage dependency of FSH binding and cAMP response yet remains to be
clarified.

Comparison of the activities of Sertoli cells incubated either in tHe
presence of stage-specific associations of germ cells or in the presence
of isolated germ cells could throw some light on the influence of germ

cells on Sertoli cells.
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Figure 5.2. Characteristics of Sertoli cells from different stages of

the spermatogenic cycle in rats.

Fragments of seminiferous tubules containing different stages of the
cycle of the germinal epithelium were dissected, according to Parvinen
& Vanha=Perttula (1972). In some experiments different stages were
pooled.
abscissa - stages of the cycle
ordinate — relative units

A. Secretion products from Sertoli cells present in the medium after
approximately 24 h of incubation:
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5.3, Effects of interference with carbohydrate metabolism on zerm cell

development in viveo

5.3.1. Diabetes and spermatogenesis

The metabolic interrelationship of carbohydrate metabolism of germ
cells and Sertoli cells as described in this thesis (section 4.3} could
imply that in vive disturbances of carbohydrate metabolism, which occur
in diabetes mellitus, affect spermatogenesis directly. A review of the
literature concerning the effect of diabetes on male reproduction in man
gives contradictory information about the severity of the disturbances
observed in different studies, mainly as a result of the variation in the
severity of diabetes between the different patients (Rodriguez~Rigau,
1980). More controlled studies can be performed on laboratory animals
where diabetes can be induced by injection of alloxan or streptozotocin
which destroy the insulin-~producing pancreatic islet tissue, In recent
studies using the experimentally induced diabetes model, streptozotocin
was preferred as diabetogen, because alloxan was thought to cause con-
siderable damage unrelated to its diabetogenic action cn heta islet cells
(Oksanen, 1975; Paz et al., 1978a). In adult rats, the effect of strep-—
tozotocin—diabetes resulted, after at least & weeks, in a decreased dia-
meter of the seminiferous tubules (Oksanen, 1975). In addition, a reduced
productién of spermatozoa and/or a decrease in fertility was observed (Paz
et al., 1978a,b; Paz & Homonnai, 197%). However, the effect on testicular
histology was not uniform in all animals. One group of rats showed a
sloughing of the germinal epithelium &t the early spermatocyte stage,
whereas ancother group showed all steps of spermategenesis, but an overall
decrease of germ cell density in the epithelium (Oksanen, 1975). In rats,
injected with streptozotocin before spermatogenesis was fully developed,
viz. at 30 days of age, development of germ cells was completed but with
a very low yield, judged by the number of spermatozoa cobserved in the
epididywmis (Paz et al., 1978a). These observations suggest a guantitative
rather than a qualitative effect of streptozotocin-induced diabetes on
germ cell development.

The effect of diabetes on spermatogenesis may be a direct or an
indirect effect on the seminiferous tubules. The observation that insulin

stimulates the secretory activity of Sertoli cells in vitre (section
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4,2.3) may suggest that at least part of the effect of diabetes on sperm-
atogenesis is exerted directly on the Sertoli cells. The increase of
testicular ABP in 4 week streptozotocin-diabetic rats was thought to
reflect an igrgixg:effect of diabetes on Sertoli cells (Murray etlal.,
1981). Howevér, a concomitant decrease in epididymal ABP may indicate
that not ABP secretion, but ABP transport’is diminished. Indirect inter-—
ference with spermatogenesis by an effect of insulin on cells outside the
seminiferous tubules is supported by a decrease in FSH and testosterone
levels in serum of streptozotocin—diabetic rats (Paz et al., 1978a,b;
Murray et al., '1981}. Direct effects of insulin or streptozotocin-
diabetes on the testosteromne produétion by Leydig cells appear small
(Murray et al., 1981; Adashi et al., 1982) and therefore the reduced
testosterone levels in the serum are probably caused by the decreased LH
levels observed in streptozotocin-diabetic rats (Paz et al., 1978a).
Pdssibly FSH - as well as LH secretion by the pituitary is reduced. In
this respeét it has been suggested that the stimulation of gonadotropin
secretion by LHRH was defective in streptozotocin-diabetic rats (Paz et
al., 1978a).

In summary, streptozotocin-induced diabetes appears to affect. the
levels of FSH and testosterome, hormones which are required for spermato-
genesis to occur. When this experimentally induced diabetes is a proper
model for spontaneous diabetes, these hormonal changes may play a role in
the observed disturbances of spermatogenesis in diabetic males. In
addition, a direct action of insulin upon Sertoli cells may influence

spermatogenesis, possibly by an effect on the p & 1 secretion.

5.3.2.-Possible relationship between the effect of some chemicals on

spermatogenesis and the carbohydrate metabolism of'Sertoii cells

and developing germ cells

Impairment of spermatogenesis does not only result from hormonal dis-
turbances, but can be cauéed by many other influences, such as the adminis-—
tration of some chemicals. In this section agents, which possibly affect
spermatogenesis through interference with the carbohydrate metabolism of
Sertoli cells and germ cells, will be considered (Fig. 5.3). Degeneration
of all germ cells, except spermatogonia, was observed aﬁter feeding of the

drugs 5-thio-D-glucose (Zysk et al., 1975; Homm et al., 1977; Lobl &
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Porteus, 1978; Majumdar & Udelsman, 1979; Majumdar et al., 1979), nitro-
furazones (Gomes, 1970; Hagenas et al., T978;.Setche11, 1978), fluoro-
acetate or fluoroacetamide (Gomes, 1970; Setchell, 1978; Sullivan et al.,
1979) and gossypol or gossypol acetic acid (National Coordinating Group on
Male Antifertility Agents, China, 1979; review: Prasad & Diczfalusy, 1982).
After discontinuation of the drugs spermatogenesis was restored inmost cases.

5-Thio-D-glucose is an analoé of D-glucose and inhibits the tramsport
of D-glucose across plasma membranes (Whistler & Lake, 1972). However,
Davies & Meanock (1981) did not observe a decrease in uptake of (3H)de0xy—
glucose into testes of thio-glucose-treated adult mice. Thio-glucose was
.reported to decrease protein synthesis in isolated round and elongatéd
spermatids to 75-55% of the controls, but the drug had no effect on sperm-
atocytes (Nakamura & Hall, 1976, 1977). However, these experiments have been
performed in the absence of pyruvate and lactate., 5-Thio-glucose-6-phosphate,
which is formed inside the cell (Whistler & Lake, 1972) gave competitive
inhibition with testicular myo-I-phosphate synthase, the enzyme that cata-
lyzes myo—indsitol formation from glucose-6-phosphate (Burton & Wells,
1977) . Hence, 5—thio~D¥gluc05e may influence spermatogenesis at different
sites, which are interdependent. Firstly, the drug may exert a direct
effect on spermatids. Although the effect in vitro appeared small, this
may in vivo eventually cause degeneration of the cells. However, although
spermatocytes do degenerate after treatment in vivo, these cells were not
affected by the drug in vitro. Secondly, thio-glucose may interfere
specifically with myo-inositol synthesis. Secretion of this polyol was
shown to occur in Sertoli cells (Robinson & Fritz, 1979). However, a role
of myo-inositol in spermatogenesis is still unknown and administration of
a high dose of 5-thio-D-gluccse for 3 days caused no decrease, but an in-
crease of the testicular myo-inositol levels (Burton & Wells, 1977).
Thirdly, inhibition of glucose uptake by Sertoli cells will reduce p & 1
secretion by Sertoli cells, which could cause the degeneration of pachy-
tene spermatocytes and round spermatids oBserved in the testes of the
thio-glucose—treated animals. The survival of‘Sertoli cells and spermato-
gonia after treatment may result from the difference in carbohydrate
dependence between these cells and pachytene spermatocytes and round
spermatids, which was described in sections 4.3.1 and 5.1.

It has been suggested that nitrofurans inhibit the conversion of

pyruvate to acetyl-CoA (Gomes, 1970). Fluoracetamide is converted in vivo

58



to fluoracetate (Matsamura &'O'Brien, 1963) and further to fluorocitrate,
which inhibits the tricarboxylic acid cycle enzyme cis-aconitase (Peters,
1952). Hence, nitrofurans and fluoroacetate may inhibit oxidation of

P & 1 by pachytene spermatocytes and round spermatids and in this way cause
degeneration of the cells. Cells frem the seminiferous tubules which are
able to use glucose and/or fatty acids as energy yielding substrates
(Sertoli cells and spermatogonia?) remain viable.

Gossypol can affect developing germ cells, but-also-epididymal sperm-
atozoa (Prasad & Diczfalusy, 1982). Among the biochemical effects reported
of gqssypol, the inhibition of lactate dehydrogenase—c4 in rodents and man
and the inhibition of malate dehydrogenase in rodents appear particularly
interesting (Lee & Malling, 1981). Inhibition of these enzymes may impair
pyruvate and/or lactate oxidation by germ cells. In addition, the redox
state of the cells may be affected, because the conversion of pyruvate to
lactate, which was shown to cccur in spermatocytes and spermatids (section
4.1.2), may be required tc¢ maintain a proper NAD level in the cells. In
addition, impairment of tramsport of reducing equivalents over the mito=
chondrial membrane, which may be mediated by the malate-aspartate shuttle
~or by a lactate dehydrogenase~cawmediated shuttle (Storey & Kayne, 1977;
Calvin & Tubbs, 1978; Blanco, 1980), would affect the redox state of germ
cells.

_The rapidity and severity of the reported effects of the drugs on
spermatogenesis was dependent on -the dose. The doses necessary to obtain
an effect on spermatogenesis did not or hardly affect other tissues, and
Sertoli cells and spermatogonia always remained present during treatment.
The actions of these drugs in vivo appear to support the im vitro studies,
which show the exceptional dependence of pachytene spermatocytes and round

spermatids on p & 1 oxidationm.

5.4. RBles of FSH and testosterons in relation to age

Both FSE and testosterone are required for completion of spermatogen-—
esis, but it is thought that the relative impertance of these hormones
changes with age. Hence, for the evaluation of the hormone effects studied
in vitro it is important to assemble more information about the r8les of
FSH and testosterone at differeant ages in vivo. The studies on this

subject, which were performed mainly with rats, can be divided in two
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groups, viz.: 1) the effect of hormones during initiation of spermatogen-
egis in the immature testis and during restoration of spermatogenesis in
the regressed testis, and 2) the effect of hormones on the maintenance of

spermatogenesis in the adult testis. In this section only results obtained

with rats will be.discussed.

Initiation and restoration of spermatogenesis

Hypophysectomy of 24-29-day-old rats (i.e. during the first wave of sperm-
atogenesis) resulted, after 4-7 days, in a stop of spermatogenesis beyond
the pachytene stage (Collins et al., 1981; section 4.3.3)'and spermato-
cytes had disappeared after 2 months following hypophysectomy (Lostroh,
1969). Daily injection of FSH starting directly after hypophysectomy of

28 day old rats supported spermiogenesis quantitatively, judged by adenyl-
cyclase as a marker ‘for late spermatids, whereas testosterone only sup-
ported development to step 8-12 spermatids qualitatively (Collins et al.,
1981). Either FSH or testosterome can be selectively suppressed prior to or
during the first wave of spermatogénesist by treatment with antisera against
either FSH or LH from birth (Chemes et al., 1979) or from 20 days of age
(Madhwa Raj et al., 1976),o0r by treatment with a gonadotropin-suppressing
dose of testosterone propionate from birth (Steinberger & Ducket, 1965).
Under such conditions spermatogenesis proceeded at least up to and
including pachytene spermatocytes, but the yield of spermatocytes was
‘below the yield of intact controls (Madhwa Raj et al., 1976; Chemes et al.,
1979). Some round spermatids and occasionally some elongated spermatids
(step 15) were observed (Steinbergér & Duckett, 1965). It must be kept in
mind, however, that suppression of FSH or testosterone levels in these
experiments may have been incomplete.

When both FSH and testosterone had been absent for 1-6 months after
hypophysecfomy of immature (28-42 day old) or adult rats, complete or
partial regression of spermatogenesis occurred. In these rats
histology, progression of (BH)thymidine (which is incorporated in sperm—
atogonia and preleptotene spermatocytes) or testicular levels of carnitine
acetyl transferase (as a marker for pachytene spermatocytes) indicated
that FSH -, LH - or testosterone treatment supported development of pachy-
tene spermatocytes qualitatively, and no or only very few spermatids and

spermatozoa were present (Lostroh, 1963a,b, 1969; Go et al., 1971). In
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one study a similar effect of FSH, but no effect of LH was observed
(Sivelle et al., 1978), In these regressed testes, FSH and LH or testoste-—
rone together improved the -yield of all germ cells and at least the number
of pachytene spermatocytes was restored to the normal level (Lostroh,

1969; Go et al., 1971).

In summary, the presence of either FSH or testosterone appeared to
support initiation and restoraticn of spermatogemesis gqualitatively up to
and including formation of pachytene spermatocytes. When both FSH and tes-
tosteroﬂe were present during development of the first wave of pachytene
spermatocytes, spermiogenesis appeared to be supported by FSH, but not by
testosterone. Quantitative restoration of spermatogenesis is supported

most effectively by FSH and LE or testosterone together.

Maintenance of spermatogenesis

For adult rats it is generally accepted that testosterones is required to
maintain complete spefmatogenesis qualitatively (review: Steinﬁerger,
' 1971} . However, two aspects of hormonal regulation of adult spermatogen—
esis are still a matter of debate, viz.: does testosterone alome maintain-
spermatogenesis quantitatively and what is the possible reole of FSH in
~adult rats? Since the review by Steinberger (1%71) additional quantitative
studies have been performed. Quantitative maintenance of spermatogenesis
was observed when testosterone propionate or dihydrotestosterone inject-
ions were started on the day of hypophysectomy or the following day (Matsuyama
et al., 1971; Ahmad et al., 1975). However, other investigatcrs observed
no complete quantitative maintenance of spermatogenesis when injections of
testostercne propionate, dihydrotestosﬁerone or LH were started within
24 h after hypophysectomy (Russell & Clermont, 1977; Chowdhury, 1979)
or 2-5 days after hypophysectomy (Clermont & Harvey, 1967; Elkington &
Blackshaw, 1974; Chowdhury & Tcholakian, 1979). Administration of FSH and
LH or testosterone proplonate together appeared to maintain spermatogenesis
Quantitatively.when treatment started !2 h after hypophysectomy (Russell &
Clermont, 1977), but not when hormones were injected starting 2 days after
hypophysectomy (Elkington & Blackshaw, 1974).

In summary, most studies indicate that testosterone alone cannot com-—
pleteiy maintain spermatogenesis quantitatively and it appears likely that

FSH is required im adult rats to supplement the effect of testosteronme.
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Conclusion

Both FSH and testosterone appear to influence development of germ cells in
vivo in immature as well as in adult rats. However, in vitro only FSH
.stimulated the p & 1 secretion by Sertoli cells from immature rats,
whereas testosterone did not (section 4.2.3). These observations may
reflect that under the present in vitro conditions testosterone cannot
stimulate Sertoli cells, or that the mechanism of action of testosterone

on spermatogenesis does not involve an effect of testosteromne on the carbo-

hydrate metabolism of Sertoli cells,

5.5. Regulation of spermatogénesis

The literature summarized in the previous section indicated that in
the absence of hormones few germ cells develop, whereas in the presence
of FSH and/or testosterone a larger or maximal number of germ cells go
through spermatogenesis. No effect of hormones on the duration of the
spermatogenic cycle was observed (Clermont & Harvey, 1965). This effect
of hormones on germ cell numbers rather than on germ cell differentiation
was confirmed by measurements of synthetic activities in pachytene sperm-
atocytes. After hypophysectomy the number of cells which were inactive in
RNA synthesis was increased, whereas the pattern of .qualitative RNA syn-
thesis did not change (Grootegoed et al., 1979). Such a quan&itative
regulation of the synthetic activities and survival of germ cells may
reflect an éffect of hormones upon the supply of energy yielding sub-
strates to the cells. If the amount of energy-rich substrates is limiting
in the micro milieu around the germ cells, an increase of the substrate
supply by stimulation of Sertoli cells may influence the number of devel-
oping germ cells. In addition to hormones, many other agents or conditions
have an effect on the number of germ cells in vivo, such as some drugs
(section 5.4.2), diabetes (section 5.4.1) and heat (Setchell, 1978).

In vitro, isolated pachytene spermatocytes or round spermatids main-
tain a specific pattern of RNA - and protein synthesis or glycoprotein
fucosylation for 12, 24 and 20 h respectively when incubated in the
presence of p & 1° (Grootegoed et al., 1977a; 1982¢; sectipn 2 N
whereas they are virtually inactive and degenerate within 24 h in
the absence of p & 1 (section 4.1.1). Because Sertoli cells are capable

to supply p & 1 to germ cells (section 4.2.1), these observations
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imply that the presence of Sertoli cells, at least during short-term incu-
bations, is primarily important for the emergy supply, via p & 1 , to
pachytene spermatocytes. This appears to be confirmed by the reduction in
the number of germ cells in seminiferous tubules in vitro after p & 1
depietion by removal of glucose from the medium (section 4.3.1). As the
. p & 1 secretion by Sertoli cells can be stimulated by FSH in vitro
(section 4.2.3)}, it can be suggested that p & 1 may be invelved in the
quantitative regulation of spermatogenesis by hormones in vivo. Attempts
to induce such an FSH effect on germ cells ég_ziﬁgg have failed, probably
because the incubation conditions in vitre in the absence of hormones are
more favourakle for survival of pachytene spermatocytes and round sperm—
atids than the conditions in vivo after hypophysectomy (section 4.3.3).

In addition to p & 1 , other factors from Sertoli cells probably
affect the activities of germ cells. This ig most clearly suggested by the
observation that isclated pachytenme spermatocytes and round spermatids in-—
cubated in the presence of p & 1 start degenerating after maximally 48 h,
whereas these cells survive for at least 4 &ays in isolated fragments of .
seminiferous tubules {section 4.3.1). Yet, p & I are the most important
secretion products from Sertoli cells, which maintain activities of pachy-
tene spermatocytes and round spermatids during short-term incubations
(section 4.3.2). Under conditions that energy supply to germ:cells'is not
limiting, other factors from Sertoli cells which are essential for germ
cell development may exert an effect.

' In conclusion, the quantitative nature of the regulation of spermato-
genesis in vivo by hormones and some other agents suggests, that energy
supply to germ cells may be involved. The FSH~stimulated secretion of
p & 1 by Sertoli cells and the effect of these substrates on pachytene
spermatccytes and round spermatids in vitro indicate that p & 1 may be

involved in the effect of hormones on spermatogenesis.
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© SUMMARY

Development of male germ cells in mammalian testes takes place within
seminiferous tubules in the close proximity of Sertoll cells. .Initiation of -
spermatogengsis in immature rats and maintenance of spermatogenesis in
adult animals requires the presence of FSH and testosterome, and it is
generally thought.that the effect of these hormones on developipg'germ ‘
cells is mediated by Sertoli cells. Yet, the biochemical background of the
action of Sertoli cells upon germ cells is far from clear. The aim of the
experiments presented in this thesis was to contribute to the elucidation
of the interaction between Sertoli cells and germ cells, in particﬁlar
between Sertoli cells and pachytene spermatocytes and round spermatids,
two stages of germ cell development which are semsitive to the presence of
hormomes in vivo. Some aspects of spermatogenesis and the scope 6f this
thesis have been described in Chaptef 1.

Chapter 2 gives a short summary of the materials and methods used to
analyze activities of germ cells and Sertoli cells.

Experiments described in Chapter 3 and Appemdix Paper I indicate that

pachytene spermatocytes do not require the presence of Sertoli cells to
maintain a cell-specific pattern of protein synthesis (analyzed with two-
dimensional electrophoresis) during incubation for at least 24 houré.

The dependence of testicular tissue om glucose as a substrate has
been recognized for some time and it was concluded from expeiiments with
testicular tissue that pachytene spermatocytes and round spermatids are
very dependent on glucose. Experiments described in Chapter &4, section |

and Appendix Paper IT imdicate:that after isolation of these germ cells,

glucose could not maintain synthetic activities in pachytene spermatocytes
and round spermatids, whereas the catabolités pyruvate and lactate were

more effective in this reépect, When incubated in a chemically defined
medium in the absence of pyruvate and lactate, isolated pachytene spermato-
cytes degenerated within 12 hours, whereas these cells survived for at least
24 hours during incuﬁation in the presence of pyruvate and lactate. It was
shown (Chapter 4, section 2, Appendix Papers III, IV) that Sertoli cells can

secrete pyruvate and lactate, and that the rate of secretion can be changed

by the concentration of exogenous glucose, the age of the rats from which
' testes were obtained and by the hormomes FSH and imsulin. Changes in the

concentration of exogenous glucose also influenced synthetic activities
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. and/or survival of pachytene spermatocytes and round spermatids when the
cells were incubated in the presence of Sertoli cells (Chapter 4, section
3, Appendix Paper III). Correlation of the effect of spent medium of

Sertoli cells on-synfhetic activities of isolated germ cells, and the
amount of pyruvate and lactate in this medium, suggests that pyruvate and
lactate are major secretion products from Sertoli cells which maintain
synthetic activities in germ cells during short-term incubations (Chapter

4, section 3, Appendix Paper IV). The present results suggest that Sertoli

cells can ipfluence activities and survival of pachytene spermatocytes and
round spermatids by supply of pyruvate and lactate to the cells.
Experiments described in Chapter 4, section 3 indicate that the sur-
vival of pachytene spermatocytes in seminiferous tubﬁlgsAincubated in the
absence of hormones is virtually optimal, in contrast to the poor survival
of these cells in testes of hypophysectomized rats. Therefore, no effect
of FSH on the survival of pachytene spermatocytes could be observed in
vitro under the incubation conditions used. The amount of substrates
present iE-XiEIE_maY be enough for unstimulated Sertoli cells to produce
sufficient pyruvate and lactate for the energy Supﬁly of these germ cells.
In conclusion, the presence of Sertoli cells appears to be required
primarily to maintain the overall rate of synthetic activities in pachy-
tene spermatocytes and round spermatids, rather than to support synthesis
of specific proteins in germ cells. Regulation of the yield of germ cell
development is an important aspect of hormonal regulation of spermatogen-—
esis. From the results in Chapter 4 it is suggested that secretion of
pyruvate and lactate by Sertoli cells is involved in hormonal regulation

of the number of developing germ cells.
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SAMENVATTING

De ontwikkeling van manneliike zaadcellen in de zaadballen van zobg—
dieren vindt plaats binnen zaaddragende buisjes (de tubuli seminiferi) in
nauw kontakt met Sertoli-cellem. Voor de aanzet tot de ontwikkeling
van zaadcellen in de jonge rat en het in stand houden van de zaadcel-
ontwikkeling in de volwassen rat, is de aahwezigheid van de hormonen folli-
tropine (FSH) en testosteron mnoodzakelijk. Er-zijn diverse aanwijzingen dat
de Sertoli=cellen een belanmgrijke rol spelén bij het effekt van hormomen op
de zich ontwikkelende zaadcellen. De biochemische achtergrond van de
invlced van Sertoli-cellen op zich ontwikkelende zaadcellen is echter nog
niet duidelijk. Via de in dit proefschrift beschreven experimenten is ge—
probeerd een beter inzicht te kriigen in de mogelijke interaktié tussen
Sertoli-cellen en zaadcellen, en wel die tussen Sertoli-cellen en pachy-
teenspermatocytén en ronde spermatiden, twee stadia uit dé ontwikkeling
van zaadcellen die gevoelig zijn voor de aanwezigheid van hormonen in het
levende dier.

' De ontwikkeling van zaadcellen emr de regulatie hiervan door hormonen
is in het kort beschreven in Hoofdstuk 1, evenals het doel van dit proef-
schrift.

In Hoofdstuk 2 is een kort overzicht gegeven van de materialen en
methodes die gebruikt zijn om enkele aktiviteiten van zaadcellen en
Sertoli-cellen te cnéerzoekenf

De in Hoofdstuk 3 en Aanhangsel T beschreven experimenten wijzen erop,

dat pachytene spermatocyten, in afwezigheid van Sertoii—cellen,‘gedurende
minstens 24 uur een aantal eiwitten kunnen synthetiseren die specifiek
zijn voor deze cellen.

Het was al bekend dat het weefsel in de zaadbal afhankelijk is van
sulkers, zoals glucose, als bron van energie, en uit experimenten met de
gehele zaadbal was gekonkludeerd, dat pachyteenspermatocyten en ronde
spermatiden glucose nodig hebben. Pe in Hoofdstuk 4, deel 1 en Aanhangsel
Il beschreven experimenten wijzen erop, dat na isolatie van deze cel-
types, de opbouw van eiwitten en ribonucleInezuren in pachyteenspermato-
¢yten en ronde spermatiden niet in stand gehouden werd in aanwezigheid
van glucose. De afbraakprodukten van glucoée, pyruvaat en lactaat daaren-
tegen waren effektiever in dit opzicht., Tiidens kweek zonder pyruvaat en

lactaat beginnen pachyteenspermatocyten binnen 12 uur te degenereren,
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terwijl de cellen minstens 24 uur in goede Konditie lijken te zijn wanneer
ze gekweekt worden in aanwezigheid van pyruvaat en lactaat. Het is aange-

toond (Hoofdstuk 4, deel 2 en Aanhangsels III, IV), dat Sertoli-cellen

pyruvaat en lactaat kunnen uitscheiden en dat de hoeveelheid die uitge-
scheiden wordt, kan veranderen onder invloed van de koncentratie glucose,
de leeftijd van de ratten waarult de zaadballem werden verkregen, en de
hormonen follitropine en insuline. Verandering van de koncentratie glucose
buiten de cellen beinvloedt ook de opbouw van ribonuclefnezuren en/of de
overleving van pachyteenspermatocyten en ronde spermatiden wanneer deze
cellen gekweekt worden in aanwezigheid van Sertoli-cellen (Hoofdstuk 4,
deel 3 en Aanhangsel III). Vergelijking van het effekt van gebruikt kweek-
medium van Sertoli~cellen op de aapmaak van eiwitten in geisoleerde sperma-
tecyten en spermatiden met het effekt van de hoeveelheid pyruvaat en
lactaat in dit medium, suggereert dat pyruvaat en lactaat relatief de be-
langrijkste uitscheidingsprodukten van Sertoli-cellen zijn, welke, op
korte termijn, de syanthetische aktiviteiten in deze zaadcellen kunnen hand-
haven (Hoofdstuk 4, deel 3 en Aanhangsel IV). De verkregen resultaten sug-
gereren, dat Sertoli cellen een invlced kunnen hebben op aktiviteiten en
overleving van pachyteenspermatocyten en ronde spermatiden door de:ze
cellen te voorzien van pyruvaat en lactaat. De in Hoofdstuk 4, deel 3 be-
schreven experimenten wijzen erop, dat in zaaddragende buisjes, gekweekt
zonder toevoeging van hormonen, de overleving van pachyteenspermatocyten
bijna optimaal is, dit in tegenstelling tot de sterfte van deze cellen in
zaadballen van ratten zonder hypofyse. Onder deze kweekomstandigheden kon
geen effekt van FSH op de overleving van spermatocyten worden waargenomen,
Mogelijk zijn er in kweek zoveel substraten aanwezig, dat ongestimuleerde
Sertoli=cellen voldoende pyruvaat en lactaat kunmnen produceren voor de
energievoorziening van deze zaadcellen.

Op grond van de beschreven resultaten is gekonkludeerd, dat de aanwe-
zigheid van Sertoli cellen belangrijker is om aktiviteiten van pachyteen-
spermatocyten en ronde spermatiden te handhaven dan om de aanmaak van be-
paalde eiwitten te bevorderen. Regulatie van het aantal zich ontwikkelende
zaadcellen is een belangrijk effekt van hormonale regulatie van de spetma-
togenese. De gevonden resultaten tonen aan, dat ultscheiding van pyruvaat
en lactaat door Sertoli cellen mogelijk betrokken is bij de hormonale

regulatie van de overleving van zich ontwikkelende zaadcellen.
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LIST OF NON-STANDARD ABBREVIATIONS

ABP - androgen binding protein

btchMP - dibutyryl cyclic_AMP;
NS-Z'—O—dibutyryl-adenosine*3':5'~mon0phosphate

1C - amount of DNA present in a haploid gamete

iD ~- one~dimensional

2D - two—-dimensional

ED50 - dose required for half-maximal stimelation

Fsu o - follicle-stimulating hormone (follitropin)

LDH .~ lactate dehydrogenase

LH - Iluteinizing hormone (lutropin}

MIX - 3-isobutyl-l-methyixanthine

p &l - pyruvate and lactate

51 — unit for characterizatiocn of FSH preparations =

activity in one mg of ovine NIE-FSH-SI






LIST OF TRIVIAL NAMES

Trivial name used in
this thesis
alloxan

gossypol

nitrofurazone
cestradiol

streptozotocin

. testosterone

thicglucose

Systematic name

2,4,5,6(14,3H)-pyrimidinetetrone
1,1',6,67,7,7 "=hexahydroxy~3,3"'-dimethyl
5,5'—bis-isopropyl[2,2‘~bi~naphtalene]—

8,8'-dicarboxaldehyde

5-nitro-2-furaldehyde-semicarbazone

1,3,5(10)-0estratriene-3,178-diol

E

2,deoxy~2[|(methylnitrosoamino)—carbonylIm

aminc]-glucopyranose

i17f~hydroxy—4—androsten—-3-one

5-thio~g~D—glucopyranose
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© SUMMARY

Protein svnthesis in isolated pachytene spermatoccytes and
round spermatids was investigated by means of one- and two-
dimensional polyacrvlamide gel electrophoresis. The patterns
of newly-synthesized proteins of spermatocytes and spermatids
showed, next to many proteins common tc both spermatogenic
cell types, several cell specific proteins. Electrophoretic
patterns of radioactively labelled proteins of pachytene
spermatocytes were virtﬁally the same after incorporatioh of
(*3S) methionine from 0-2 h or from 24-26 h after isolation.
In contrast, one-dimensional electrophoretic analysis of
proteins newly-synthesized by Sertoli cells showed marked
changes of the pattern within 26 h of incubation.

It can be concluded that, although Sertoli cells may support
the rate of protein synthesis in developing germ cells, the
presence of Sertoli cells is not required for the maintenance
of a specific mattern of nrotein synthésis bv spermatocytes

during incubation for at least 26 h.

INTRODUCTION

Close association of developing germ cells and active Sertoli
cells in the germinal epithelium is thought to be essential
for spermatogenesis. This is supported by morphological
evidence showing the contact between Sertoli cells and germ
celis, which is extended by cyvtoplasmic and membranal

specializations on the boundary of the two cell types (review:



Russell, 1980). Moreover, the greater part of spermatogenesis
takes place within a tubular compartment which is separated
from the interstitium bv Sertoli cells. The regulation of
spermatogenesis by FSH and testosterone is thought to be
mediated by Sertoli cells (Fritz, 1978)}. Mid-pachytene
spermatocytes and round and elongated spermatids may be
dependent on Sertoli cell activities, in particular at stages
VII-VIII of the cycle of the seminiferous epithelium in rats,
because at these stages germ cells rapidly degenerate after
hvoophyvsectomy {(Russell & Clermont, 1977). It is largely
unknown which biochemical activities of germ cells are
primarily dependent on activities of Sertoli cells. Moreover,
it is still uncertain whether Sertoli cells direct the
development of germ cells, and/ocr support processes which are
completely programmed within the germ cells.

Cellular protein synthesis can be studied in detail by
gqualitative analysis of proteins using two-dimensicnal
polyacrylamide electrophotesis. With this method we
investigated protein synthesis of isolated pachytene
spermatocytes undey conditions where support by Sertoli cells

was absent.

MATERIAL AND METHODS

Preparations enriched with pachvtene spermatocytes or round
spermatids were obtained by fractionation of a testicular cell
suspension, isclated from testes of immature rats ({ age 30-35
days, Wistar, substrain R~Amsterdam), by sedimentation at unit
gravity (Jutte et al., 1982). These fractions were further
purified on Percoll gradients by the following modification of
the method of Meistrich et al., (1981). Percoll gradients were
formed by centrifugation of 10 ml 30% Percoll (w/v)

(Pharmacia) in calcium-free phosphate-buffered saline (PBS),
containing 1 mM MgClz, 100 pyg DNA ase/ml (DN25, Sigma), 2 mM
sodium pyruvate and 6 mM sodium DL-lactate, during 20 min at
4OC at 12000 g in an angle rotor (55 34) in a Sorvall RC-2B
centrifuge. The cells collected from the sedimentation column
were washed twice in calclum- and magnesium-free PBS,



cdntaining pyruﬁate and lactate and oﬁce in calciqu and
magnesium-free PBS, containing pyruvate, lactate, 20% Percoll
and 20 pg DNA aseyml. Maximally 108 pachytehe spefmatocytes
‘or 4.107'round spérmatids were suspénded in 1 ml of :the last
washing fluid, layered ﬁpon the Percoll gradients and ‘
centrifugated for 10 min at 650 g at 4°c. The celi bands
which had been formed were collected with a syringe and
diluted 1:3 (v/v) with PBS. Subseguently the cells were
collected by centrifugation for 7.5 min at 150 g at room
temperature. The preparations contained the following cells:
A) mid-late pachytene spermatocytes'(QS.G + 1.5%), early
'primary.spermatocytes (1.0 + 0.9%), round‘spermatids (0.7 =+
0.6%}, other types of germ cells and unidentified cells

(2.4 + 0.9%) and somatic cells (0.2 + 0.2%) (mean + S.D.,
'n = 3); B) round spermatids (88.0 + 0.9%), early primary
spermatocytés (7.6.+ 2.5%), other types. of germ cells and
unidentified cells (4.2 + 2.1%) and somatic cells (0.2 i'

0.3 %) (mean + range, n-'= 2). '

Sertcli cell aggregatés (tubular fragments from sterile rats)
were isclated as described previously (Jutte et al., 1982)
from immature (28-day-old) rats, which had been irrédiated in
utero at day 19 of gestation {Beaumont, 1960). Following iso-
"lation, the cells were washed thrice in the medium used for
incubation. ! - ‘

Incubaticn conditions

Freshly isolated pachytené spermatocytes (0.5 x 108 cells),
round spermatids (106 cells) or Serteli cells (+ 200 ug
protein) were incubated for 2 h in 200 ul incubation medium
containing 2 mM scdium pyruvate and 6 mM DL-lactate, in the
presence of 10 uCi {355)methionine. Medium without unlabelled
'methégnine was used to obtain a high specific radiocactivity
of (778

The incubations were performed at 32°C under a humidified

)methionihe (final specific radicactivity 200 Ci/mmol).

atmosphere of 5% CO, in air in plastic tubes (10 mi) in a

shaking water bath (120 cycles/min). The .incorporation of
(355}méthion£ne into germ‘cells was linear for at least 3 h.



Spermatocytes which had been incubated in Petri dishes (320C;
5% CO2 in air) for 24 h in 2 ml of incubation medium
containing methionine (0,6 mM) were collected by
centrifugation and after three washes in incubation medium
without methionine the cells were incubated with
(3SS)methiOnine as described above.

After 24 h of incubation (+ 200 ug protein/2 ml; 32°C; 5%
CO2 in air) Sertoli cells were attached to the bottom of
plastic Petri dishes. The attached cells were washed thrice
and incubated in 600 ul incubation medium, containing 3¢ uCi
(355)methionine (final specific radicactivity 200 Ci/mmol).
After incubation the_Sertoli cells were detached from the
plastic surface with a rubber policeman. All incubations with
(355)methionine were terminated by addition of 2 volumes of
0.9% (w/v) NaCl (4°C), containing 7 mM methicnine. The cells
were collected by céntrifugation for 10 min at 1500 g at 4OC

~and subsequently frozen at -80°C and stored at -20°cC.

Electrophoresis

For one-dimensional (1D) electrophoresis (359)methionine—

labelled cells were suspended in buffer (approximately 100 ug
of protein/50 ul), containing sodium dodecyl sulphate and
2-mercapto-ethancl (Laemmli, 1970¢), and heated for 5 min at
100°c. Theé sclubilized proteins were separated by eleétropho—
resis (+ 10 ug/slot) as described previously (Grootegoed et
al., 1982b). ’

For two-dimensiocnal (2D} electrophoresis (35

S)methionine~-
labelled whole cells were suspended in buffer (approximately

100 pug of protein/30 pl), containing Non-idet P40, ureuam and
2-mercapto-ethanol (0'Farrell, 1975%) and were frozen and thawn
three times. Iso-electric feocussing gels with a diameter of

0.2 mm and a length of 10 cm containing 2% Ampholines (w/v)

(LKB; ratio pH-range 53-7 to pH-range 3-10 4 to 1) were prepared.
After pre-electrophoresis of the gels, the solubilized proteins
were applied and were separated in the buffer syétem, as desg~
cribed by O'Farrell (1975). Electrophoresis was carried out

under continuous cooling at 20°C at a fixed voltage of 400 V



for 12-16 h, followed by 1 h at 800 V. , _
‘After the iso-electric focussing, the gels were equilibrated
"during 2 h in buffer containing SDS and 2-mercapto~ethanol
(Laemmli, 1970). Subsequently, the buffer was renewa& and the
gels were quickly frozen at'-SQOC and stored at -20°C. The
iso=-electric focussing gels were loaded onto slab gels in é
solution of 1% (w/v) agarose in huffer containiné SDS and
2-mercapto-ethanol. (0'Farrell, 1975). The stacking gel, separa-
ting gel and the conditions of electrophoresis used were as
described for cne-dimensional electrophoresis (Grootegoed et
al., 1982b). | '
After electrophoresis,. the separated proteins were fixed in
the slab gels (1D and 2D) with 10% (w/v) trichloro-acetic acid.
FPor visualization of labelled proteins after separation in two
dimensions, the gels were treated with 2,5-diphenyl-oxazole
(PPO) , to perform fluorography (Bonner & Laskey., 1974);Proteins
separated in one dimension only, were made visible by uéing
Aautoradiography. Unlabelled prgteins'were detected by Staining
of the proteins with PAGE Blue 23 (BDH) or with a silver
staining method (Sammons et al., 1981). The slab gels were
dried under vacuum and heat in a Bio~Rad model 224 gel slab
dryer and subsequently exposed to Kodak XR-1 X~Omat £ilm
(Eastman Kodak Company, Rochester, New York) at -80°C.

" RESULTS )
Isolated pachytene spermatocytes were incubated in the presence
of {3 S)methionine.either from 0-2 h after completion of the
isolétion_piocedure_or from 24-26 h after isolation. Cellulax
proteins within a molecular weight range of approximately
20,000-120,000 were separated with SDS—électrdphoresis and
analyzed with radioautogfaphy. The pattern of proteins newly-
synthesized after preincubation of the isolated cells for 24h
at 32OC in chemicvally defined.medium,rwas'virtually identical
to the pattern of proteins newly-synthesized immediately after
isolation (Fig. 1). In contrast, quantitative differences wéxe
observed when the pattern of proteins newly—synthesiﬁed by
freshly isolated Sertoli cells was compared with the pattern



" of proteins of Sertoli cells labelled from 24-26 h after iso-
lation. At least 8 protein bands from Sertoli cells showed
more incorporation of radioactivity after labelling from 0-2h,
and at least 3 protein bands were more intensely labelled

from 24-26 h. At 24 h after isclaticn, the morphology (examined
by phase-contrast microscopy) of more than 90% of the spermato-
cytes was virtually indistinguishable from that of freshly iso-
lated c¢ells. Moreover, the incorporation of (3H)leucine into
acid precipitable material from spermatocytes (expressed per
number of cells) was comparable when measured during 0-2 h or
24-26 h after isolation. At 48 h after isclation, however, most
spermatocytes showed morphological signs of degeneration. Ser-
toli cells can be maintained in incubation for mere than one
week {(Grcotegoed et al., 1978}.

Only a small number of proteins can be analyzed with one-
dimensional electrophoresis, and the effect of a 24 h incuba-
tion period on protsin synthesis in isolated spermatocytes was
therefore also studied by using two~dimensional electrophore-
Sis. Proteins with iso-electric points between 4.5 and 7.0 and -
molecular weights between 20,000 and 120,000 were analyéed
with the gel system used. Approxzimately 300-400 spots could be
obgserved after staining of the separated proteins with a very
sensitive silver-stain technique, or in fluorograms of proteins
labelled with (355)methionine. Pluorcgrams of radicactively
labelled proteins, newly-synthesized by pachytene spermato-
cytedg or round spermatids during 2 h, are shown in Fig. 2.

Also with this powerful method virtually no effect of preincu-
nation for 24 h was cbhserved on the pattern of protein synthe-
$is by pachytene spermatocyﬁes {Figs. 2a and 2b). However, the
-protein synthesis patterns of pachytene spermatocytes and

round spermatids were markedly different (Figs. 2a and 2c¢}.
Several differences between the patterns of proteins, newly-
synthesized by pachytene spermatocytes and.by round spermatids
are indicated in the figure. At least 8 spots represent
proteins which were synthesized at a much higher rate in sperm-—
ateocytes than in spermatids, and at least 10 spots represent
proteins which were synthesized preferentially in spermatids.

"These results, observed in at least three different experiments,
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Figure -I. Radiocautographic patterns obtained after one-
dimensional electrophoretic analysis of newly-
synthesized proteins from isolated pachytene
spermatocytes or Sertoli cells.

Cells were incubated for 2 h in the presence of ( S)—

methiconine (200 Ci/mmol) immedlately after isclation (&)

or after 24 h of incubation (B}. Arrows indicate differ-

ences between the Sertoli cell protein bands in lanes A

and B.
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Figure 2. Fluorographic patterns obtained after two-dimensional
electrophoretic analysis of newly synthesized
proteins from:

freshly isolated pachytene spermatocytes (A), pachytene sperm-

atocytes after 24 h of incubation (B), or freshly isolated

round spermatlds {C}. Célls were incubated for 2 h in the

presence of . (35S)methlon1ne..Reference spots which were present
in both cell types were interconnected to compose a frame for
mutual comparison of the fluorograms. Arrows indicate -qualita-
tive differences between the two cell types. Two very dense
spots, which are exclusively present in spermatids, are numbered.



indicate that a specific pattern of proteins is synthesized
in spermatocytes as ceompared to spermatids. Morebver, the
pattern of protein synthesis in pachytene spermatocytes was
maintdined during incubation for 24 h in the absence of

Sertoli cells.

DISCUSSION

The present results show marked differences between the pat-
terns of proteins, newly-synthesized by pachytene spermato-
cytes or by round spermatids. We have tried to purify the
germ cell preparations extensively by subjecting preparations
of pachytene spermatocytes and round spermatids, collected
from the sedimentation cclumn, to a subseguent purification
on Percoll gradients. A similar procedure was first described
by Meistrich et al. (19%81) and resulted in a significant im-
provement of purity. Despite this extensive purification,
cross-contamination of the preparations of spermatocytes and
sperﬁatids does not allow definite conclusions with respect
to absolute qualitative differences between the protein pat-
terns of spermatocytes and spermatids. However, some very
dense spots (marked 1 and 2 in Fig. 2¢) present in the pattern
of spermatids, are completely absent in the pattern of sperm-
atocytes, indicating that contaminating spermatids do not con-
tribute to the pattern of protein synthesis of spermatocytes.
Changes in the patterns of protein - or RNA synthesis, conco-
mitant with development from pachytene spermatocytes to round
spermatids, have also been shown by other investigatcrs
(Grootegoed et al., 1977; Boitani et al., 1980; Kramer &
Erickson, 1982). The occurrence and timing of bicchemical
changes during development may represent a series of events
programmed within germ cells, and the execution of this pro-
gram may be supported and/or directed by Sertoli cells. A
change in the pattern of newly synthesized préteins, resulting
from development of pachytene spermatocytes during 24 hours
of incubation, is unlikely to be observed. The reason for
‘thig is that development through the pachytene spermatocyte
stage takes about 13 days in rats, and the preparations of

mid-late pachytene spermatocytes used in our experiments may
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contain cells which differ up to 8-10 days in development.
The present results show that in Sertoll cells the pattern of
néwly synthesized proteins was changed after‘24 h of incuba-
tion.. Previously, it has been shown that after isolation and
incubation of Sertoli cells changes in steroid and protein
secretion occur (Louis & Fritz, 1977; Grootegoed et al., 1978;
Rommerts et al., 1980; Skinner & Griswold, 1982). Hence,
activities of Sertoli cells can be influenced, and these
‘changes are not related to cell death, because Sertoli cells
can be maintdined in incubation for more than one week. In
contrast, the present results show that the pattern of proteins
newly-synthesized bj péchytene spexmatocyteéydid not change
after incubation of the cells fof 24 h, although many cells
die during a subséduent incubation period. Previously, it was
reported that isolation of mouse péchytene spermatocytes and
spermatids from seminifercus tubules did not result in an im-
mediate change of the protein synthesis pattern (Boitani et
" al., 1980), Moreover, the electrophoretic pattern of glyco-
protein fucosylation by isolated round. spermatids was main-
tained for at leaét 20 h of incubation (Grootegoed et al.,
1982b) . These observations indicate that developing germ cells
maintain a specific pattern of synthetic activities in vitro
in the absence of Serteoli cells. .
In vivo activities of Sertoli cells will be changed after.
hypophysectomy, because Sertoli. cells are target cells for FSH
and testosterone. It could be suggested that activities of
germ cells are also directly regulated by hHormones, because
. pachytene spermatocytes and round spermatids contain adenyl-
cyclase, cAMP-dependent protein kinase and phosphodiesterase,
eﬁzymes involved in cAMP-mediated modulation of cellular
actiﬁities (Adamo et al., 1980a,b; Gordeladze et al., 1981;
Rossi et al., 1982); Howevér, in rats no changes were observed
in the péttern of RNA synthesis and RNA processing by pachy~
tene spermatocytes at 64 h after hypophysectoﬁy (Grootegoed
et al., 1979). Moreover, it has been shown that after. hypophy-
sectomy spermatogenesis was carried out at a normal rate .
(Clermont & Harvey, 1965). These'observations indicate that
the absence of FSH and téstosterohe, and impairment of Sertoli

11



cell function feollowing hypophysectomy does not induce qualit-~
ative changes in spefmatocytes. In contrast, after hypophy-
sectomy ©f rats the number of RNA-synthesizing spermatocytes
decreased (Grootegoed et al., 1979%) and the number of degen-
erating cells increased (Russell & Clermont, 1977). _
In vitro a positive guantitative effect of'pyruvate and lactate
on RNA - and protein synthesis of isolated pachytene spermato-
cytes was observed (Jutte et al.,, 1981) and it was postulated
that synthetic activities of pachytene spermatocytes and round
spermatids are supported by supply of pyruvate and lactate
from Sertoli cells (Jutte et al., 1982). The metabolism of
glucese and the secretion of pyruvate and lactate by Sertoli
cells was stimulated by FSH in vitro (Jutte et al., 1982). The
amount of proper energy substrates available to germ cells in
the spermatogenic micro-environment in viveo may be reduced
after hypophysectomy, leading to an inhibition of energy-
reguiring processes in spermatccytes and spermatids. This may
explain why synthetic activities of developing germ cells show
rapid guantitative changes, but no gqualitative changes after
hypophysectomy. In addition to pyruvate and lactate, other
factors from Sertoli cells may bz involved in the action of
Sertoli cells upon germ cells, but a preper supply of pyruvate
and lactate to pachytene spermatocytes and round spermatids is
nrobably a prerequisite for other interactions between Sertcli
cells and germ cells to occur.

In summary, isolated pachytene spermatocytes maintain a
specific pattern of protein synthesis during incubation for

24 h in a chemically defined medium, fortified with pyruvate
and lactate. Therefore, within this period, the presence of
Sertoli cells may be regulred to support an optimal rate of
synthetic activities in spermatocytes, rather than to modulate

these activities.
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Exogenous lactate is essential for metabolic activities
in isolated rat spermatocytes and spermatids

‘Nicolet H. P. M. Jutte, J. A. Grootegoed, F. F. G. Rommerts and
H. J. van der Molen

Department of Biochemistry (Division of Chemical Endocrinology), Medical Faculty,
Erasmus University, Rotterdam, The Netherlands

Summary. Spermatocytes and round spermatids were isolated from rat testis and
the effects of addition of 3-3 mM-glucose and 6 mm-pL-lactate to the incubation
medium on the morphology, oxygen consumption and incorporation of uriding and
amino acids of these cells were investigated. Addition of lactate to isolated germ
cells increased O, consumption 1-8-fold and incorporation of precursors of RNA
and protein by at least 5-fold. The amino acid incorporation into spermatocytes and
spermatids was irreversibly decreased after a preincubation for at least 5 h or 70 min
respectively in the absence of lactate, indicating degeneration of the germ cells. In the

. presence of lactate, however, spermatocyfes maintained their morphological integrity
for at least 24 h. Addition of glucose to isolated germ cells had no effect on any of the
parameters investigated. It is concluded that isolated spermatocytes and round
spermatids may utilize lactate, perhaps secreted by Sertoli cells, as the main source
of energy.

Introduction

Germ cells in mammalian testes develop in a tubular environment which is controlled to a high
degree by Sertoli cells. It is still unknown, however, which Sertoli cell products are important for
germ cells. 'Glucose is known to be very important for the survival of germ cells in the testis.
Inhibition of glucose transport by injections of 5-thio-bD-glucose (Zysk, Bushway, Whistler &
Carlton, 1975; Lobl & Porteus, 1978; Basu, Ramakrishnan, Prasannan, Rama Sarma &
Sundaresan, 1979 Majumdar -et al, 1979; Majumdar & Udelsman, 1979) and induction
of acute hypoglycaemia {(Mancini, Penhos, Izquierdo & Heinrich, 1960) result in degeneration
of germ cells. In isolated testicular tissue from adult rats, the addition of glucose to the
incubation medium resulted in increased RNA synthesis (Hollinger & Hwang, 1972),
protein synthesis (Means & Hall, 1968b; Davis, 1969; Hollinger & Hwang, 1972), ATP
levels {Means & Hall, 1968a) and oxygen consumption (Tepperman, Tepperman & Dick,
1949; Serfaty & Boyer, 1956; Gomes, 1971). Testicular protein synthesis was increased 7-fold
by glucose while in 16 other tissues from adult rats the stimulation was less than 1-5 times
(Davis, 1969} Radioautographic analysis of testicular tissue incubated with [*Hllysine has
shown that addition of glucose increases especially incorporation of this precursor into protein
of pachytene spermatocytes and spermatids (Davis, 1969). No effects of glucose on metabolic
activities in testicular tissue have been observed, however, when the number of germ cells
was low, as in immature rats (Means & Hall, 1968z, b), {following hypophysectomy (Means &
Hall, 1968b) or after induction of experimental cryptorchidism (Davis, 1969; Gomes, 1971).
Hence, it was congcluded that pachyiene spermatocytes and spermatids are most dependent on
a proper supply of glucose. On the other hand, the effect of glucose on isolated spermatocytes
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and spermatids is small, i.e. approximately 1-5-fold stimulation of amino acid incorporation
(Nakamura & Hall, 1976, 1977; Nakamura, Romrell & Hall, 1978). These resuits suggest a
discrepancy between the effects of glucose on germ cells in vivo and in vitro. In our experiments
we observed a pronounced positive effect of lactate and pyruvate on isolated germ cells in
- media containing glucose. Therefore, we have studied the effects of glucose and lactate on
different metabolic activities in isolated germ cells. -

Materials and Methods
Cell isolation

Germ cell suspensions were prepared enzymically from testicular tissue of immature rats
(Wistar strain, substrain R-Amsterdam, age 30-35 days, body weight 70-80 g) (Romrell,
Bellvé & Fawcett, 1976; Bellvé et al., 1977a; Bellvé, Millette, Bhatnagar & O’Brien, 1977b).
Pachytene spermatocytes and round spermatids were isolated by velocity sedimentation of the
cell suspensions in non-linear albumin gradients (1-0—3-2%) at unit gravity during 70 min at
room temperature (Grootegoed, Grollé-Hey, Rommerts & van der Molen, 1977). Cells were
counted in a haemocytometer. Isolation medium and incubation medium were essentially
Hanks’ Balanced Salt Solution (Hanks & Wallace, 1949) and Eagle’s Minimal Essential Medium
(Flow Laboratories Ltd, Irvine, Ayrshire, Scotland, U.K.). Both media were modified with an
increased amount of KCl (569 mM) and the osmolarity was adjusted by lowering the NaCl
. concentration (Grootegoed et al., 1977). The isolation medium was supplemented with 6 mM-
sodium-DL-lactate (Sigma; 50% vL-lactate). When indicated in the text, lactate and/or glucose
were added to the incubation medium to a final concentration of 6 mM-DL-lactate and 3-3 mm-
glucose.

Sertoli cells were obtained from 26- day old rats which had been irradiated in utero on Day
19 of gestation with 150 rad (Beaumont, 1960). As a result of this treatment the testes were
depleted of germ cells. Testes of these irradiated rats were treated with collagenase (0-5 mg/ml)
during 20 min at 32°C to obtain tubules free from myoid and interstitial cells. These tubules
were fragmented with a Dounce homogenizer (Fritz, Rommerts, Louis & Dorrington, 1976).
All cells were incubated at 32°C. '

RNA and protein synthesis

Isolated germ cells were incubated in the incubation medium described above, containing
labelled precursors for RNA and protein, during 2 h at 32°C under a humidified atmosphere
of 5% CO, in air.'On several occasions incubation with radioactively labelled precursors was
preceded by a preincubation in the absence of this radioactivity. The incubations were stopped
by cooling to 4°C and addition of cold 0-9% (w/v) NaCl with either 0-5 mM-uridine and 7 mm-
leucine or 6-7 mM-methionine. Cells were filtered over 0-2 pm filters (Sartorius) and washed

_with 0-9% (w/v) NaCl. Subsequently the cells were lysed and macromolecules were precipitated
with 10% (w/v) trichloroacetic acid for 10 min. The precipitate was washed with 10% (w/v)
trichloroacetic acid, to remove non-incorporated precursor, and then with 70% (v/v) ethanol.
The precipitate was dissolved in 500 pl 1 M-NaOH and radioactivity in the samples was
counted after addition of 8 ml Picofiuor (Packard).

Oxygen consumption

Isolated germ cells were incubated in phosphate-buffered saline (Dulbecco & Vogt, 1954),
supplemented with vitamins and amino acids as present in the incubation medium and, when
indicated in the text, 6 mM-DL-lactate and/or 3-3 mM-glucose were added. Oxygen consumption
was measured in a Warburg apparatus (Umbreit, Burris & Stauffer, 1964). )
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Results

The morphology (examined with phase-contrast microscopy) of isolated spermatocytes
incubated for 24 h in a medium containing 3.3 mMm-glucose and 6 mM-DL-lactate or 1 mMm-
‘pyruvate, was very similar to that of freshly isolated germ cells. In contrast, the cells cultured
without added lactate were degenerate, with translucent cytoplasm and clumped chromatin.
Isolated spermatids cultured without lactate became degenerate after several hours. Isolated
spermatocytes and spermatids therefore appear to require lactate more than ghucose.

The effect of lactate was also demonstrated in short-term experiments. Lactate stimulated
oxygen consumption of freshly isolated spermatocytes and spermatids both in the presence and
absence of glucose (Text-fig. 1). Lactate had no significant effect, however, on the oxygen
consumption of Sertoli cells. Uridine and leucine incorporation into isolated spermatocytes
and spermatids was increased at.least 5-fold by the addition of lactate, whereas glucose had no
significant effect (Table 1). This effect was demonsirated after 60 min preincubation with lactate.
In Sertoli cells, addition of lactate with or without glucose caused a 2-fold maximal stimulation
of leucine incorporation. ‘
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Text-fig. 1. The oxygen consumption by isolated germ cells (37% spermatocytes, 53% round
spermatids, 4% other germ celis and 6% somatic ceils) from rat testes incubated with {——)
or without ( } giucose and. with (@) or without (O) lactate, The values are the means
obtained with 4 different cell preparations, and vertical bars indicate the s.d. * Slgmﬁcantly
different from valués w:thout lactate, P < 0:01 (Student’s ¢ test).

Incubation of germ cells in the absence of lactate for short periods did not cause an
irreversible change of the capacity to incorporate amino acids. However, after a preincubation
period without lactate of at least 5 h and 70 min for spermatocytes and spermatids reSpectwely,
the mcorporatlon of methionine was not restored after addition of lactate (Table 2).
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Table 1. Incorporation of [*Hluridine and !*C}leucine into isolated
) germ cells from rat testes

Substrate in incubation medium Incorporation
6 mM-DL- [H]Uridine [MC]Leucine
3.3 mm-glucose lactate (nCi/10% cells) (%10~ nCi/10¢ cells)
— — 5-5+£3.6 [.3+1-0
+ - 21-8+ 15-3 2.0+ 1:6
- + 91.8 + 24-5 17.4 &+ 7-2%
+ + 1255 + 50-9 20-3 + 6.7*

The 5 x 10° cells (55-88% spermatocytes, 1-23% round spermatids,
9—15% other germ cells and 2-9% somatic cells) were incubated for 2 h in
! ml incubation medium containing 5 pCi [5-*H]uridine (final sp. act.
5 mCi/mmol) and 0-6 pCi L-[U-"Clleucine {final sp. act. 12 mCi/mmol)
after preincubation for 60 min. Radioactivity in trichloroacetic acid-
precipitable material was estimated. Values are mean + s.d. obtained with 4
different cell preparations.

* Significantly different from incorporation in the absence of glucose and
lactate, P < 0-01 {paired Student’s # test).

Table 2. Effect of preincubation without lactate on incorpor-
ation of methionine into isolated germ cells from rat testes

[**$ IMethionine incorporation

Lactate in medium - (nCi/10% cells)
Preincubation® Incubation Spermatocytes Spermatids
- - 57+4.0 0-8+0.3
- + 188 + 6:6 2.8+ 1.0
+ + 316 + 10-7 4.9+ 2.1

The 5 x 10° cells of a spermatocyte fraction (80% spermato-
cytes, 6-8% round spermatids, 8-12% other germ. cetls and
4-5% somatic cells) or 10° cells from a spermatid fraction (15—
20% spermatocytes, 70~76% round spermatids, 6-9% other germ
cells and 1-4% somati¢ cells) were incubated for 2 h in 200 ul
incubation medium containing 10 pCi r-[**S]methionine (final
gp. act. 20 Ci/mmol) in tubes shaken at 120 oscillations/min.
The. incubation medium contained 3.3 mm-glucose and, as indi-
cated, & mM-DL-lactate. Values are mean + s.d. for 3 different cell
preparations.

* 57 h for spermatocytes and 70-90 min for spermatids.

Discussion

The present results show that in germ cells isolated from rat testes exogenous lactate is needed
for metabolic activities, as shown by oxygen consumption and RNA and protein synthesis. The
effects of the absence of lactate were immediate and were measurable in short-term incu-
bations. When the germ cells were incubated in the absence of lactate for several hours,
the decreased metabolic activity was not completely restored after addition of lactate and
therefore the cells appear to have degenerated. Degeneration of isolated spermatocytes and
round spermatids was readily apparent with phase-contrast microscopy after an incubation
without lactate for 24 h. A small percentage of Sertoli cells was always present in our germ cell
preparations, but the effects of addition of lactate to germ cell cultures could not be ascribed
to contaminating Sertoli cells.
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The present observations are very relevant for investigations with male germ cells ir vitro.
The isolation and incubation of these cells have been performed by many investigators using
media that did not contain lactate or pyruvate. For example, protein synthesis in isolated germ .
cells (Nakamura ef al. 1978) and permeability of the plasma membrane of isolated germ cells
(Lee, 1974} have been measured at 32°C and 37°C in media which contained no other
substrate than glucose. It is very likely that the observations made in these experiments were.’
markedly influenced by degeneration of the germ cells due to the absence of a proper substrate.

The fact that glucose cannot support metabolic activities of germ cells may be due either
to a block in glucose transport or to a block in glycolysis and the hexose monophosphate
shunt, It has beén demonstrated that the X chromoesome is inactive throughout meictic pro-
phase (Monesi, 1965) and therefore the specific activity of the X-linked iso-enzyme of the
glvcolytic enzyme phosphoglycerate kinase (PGK) in germ cells may be rather low. It is not
possible to- conclude, however, that a block in glycolysis in germ cells is. caused by the fact _
that PGK is X-linked because an autosome-linked PGK iso-enzyme, present in testicular tissue,
is probably active in spermatocytes and spermatids (VandeBerg, Cooper & Close, 1973, 1976},
Similarly, the enzyme glucose-6-phosphate dehydrogenase is X-linked, but a block of the
hexose monophosphate shunt in germ cells may be prevented by the activity in these cells of
an autosomally coded iso-enzyme demonstrated in testicular tissue (Brock, 1977). There is no
definite proof, howsver, that the enzymes mentioned above or other enzymes involved in
ghucose metabolism are fully active in spermatocytes and spermatids. It is, therefore, still
possible thai glicose metabolism is blocked in these cells by inactivity of these enzymes.
However, protein synthesis in isolated spermatocytes is not inhibited by the presence of 5-thic-
p-glucose (Nakamura & Hali, 1977), an inhibitor of transport of nD-ghicose (Whistler & Lake,
1972). This observation supports the idea that spermatocytes do not depend on an active
ghicose transport mechanism.

In pachytenc spermatocytes and in spermatlds a specific iso-enzyme of lactate df:hydro~
genase (LDH-X} is present (Meistrich, Trostle, Frapart & Erickson, 1977) It has been shown
that testicular LDH-X catalyses preferentially lactaie oxidation and is localized in cytosol and
mitochondria (Blanco, Burgos, Gerez de Burgos & Montamat, 1976; Mentamat & Blanco,
1976). This, as well as the localization of mitochondria in early round spermatids close to
the cell surface (Clermont & Rambourg, 1978), may indicate that germ cells are specialized
to use exogenous lactate efficiently. Spermatocytes in contact with Sertoli cells in cultures of
seminiferous tubule fragments can survive for more than 5 days in a medium with glucose and
without lactate (Palombi et al, 1979). The survival of germ cells in this system may be
explained by the secretion of lactate by Sertoh cells, because we have observed lactate
- production by Sertoli cells in. culture (2-2 £ 0-8 pmoi/mg protein per day). The effects of
glucose on testicular tissue (see ‘Introduction’) may therefore largely reflect a stimulation of
germ cells by lactate produced by Sertoli cells. '

The dependence of male germ cells on Sertoli cells is not unique, because a similar relation .
exists between female germ cells and follicular cells. Granulosa cells have been shown to
" produce pyruvate (Donahue & Stern, 1968). Isolated mouse and rat oocytes use pyruvate
or lactate as an energy source (Biggers, Whittingham & Donahue, 1967, Zeilmaker &
Verhamme, - 1974; ‘Hillensjoé, Hamberger & Ahrén, 1975; Eppig, 1976), but growing oocytes
can survive in the absence of pyruvate when cultured in the presence of follicular granulosa
ceils (Baran & Bachvarova, 1977; Eppig, 1977; Bachvarova, Baran & Tejblum, 1980). It
remains to be demonstrated whether lactate and/or pyruvate represent an important inter-
mediate for the interaction between Sertoli cells or granulosa cells and germ cells in vive.

We thank Mrs L. M. Koolen-van Meerkerk and Mr R. Jansen for expert technical
assistance and Miss W. Bakhuizen for the help in the preparation of this manuscript. This
work was supported in part by the Dutch Foundation for Medical Research (FUNGO).
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Regulation of survival of rat pachytene spermatocytes
by lactate supply from Sertoli cells
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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. Laciate rather
than glucose is essential for [*Hluridine incorporation and survival of isolated
pachytene spermatocytes. However, if the spermatocytes were incubated in the
presence of Sertoli cells, glucose maintained the incorporation of [*H]uridine into the
germ cells. Sertoli cells secreted lactate in the presence of glucose and the lactate
secretion was stimulated 2-4-fold by FSH. It is concluded that the activity and
survival of pachytene spermatocytes in wifro can be regulated by the supply of
lactate from Sertoli cells.

Entroduction

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 celis, c.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
inyo-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 confirméd 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 vive {Mancini, Penhos, [zquierdo & Heinrich, 1960; Zysk,
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Bushway, Whistler & Carlton, 1973). 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 of seminiferous tubules

Testes from immature rats (Wistar, substrain R-Amsterdam, age 30-35 days, body weight
70-80 g) were decapsulated and treated with ¢ollagenase (CLS-I; Worthington, Freehold, New
Jersey, U.S.A.; 10 mg in 20 ml} in isolation medium (Jutte ef @/, 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 titbules were also washed three times in incubation medium.

Isolation of pachytene spermatocytes

Isolated seminiferous tubules were treated for 15 min with isolation medium containing
trypsin {TRL; Worthington; 10 mg in 20 ml) and deoxyribonuclease (DN-Cl; Sigma, St Louis,
Missouri, U.S.A.; 20 pg in 20 ml), using the conditions described above, followed by addition of
trypsin inhibitor {Sigma; 10 mg in 20 ml} and bovine serum &dlbumin (Sigma, fraction V; final
concentration (-3% 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 um
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 uait gravity for 70 min at 22°C in a non-linear albumin gradient (1-3-2% w/v)
(Grootegoed, Grotlé-Hey, Rommerts & van der Molen, 1977). The cells were washed three
times in incubation medium without glucose before they were used for incubation.

Isolation of Sertoli cells

Sertoli cells were obtained as follows. Isolated seminiferous tubules were fragmented with a
Dounce homogenizer (Fritz et a/., 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 dunng
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 er al., 1981b) at 32°C under a
humidified atmosphere of 5% CO, in air. Glucose and lactate concentrations are given in the
‘Results’. ’

Co-culture of Sertoli 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
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concentration. Subsequently, 0-25 x 10° pachytene spermatocytes were added to each well (2
cm?). After 30 min, 2 pCi [5-*Hluridine/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 monolayér by gentle pipetting with a Pasteur
pipette and the amount of [*HJuridine incorporated into RNA of the germ cells was determined
by trichloroacetic acid precipitation of RNA on filters (Jutte et al, 1981b). Fiiters 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 celis were preincubated for 1 day in 2 ml incubation medium,
unless stated otherwise. This medium contained 5 pg FSH/m! (NIH-FSH-812, 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- 19 albumin (Povnte, 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 hin 2 ml fresh incubation medium containing FSH
‘and/or testosterone and glucose ((—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 mwmy), followed by 2
days of culture in the presence of glucose, were treated with 0.25% trypsin (Difco, Detroit,
Michigan, U.§.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 -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-HCI at 37°C for 15 min. The cells were cooled in ice, centrifuged and:
incubated for 30 min at room temperature i 2 mixture of ribonuclease A (Sigma type 1-A; 10
mg/1), ethidiumbromide (BDH, Poole, England; 10 mg/l) and Nonidet P-40 (BDH; 300 ul/)
(Vindelev, 1977; Clausen & Abyholm, 1980). The suspension was filtered through a nylon filter
(70 um pore size) and processed through an Qrtho Cytoﬁuomgraph 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. '

Resuits

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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Il w

Lactate production
{umaol/mg protein/24 )

Glucose (mm)

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.

10 Lactate Glucose
production consumption

wnol/mg protein/24 h
o .

0l
FSH - = o+ o+ - - + *
Testosterone + -~ +  — -+ =

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 Jactate 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 stimuiation appeared to be caused by FSH under these conditions
(Text-fig. 2).



Sertoli cells and survival of rat spermatocytes E ' 435
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Text-fig. 3 DNA flow cytometric analysis of rat seminiferous tubules cultured for 1 day with or
without glucose. Isolated seminiferous tubiles 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 mMm); (e) incubated for 1 day in the absence
of glucose followed by 2 days i the presence of glucese (3-3 mm). Nuclei of primafy
spermatocytes (4C), spermatids (1C), somatic cells, secondary spermatocytes and spermatogenia
(2C) showed diffetent fluorescence after staining of their DNA with ethidium bromide.
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Text-fig, 4. The effect of ghucose on the incorporation of [*H]uridine int¢ rat spermatocytes, -
co-cutured with Sertoli cells. Pachytene spermatocytes (0-25 x 10%) were labelled with
|5-*Hluridine during 2 h of co-culture with Sertoli cells. The radioactivity incorporations inito 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 seminiférous tubules were
‘incubated for 3 days in the presence of glucose (3-3 mm) (Text-figs 3a. b). However, wheit
seminiferous tubules were incubated without glucose for 1 day; spermatids and spermatocytes
were absent (Text-fig. 3¢). The Sertoli cells in these tubule cultures survived 1 day of glucose
depletion, because after addition of glucose (33 mu) on the 2nd day of incubation, the Sertoli
cells migrated ‘normally, incorporated léucine (as judged by radioautography) and produced
0-96 + 0.55 umol lactate/24 h (compared to controls incubated with glucose, which
produced 085 + 0-37 pmol lactate/24 h). Previously we observed that isolated pachytene
spermatocytes, incubated in the presence of glucose. did not incorperate sigdificant amounts of
[¥H |uridine and | "*Clleucine {(Jutte et al., 198 Ib). However, the incorporation of | 'Huridire into
RNA of isolated spermatocytes incubated in contact with Sertoli cells incréased with increasing
glucose concentrations (Texi-fig. 4). I the absence of glucose, the activity of spérmatocytes in
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these co-cultures was minimal; maximal activity was reached only in the presence of glucose
concentrations greater than 05 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-DLlactate and 1-5 mM-glucose
incorporated 22-7 + 4-2 nCi [*Hluridine (10° cells/2 h). Spermatocytes incubated on top of
Sertoli cells in the presence of -5 mM-glucose incorporated 23.1 + 8-3 nCi [*H|uridine (10°
cells/2 h) (means + s.d. of 3 different cell preparations). Therefore, the [*H|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 er 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 er 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 cuitures of pure Serteli 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 vive is not known, but might be comparable to the concentration of lactate in rete
testis Auid (0-65 mM in rams and ¢-74 mM in bulis), which is half the concentration present in
blood plasma {Setchell, Scott, Yoglmayr & 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
celis) 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,



Sertoli cells and survival of rat spermatocyres 437

Kopko, Bender & Evcrett 1953 Novn 1968; Steinberger & Sud, 1970; Sulhvan, Smith &
Garman, 1979).

In different stages of germ cell deveiopment 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 spermatlds by hormones.

Wé thank Dr B. G. Blijenbcrg and the Central Clinical-Chemical Laboratory of the Dijkzigt
Hospital for assistance with the estimations of glucose and Miss W. Bakhuizen for help in the
preparation of this manuscript. This work was supported in part by the Dutch Foundation for
Medical Research (FUNGQO) and NATO-grant 180.80.
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FSH STIMULATION OF THE SECRETION OF PYRUVATE AND LACTATE BY
SERTOLI CELLS MAY BE INVOLVED IN HORMONAL REGULATION QF
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Endocfinology), Medical Faculty, Erasmus University

Rotterdam, Rotterdam, The Netherlands

SUMMARY

Pyruvate and lactate secretion by Sertoli cells, and the

effect of p & 1 on isolated pachytene spermatocytes and round
gpermatids were studied. Pure Sertoli cells wefé obtained from
3-6 week-old rats, which were sterile after prenatal irradiation.
The léctate secretion by these Sertoli cells, meaéﬁred from 24~
48 hours after isolation during incubation in the absence of
hormcones, increased with age of the rats from 3-6 weeks. A£ all
ages investigatéd, the lactate secretion was enhanced in the
presence of FSHplus testoéterbne, but the stimulation was most
pronounced at 4 weeks of age. The increase of the lactate
secretion was caused by follicle-stimulating hormone (FSH),
whereaé testosterone did not exert an effect. Serteli cells

from 4-week-cld rats secreted both pyruvate and lactate, which
accumulated in the incubation medium in a ratiec l1:4. The stimula-
tion of the pyruvate and lactate secretion by FSH was dose-

dependent (ED50 at approximately 10 ng NIH-FSH-S13/ml). The © & 1



secretion was stimulated two-fold by insulin, four-fold by FSH
and more than six-fold by bt,cAMP (in the presence of
3-isobutyl-l-methylxanthine). The effects of FSH and insulin
were not additive. '

The leucine incorporation into isolated pachytene spermatocytes
and round spermatids was stimulated by both exogenous pyruvate‘
and lactate in a dose-dependent way. A maximal rate of leucine
incorporation was obtained with 0.2 mM pyruvate or 2 mM L—léctate.
Spent medium from incubated Sertoli cells (from 4-week-old rats)
stimulated the leucine incorporation intc isolated pachytene
spermatocytes and round spermatids 4-8-fold. This effect could
be explained by the amounts of pyruvate and lactate present in
the spent medium. It is concluded that pyruvate and lactate are

major secretion products from Sertoli cells, which can support

synthetic activities in germ cells, and the present results
indicate prruvate and dactate may plav a role in the hormonal

regulation of spermatogenesis.

INTRODUCTION

The initiation and maintenance of spermatogenesis in'mammalian
~ testes is dependent on the presence of follicle-stimulating
hormone (FSH) and testosterone. It has been shown that these
hormones exert direct effects on Sertoli cells, whereas it can
be concluded from several observations that spermatocytes and
spermatids are no target cells for FSH and testosterone
(Grootegoed, Peters, Mulder, Rommerts & wvan der Molen, 1977;

Fritz, 1978). Hence, hormonal regulation of spermatogenesis



appears t0 be mediated by Sertoli cells.

Support for a possible nutritive r&le of Sertoli cells in germ
cell develdpment are the recent observations that Sertoli cells
secrete 'p & 1 ét a high rate (Jutte, Grootegoed, Rommerts

& van der Molen, 1981; Robinson & Fritz, 1981).and that pachytene
spermatocytes and . round spermatids require éxogeﬁous pyruvate
and-lactaté to carry out energy requiring processes (Jﬁtte et al.,
“1981la; Jutte, Koolen, Jansen; Grootegoed, Rommerts & van der
Molen, 1981; Mita & Hall,‘1982). Moreover, the raté of aerobic
giucOse utilization'and-p ; 1 production by Sertoli cells from
Vimmatﬁre raﬁs was found to be increased during incubation in
.the-presence‘pf FSH {(Jutte, Jansen, Grootegoed, Rommérts,élausen
§ van der Mclen, 1982; Jutte, Jansen, Grootegoed, Rommefts.&
~van der Molen, 1982) . The present experiments were performed to
study the p & 1 secreticn by‘Sertoli cells in more detail with
émphasis‘oh the r&le of FSHJdufing prepubertal testis
devélopment[ and effects of insulin. |

Many unknown.componeﬁents secreted by Sertoli cells may be
invélved in germ cell development. Therefore, we studied also

- whether p & 1 are the most impgrtént factors, present in

' spent medium from Sertoli <ells, which maintain activities of

germ cells during short-term incubations.

MATERIALS AND METHODS

Cell isolation

Germ c¢ells were isolated from immature rats (Wistar, substrain .

R-Amsterdam, age 30-35 days, body weight 70-80 g) by sedimenta-



tion at unit gra&ity as described previously (Jutte et al.,
1982b}. Two germ cell fractions were cobtained: a pachytene
spermatocyte fraction, which contained mid-late pachytené
spermatocytes (80 + 9%), round spermatids {4 + 3%), somatic
cells (1 + 1%), other germ c¢ells and unidentified cells

(7% 4%); a round spermatid fraction, which contained round sperma-
tids (81 + 9%), early spermatocytes (7 + 4%), mid pachytene
spermatocytes (6 + 4%), somatic cells (1 + 1%), other germ cells
and.unidentified cells (4 + 2%) (mean + 8.D., n = 13).

Sertoli cells were isclated from 3-6-week-old raﬁs as decribed
previously (Jutte et al., 198la). The rats were irradiated in
utero on day 19 of gestation to obtain germ cell depleted testes,
for the isolation of Sertoli cells not contaminated with germ
cells (Beaumont, 1960). Following isclation, the germ cells and
~ Serteli cells were wéshed thrice in incubation medium centaining

3.3 mM glucose (Jutte et al., 198la}.

Incubation conditicns

Sertoli cells (approximately 300 ug of protein) were incubated -
for.24 h in 2 ml incubation medium (no pyruvate and lactate
zdded) at 32°C under a humidified atmosphere of 5% co2 in air,'
in the absence or presence of FSH (5 ng NIH-FSH~S12, 1.25 U/mg
or 0.5 pg/ml NIH-FSH~S513, 15 U/mg, gifts from the Endocrinoclogy

- Study Secticn, Naticnal Institute of Health, Bethesda, MS,
U.S$.2.), testosterone (200 ng/ml), dibutyryl cyeclic AMP (0.5 M),
3-isobutyl=l-methylxanthine (MIX, 25 uM) and insulin {5 ug/ml,
Sigma, 26.8_U/mg). The medium and additions were renewed after

24 h of incubation and the spent medium from the 24-48 h



. incubation period was collected, centrifuged at 1500 g for

10 min to remove a few unattached cells, and stdfed at 4°C.

For soﬁeexperiments ﬁﬁice the -amount of Sertoli cells hpproximately
600ug of protein) was‘incuﬁated as described above,_to chtain

spent mediunm (Sertoli’cell—conditioned medium) . |
Pachvtene spermatocytés (0.5 x lO6 cells) or round spermatids

(10°

cells) were incubated either in 0.5 ml incubation medium
plus 0.5 ml Sertoli cell-conditicned medium'or in i ml incubaticn
medium containing 0-2 mM sodium pyruvate (Boehringer) or 0-4 mM
sodium DL-lactate (Sigﬁa, approximately 50% L~lactate).’
Incofporation of tBH)léucine inteo celiular protein was estimated
by incubation of germ cells for 2 h in the presence of 5 pCi

of (4,5-38)leucine (final specific radioactivity 20.7 mCi/mmoli,
following a preincubation of 30 min. The incubations were
terminated by addition of cold 0.9% (w/v) NaCl (containing

7.6 mM-leucine) and subseguently the ambunt_of radicactivity
incorpofated into protein was estimated by precipitation of
macromblecules with trichloroacetic acid (Jutte.et él., 1981a,
1982Db) .

The amcunts of lactate and pyruvate in the media were estimated
enzyﬁically'accbrding to Hohorst (1970} and Czok & Lémprecht
'(1970). The data were stapistically_énalyzed with the Student's

t~test.
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Figure 1. Lactate secretion by Sertoli cells from 3-6-week-old
rats.
Sertoli cells obtained from prenatally irradiated rats of
different ages were incubated for 24 h in chemically defined
medium without further additions (o) or in the presence of FSH
(7.5 NIH~FSHE~-S1 U/ml) and testosterone (200 ng/ml) {(e). After
24 h of incubation, the medium was renewed and incubation was
continued for another period of 24 h in the presence of the
hormones. The amount of lactate present in the soent medium
from 24-48 h of incubation was estimated and expressed pver mg
of cell protein. Results represent means + 5.D. for 4-15
different cell preparaticns (the numbexr of cell preparations
is given between brackets}. Each c¢ell preparation was tested
in duplicate incubations. At all ages the amount of lactate
in the spent medium was significantly higher after incubation
in the presence of hormones (p < 0.01).
¥ Significantly different from the lactate secretion by
Sertoli cells from 3~week-old rats (p < 0.05).
#% Significantliy different from the lactate secretion by
. Sertoli cells from 4-week-old rats (p < 0.05).

RESULTS

Secretion.of D & 1 by Sertoli cells

From 3 to 6 weeks of age the testes of intact rats become
populated with the more advanced germ cell types (pachytene
spermatocytes, spermatids) which appear to require p & 1 .

Therefore, we have studied the » & 1 secreticn by Sertoli cells



isolated from 3-6-week -old rats. A preparation of Seftoli cells
was obtained from sterile prenatally irradiated rats. The

Sertoli cells were incubated in chemically defined medium and
lactate was estimated in the spent medium. The following results
were obtained:

1). the lactate production in the absence of hecrmones (basal
production, expressed per mg of cell protein} was increased
four-fold frém 3~-6 weeks of age {(Fig, 1); 2) the lactate
secretion by Sertoli cells from 3-6-week-old rats was increased
during incubation in the presence of-FSH plus teétosterone

{(Fig. 1}, but the ratio stimulated to unétimplqted secretion
decreased with age as a result of the increased basal production;
3) testosterone did not increase the basal or FSH-stimulafed
lactate secretion by Sertoli cells from 4-week-old rats (Table 1).

The effects of FSH were most pronounced in Sertoli cells from

Table 1. Effects of testostercne and FSH on the lactate
secretion by Sertoli cells from é-week-old rats.

Treatment lactate secretion
{umecl/mg protein/24 h)

No additions . 4.98 + 0.12
testosterone 5.192 + 0.0%9
FSE : 8.05 + 0.25%
FSH plus testosterone §.06 + 0.71g

The lactate secretion by Sertoli cells from 6-week-old rats

was estimated as described in the legend to figure 1. Results

represent means + 5.D. for 3 different cell preparations.

Fach cell preparation was tested in duplicate incubations.

* Significantly different from control and testosterone
treated Sertoli cells (v < 0.01}.
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Figure 2. FSH dose-response curve of pyruvate and lactate
secretion by Sertoli cells.
Sertoli cells obtained from 4-week-old rats were incubated for
48 h in the presence of different amounts of NIH-FSH-S13. The
medium was renewed after 24 h and the amounts of pyruvate and
lactate present in-the spent medium from 24-48 . h of incubation
were estimated and expressed per mg cell protein. Results
represent means + range of duplicate incubations.

4-week=-0ld rats and therefore further e.xperiments-were performed
using these Sertoli cells. The response to FSH of fhe secretion
of both pyruvaté and lactate by Sertoli cells from 4-week-old
rats was dose-dependent (Fig. 2)1 Pyruvate and lactate were
found in the spent incubation medium in a ratioc 1:4. This ratio
was the same in the'absence or presence of FSH. Half-maximal

- stimulation of the secretion of both p & 1 was obtained at
approxiﬁately 10 ng of NIH-FSH-S13/ml.

Because insulin is involvea in glucose meiabolism, its effect
on the triose secretion by Sertoli cells was investigated. The
secretion of pyruvate and lactate by Serto;i cells from 4-week-
old rats was stiﬁulated two-fold after 24-48 h of incubation in

the presence of insulin, whereas a four-fold stimulation was



found in the presence of FSH plus testosterone (Fig. 3)f Insulin
did not furthef increase the rate of p & 1 secretion obtained

in the presence of FSH plus testosterone. Addition of btz-cAMP
‘plus the phosphodiesterase inhipitor MIX to isolated Sertoli cells
stimulated the p & 1 secretionlsixﬁféld, indicating that the
total cépacity.of Sertoli cells for p &‘l secretion was larger

that was evoked by FSH and insulin (Fig. 3).
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Figure 3. Effects of imsulin and bt,cAMP on the secretion of
pyruvate and lactate by Sértoli cells from 4-week-

old rats. : .

Sertoli cells were incubated as described in the legend to .

Fig. 2 in the presence or absence of insulin (I) (5 ug/ml),

FSH (F) (0.5 ug NIH-FSH-S13/ml), testosterone (T) (200 ng/ml)

or bt cAMP (0.5 mM) and MIX (25 uM). Results represent means +

S.D. %or 3-7 different cell preparations (the number of cell

preparations is given between brackets)., Each cell preparatijion

was tested in duplicate incubations. '

* Values significantly different froem the adjacent values to

" the left in the figure {(p < 0.01),



Effect of p & 1: on germ cells

The stimulation of (3H)leucine incorporation inte isolated
pachytene spermatocytes and round spermatids by exogenous
lactate and pyruvate was dcse-dependent (Fig. 4} . Pyruvate

was effective at 10~-fold lower concentrations than lactate to
support a high rate of leucine incorporation, since maximal
leucine incorpcration was reached at approximately 2 mM L-lactate
or 0.2 mM pyruvate for both pachytene spermatocytes and round
spermatids during an incubation for 2 hours in the presence

of 3.3 mdM glucose. Morsover, addition of both L-lactate (3 or
6 mM) and pyruvate (2 mM) to spermatocytes and spermatids did
not further increase the leucine incorporaticn above the level
obtained by addition of pyruvate alone (results not shown).
This indicates that pyruvate, irrespective of the presence

of lactate, can support a high rate of protein synthesis

during short-term incubations,

Effect of Sertoli cell-conditioned medium on germ cells

To define the relative importance of p & l' to germ cells, as
compared to other products secreted by Sertoli cells, we have
investigated the effect of spent medium from incubated Sertoli
cells on germ cells. Isolated pachytene spermatocytes and round
spermatids were incubated for 2 h in Sertoli cell-conditioned
medium (1:1 diluted with fresh medium) and (BH)leucine incorpecra-
tion into the cells wasrmeasured. The pmol amounts of incorporated
leucine were calculated from the incorporated radiocactivity,

after correction for an increase of the specific radicactivity

of leucine in the gpent media, caused by leucine congsumption by

i0
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Figure 4. Effect of lactate and pyruvate concentrations on the
incorporation of leucine into isclated spermatocytes

and spermatids.

Isclated germ cells were incubated for. 2 h in incubation mediun

containing different concentrations of pyruvate (A} or lactate

(B} in the presence of 5 uCi ("H)leucine {(final spec. act.

20.7 mCi/mmol). Radicactivity inccrporated intoc acid-

precipitable material was estimated as described in Material

and Methods. The total amount of leucine incorporated was

calculated. '
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Sertoli cells. In the 1:1 diluted conditioned medium this leucine
consumption may account for maximally a two-fold increase of the
specific radioactivity of leucine and this could result in
maximally a two-fold increase in incorporation of (3H)leucine
into spermatocytes and spermatids incubated in this medium. The
incorporation of leucine into isolated pachytene spermatocytes
and round spermatids incubated in conditioned medium was
respectively 8- and 4.5-fold (uncorrected 16- and 9-fold) higher
than into germ cells incubated in fresh medium (Figure 5). The
coﬁcentrations of pyruvate and lactate in the Sertoli cell-
conditioned media (1:1 diluted with fresh medium) were
respectively; 0.16 + 0.04 mM and 0.70 + 0.19 mM (mean + S.D.

for 3 different cell preparations) at the start of the incubation
with germ cells. From the dose-response curves (Fig. 4) it
appears that these p & 1 concentrations may account for the
effect of Sertoli cell-conditioned media on protein synthesis in

spermatocytes and spermatids.

DISCUSSION

The results presented indicate that, among many components
presumably present in spent medium from Sertoli cells, pyruvate
and lactate are major secretion products, which act to maintain
a high rate of protein synthesis in isﬁla£ed spermatocytes and
spermatids during short-term incubations. Moreover, pyruvate and
lactate production by Sertoli cells were markedly stimulated

by FSH, and it is therefore tempting to suggest that p & 1 may

be involved in the effects of FSH on spermatogenesis.

FSH and testosterone are involved in initiation of spermatogenesis

12
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Figure 5. Effect of Serteoli cell-conditioned medium c¢n the
incorporation of leucine intoc spermatocytes and
spermatids.
Sertoli cells from 4-week-old rats were incubated in the
presence of NIH-FSH~S12 (5 ug/ml) and testosterone (200 ng/ml)
Spent media from 24-48 h of incubation were collected
{conditioned medium). Isolated germ cells were incubated
during 2 h in fresh medium (a), "or in & mixture of 0.5 ml fresh
medium plus 0.5 ml Sertcli cell-conditioned medium (B) .
("H)Leucine incorporation was measured as described in the
legend to Fig. 4. The total amount of leucine incorporated
into germ cells incubated in conditiened medium was calculated
after correction for utilization of leucine by Sertoli cells
{see Results). Conditioned media from three different Sertoli
cell preparations were tested on six different germ cell
preparations (each germ cell preparation was tested in
dﬁplidate incubations) and the results are presented as means
+ §.D. (n = 3}, Tncorporation in fresh medium was
szgnlflcantly different from the incorporation in condltloned
medium (% p < 0.01).

in immature rats or in restoration of a regressed germinal
epithelium after 1ong-term hypophysectomy in adult animals,
whereas spermatogenesis in adult rats largely can be maintained
by testosterone (Steinberger, 1971; Fritz, 1978). Stimulation
of Sertoli cell activities by FSH was previously repérted to
decrease after 20 days of age (Dorringten, Fritz & Armstroﬁg,

1978; Fritz, 1978; Means, Dedman, Tash, Tindall, van Sickle
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& Welsh, 1980). In our expefiments, the effect of FSH on

the p & 1 secretion by Sertoli cells was most pronounced using

Sertéli cells from 4-week-old rats and decreased at higher ages.

This may be related to the above mentioned age—dependeht pattern

of hormonal stimulation of spermatogenesis. The absence of an

effect of testosterone on the p & 1 secretion by Sertoli cells
‘from 4- and 6-week-old rats may indicate that glucose

metabolism by Sertoli cells is not involved in the effect of

testosterone on spermatogenesis. The results of the present

short-term experiments, however, do not exclude that testosterone
exerts a long-term effect on glucose metabolism by Sertoli ceils
in vivo. '

If p & 1. are involved in the effects of FSH on spermatogenesis,

the production of 'p & 1 in the spermatogenic micro-environment

should be a limiting factor for germ cell development, so that
production of p & 1, in the absence of FSH is too low to support
development of an optimal number of germ célls. The - following
variables may influence the amount of P & 1 present in the
germinal epithelium in the absence of FSH.

1) In wvivo, transport of p & 1 from the blood into the
seminiferous tubules may overshadow the contribution of
Sertoli cells to the amount of p & 1 in the spermatogenic
micro-environment. As far as we know, no data are available
on transport of p & 1 across the blood-testis barrier.

2) At low levels of FSH, the production of p & 1 in vivo may
be stimulated by insulin. It has previously been shown that
insulin stimulates transferrin and ABP secretion by Sertoli

cells both in the absence and in the presence of FSH (Karl &

14



Griswold, 1980; Skinner & Griswold, 1982). We observed that

insulin did not further enhance © & 1 secretion, when Sertoli

cells were incubated in the presence of FSH. It will be of

interest to study the possibie long-term effects in vive of

FSH anq insulin on carbchydrate metabolism by Sertoli cells.
3) The p & 1 secretion by isolated Sertoli cells, incubated

in the absence of FSH, was increased with age from 3-6 weeks.

This may reflect a higher basal rate of glucose metabolism

in Sertoli cells from the older animals. On the other hand

FSH stimulation of Sertoli cells in vivo may be maintained

during incubation, and the basal level of p & 1 secretion

measured in vitro may actually represent a stimulated level.
The production of p & 1 by Sertoli cells, and the ratio pyruvate
to lactate, maj be dependent on many conditions which have -an
effect on cellular NAD+/NADH ratios throﬁgh modulation cof glucose
utilization, citric acid cycle activity etc. To maintain protein
synthesis of germ cells, pyruvate was effective at a 10-fold
lower concentration than lactate and it seems that secreticn of
pyruvate by Sertoli cells is rate~limiting for activities of
germ cells. However, it is not vossible to predict the relative
rates of pyruvate and lact;te utilization under conditions in vivo.
In the spermatogenic micro-environment, lactate may become the
limiting substrate for germ cells.
After hypophysectomy many spefmatocytes and spermatids die
(Clermont & Morgentaler, 1955). It has been reported that after
hypophysectomy the rate of development of a small number of -
SUrviving germ cells was not changed (Clermont & Harvey, 1965).

Moreover, RNA synthesis and processing was unaltered in a part

15



~of the population of advanced germ cells which survived

2-4 days hypophysectomy in immature rats (Grootegoed,

van Meerkerk, Rommerts & van der Molen, 1979). Such a
guantitative effect on the number of develéping germ cells

may be related to a lack of substrate required for energy .supply.
In vivo, stimulation of Sertoli cells by FSH may maintain a high
rate of substrate supply, so that development of a maximal

number of germ cells can be supported. From the results presented,
we conclude that the rate of p&ruvate and lactate production

by Sertoli cells may be involved in the hormonal regulation of

spermatogenesis.
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