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Abstract. The direct role of prolactin (PRL) in testicular function is still unclear, mostly
because of lack of a suitable in vitro model. To establish the suitability of the MA-10
murine tumor Leydig cell line for the study of PRL receptors (PRLR) and effects on
steroidogenesis, we initially characterized PRLR on cultured MA-10 cells. The specific
binding (B,) of ['?*1Jhuman growth hormone (hGH) depends on time, temperature, and
Mg?* ion and protein concentrations, with absolute specificity for the lactogenic hor-
mones hGH and ovine PRL. B, is saturable and is to a single class of high-affinity (K,
= 3.6 x 10° M™") low-capacity (B,., = 19.5 fmol/mg protein) binding sites. The mo-
lecular weight of PRLR, determined by cross-linking to ['?°IlhGH, SDS-PAGE and
autoradiography, is 35 kDa for the free receptor, suggesting that the short-form PRLR
protein, previously described in liver and mammary glands, is that primarily found in
MA-10 cells. Thus, the demonstration of specific PRL binding sites on MA-10 Leydig
cells, with characteristics similar to primary Leydig cell PRLR, suggests that this cell
line can serve as a good model for both the study of PRLR mechanism of action and

the role of PRL in Leydig cell function.
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mechanism of action on testicular Leydig cell

steroidogenesis have not been broadly studied
and remain poorly defined, mostly for lack of a reliable
and practical in vitro experimental model. In vivo stud-
ies in animals and man suggest that low PRL levels are
essential for normal testicular function, whereas ele-
vated levels are deleterious and that these effects are
exerted at all levels of the hypothalamic-pituitary-
gonadal axis (reviewed in 1).

An early step in characterization of a model to
study hormone action at the cellular level must be the
demonstration and characterization of specific recep-
tors. Binding sites for PRL are widely distributed in

The direct effects of prolactin (PRL) and its
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mammalian tissues and have been demonstrated in
crude membrane preparations of rat Leydig cells (2-5),
where they could mediate PRL’s direct actions on tes-
ticular steroidogenesis. The identification of cDNAs
encoding PRL receptors (PRLR) (6) and GH receptors
(GHR) (7), has led to the discovery that these recep-
tors, like the hormones themselves, are part of a gene
family which was expanded to include receptors for
various cytokines, all making up the cytokine/GH/
PRL receptor superfamily (for review, see 8). The se-
quence of mature rat liver PRLR deduced from cDNA,
contains 291 amino acids (aa) (6). A long form of
PRLR cDNA, identified in the rabbit mammary gland
(9) encodes a mature receptor of 592 aa, with an ex-
tracellular and transmembrane region very similar to
that of rat liver PRLR, but with a much longer cyto-
plasmic domain. Cross-linking of [**I]labeled human
GH (hGH) to solubilized rat testicular Leydig cell
membranes and SDS-PAGE revealed the presence of
both the long (mol wt 81,000-91,000) and short (mol wt
31,000-37,000) forms of PRLR (4).

There have been very few broad studies of the in
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vitro effects of PRL on well defined and functional
Leydig cell cultures. Welsh et al. (10) reported on the
biphasic modulation of hCG-stimulated androgen bio-
synthesis by PRL, using primary cultures of dispersed
mixed testicular cells from adult hypophysectomized
rats. Using primary cultures of Percoll gradient-
purified adult rat Leydig cells, we previously demon-
strated the inhibitory effects of PRL and of an antiid-
iotypic anti-PRL antibody, on both basal and human
chorionic gonadotropin-(hCG)-induced steroidogene-
sis (5). Paracrine regulatory mechanisms are most
likely at play in both systems and both systems suffer
from the limitations of primary cell cultures, namely
repeated Kkilling of laboratory animals, tedious prepa-
ration of cells for each experiment, and batch to batch
variability.

The MA-10 murine cell line (11) provides a well
defined cell culture system for the study of Leydig cell
functions and steroidogenesis, offering all the advan-
tages of an immortalized cell line. In order to establish
the suitability of these cells as a model to study the
direct role of PRL and its receptor in Leydig cell func-
tion, we initially demonstrate here and characterize for
the first time, the MA-10 cell PRLR.

Materials and Methods

Materials. Ovine PRL (NIADDK-oPRL-16, 30.5
IU/mg) was kindly provided by the National Hormone
and Pituitary Program (NIADDK, NIH, Bethesda,
MD). Recombinant hGH, bovine GH (bGH), and rat
GH (rGH) were a generous gift from BioTechnology
General Ltd. (Rehovot, Israel). Sephadex G-100 was
purchased from Pharmacia (Uppsala, Sweden).
Na['?’I] was purchased from the Nuclear Research
Center (Negev, Beersheva, Israel). Sterile culture me-
dia and reagents were from Biological Industries Ltd.
(Kibbutz Bet Haemek, Israel). All other reagents were
of analytical grade and were purchased from Sigma
Chemical Co. (St. Louis, MO), or from local commer-
cial sources. Dr. Mario Ascoli (Iowa University, lowa
City, IA) kindly provided the MA-10 Leydig cell line.

MA-10 Cell Culture. The MA-10 cells were grown
in RPMI 1640 medium supplemented with 15% horse
serum and 20 mM hepes buffer. The cells were plated
in 24-well dishes at a density of 150,000-200,00 cells/
ml/well, in the serum-containing medium, to allow ad-
hesion. After 24 hr, and again after 48 hr, the medium
was changed to serum-free culture medium composed
of DMEM + F-12 (1:1) supplemented with 15 mM
hepes buffer, 2.4 g/I. NaHCO,, insulin (0.1 U/ml),
transferrin (5 wg/ml), glutamine (0.1 mg/ml), and gen-
tamycin (50 wg/ml) for 24 hr. The cells were then
washed and used for PRL binding assays.

PRL Binding Assays. Lactogenic binding was
determined with [ I]hGH (radiolabeled as described
in 12) as a ligand. MA-10 cell monolayers were incu-
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bated in 210 pl of 10 mM PO, buffer containing 50 mM
Mg?®* and 1% BSA, pH 7.4, with 1-2 ng/well of
['*I)hGH and with or without 1-2 pg/well oPRL, for
90 min, at 30°C. The dishes were then placed on ice,
radioactive medium quickly aspirated and the cells
washed twice with ice cold PBS + 0.1% BSA (wash-
ing buffer). The cells were then dissolved in 0.5 ml of
0.5 N NaOH (2 hr at 37°C), counted for '*°’I and an
aliquot used to determine protein (13). For internaliza-
tion studies, solubilization of cells was preceded by a
1 min wash with 500 ul of either washing buffer con-
taining 50 mM HCI, to remove surface-bound
['*I]hGH (14), or washing buffer only. Thus, in acid-
washed cells, only internalized hormone was detected,
while in the buffer-washed cells, both membrane-
bound and internalized hormone were detected.

Cross-linking of ['251]hGH to MA-10 Cell Lacto-
genic Receptor. 10° MA-10 cells/ml of ice cold 10
mM tris buffer containing 0.3 M sucrose and 1 mM
KCl, 10 mM MgCl, and 0.1% NaN,, were homoge-
nized with an Ystral X 10/20 laboratory disperser (3 X
15 sec; speed 6) and centrifuged at 40,000g at 4°C for 1
hr; the resultant pellet was defined as the total partic-
ulate fraction (TPF). ['**I]hGH (500,000 cpm) was in-
cubated with MA-10 TPF (1 mg protein) and with or
without excess unlabeled hGH (20 p.g), in a final vol-
ume of 150 pl of 50 mM PO, buffer, pH 7.4, containing
0.1% BSA at 4°C for 20 hr. Cross-linking was achieved
by addition of fresh ethylene glycol-bis (succinic acid-
N-hydroxysuccinimide) (EGS) in DMSO (final con-
centration 1 mM) for 15 min at 22°C, followed by cen-
trifugation at 5000g for 5 min at 4°C. The resuspended
pellet was mixed with an equal volume of 2X concen-
trated electrophoresis sample buffer and boiled for 5
min. Samples were subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions (15) followed by au-
toradiography.

Statistics. The LIGAND program (16) was used
to evaluate the linearity of the Scatchard analysis (17)
of the binding data (single class versus two classes of
binding sites). Values shown are mean * SE of 34
replicates from representative experiments which
were repeated 2-8 times.

Results

Kinetics of ['2°1]hGH Binding to MA-10 Cells.
The first step in the characterization of MA-10 cell
PRLR was the determination of the optimal time and
temperature of incubation for measuring ['>’IhGH
specific binding. As shown in Figure 1, at 30°C, bind-
ing initially increased rapidly, peaked at 90 min and
then decreased. At 5°C however, binding increased
much more slowly and was consistently lower than at
30°C. Since ['*’I]hGH binding to whole cells reflects
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Figure 1. Effects of time and temperature on ['25I]hGH binding
and internalization. 200,000 MA-10 cells were plated and cul-
tured as described in Methods, were washed and incubated with
2 ng of ['#*1]hGH and with or without 2 ug unlabeled oPRL at
30°C or 5°C for various times. After washing to remove unbound
hormone, specific PRL binding and protein concentrations were
determined in the NaOH solubilized cells of each well (left
panel). For internalization studies, half of the wells were washed
with 500 ul of washing buffer and the other half with washing
buffer containing 50 mM HCI, for 1 min, to remove surface-
bound ['2°I]hGH. Thus in the acid-washed ceils, only internal-
ized hormone was measured, while in buffer-washed cells, both
membrane-bound and internalized hormone were measured.
The % internalization shown was obtained from the ratio of
those two values (right panel). Each point is the mean = SE of
four determinations.

both surface membrane-bound hormone as well as in-
ternalized hormone-receptor complexes, the degree of
internalization was estimated by measuring the cell-
associated radioactivity remaining after subjecting the
cells to a short acid treatment, which was shown to
remove surface-bound tracer (14). At 30°C, internal-
ization reached a maximum of 44% (of the total tracer
specifically bound) at 90 min, while only very low in-
ternalization was observed at 5°C (data not shown), as
would be expected from such an energy-demanding
process. Since the maximum cell-associated (surface-
bound + internalized) ['*I]hGH was measured after
90 min at 30°C, these conditions were adopted for sub-
sequent binding studies. Under those conditions,
['>’I]hGH binding was highly (r = 0.998) and linearly
dependent upon MA-10 cell protein content (measured
~72 hr after plating), within the range of 50-200 g/
well (resulting from plating densities of 100,000-
400,000 cells/well, respectively; data not shown).
Higher plating densities were consistently associated
with overfilling of wells and detachment of cells. Thus,
plating densities of 150,000-200,000 cells/well were
used in these studies.

Effects of Mg?* Concentration. In view of the
importance of cations for lactogenic binding (12, 18-
20), we evaluated the role of Mg?* in PRL binding to
MA-10 Leydig cells. The addition of increasing con-

centrations of MgCl, considerably raised specific
['*11hGH binding, with a maximal three-fold increase
observed with 50 mM Mg?* (Fig. 2). Thus this Mg?*
concentration was used for the binding assays in this
study.

Hormonal Specificity. The lactogenic hormones,
oPRL and hGH were equipotent in inhibiting
['*1]hGH binding to cultured MA-10 cells (ICs, =
1.35 ng/well), while the purely somatogenic recombi-
nant bGH and the irrelevant hormone insulin, were
ineffective (Fig. 3). Furthermore, no specific binding
of the somatogenic ['*I]labeled recombinant rGH to
MA-10 Leydig cells could be demonstrated, even in
the absence of added MgCl, or with added 2 mM
EDTA, to chelate any endogenous Mg”* in the system
(data not shown).

Saturation Analysis and Scatchard Plot.

['*I]hGH binding to cultured MA-10 cells was satu-
rable, reaching a plateau between 4-6 ng/well (Fig. 4).
A Scatchard plot (17) of the saturation data (Fig. 5,
inset) revealed the presence of a single class of high-
affinity, low-capacity binding sites. Summarizing eight
such experiments gave the following values: K,: 3.46
+0.4 x 10° M~ ! and B,,,: 19.5 = 2.3 fmol/mg protein
(mean = SE).

Evaluation of Molecular Weight of PRLR in MA-
10 Cells. Covalent cross-linking of ['**I]hGH to MA-
10 cell membranes, followed by SDS-PAGE and auto-
radiography, revealed a single clearly labeled band
with a molecular weight of 57,000 for the complex
(['*I1ThGH-PRLR); this band was not observed when
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Figure 2. Dose response effect of Mg2* on specific ['?°I]hGH
binding. ['?°I]hGH binding to MA-10 cells was determined at
30°C for 90 min as described under Figure 1, except that incu-
bations were performed in the presence of increasing concen-
trations of added MgCl, (0-50 mM). Values are the mean = SE of
four replicates.

PRL RECEPTORS ON MA-10 LEYDIG CELLS 245



120

O

Z

5 . 100

oTi]

=

- E 80

SRS

B g

8 g 60

o 5

nog oPRL

5 o 404 o hGH

I v bGH

I s INSULIN

o 20

N
O LA | AL Tt
0.01 0.1 1 10 100 1000

UNLABELED HORMONE (ng/well)

Figure 3. Hormonal specificity of ['2°1]hGH binding. Binding
was determined as described under Figure 1, except that incu-
bations were performed in the presence of increasing concen-
trations of unlabeled oPRL, hGH, bGH, and insulin. Maximal
binding (100%) in the absence of unlabeled hormone was 2650
cpm/well. Nonspecific binding in the presence of excess oPRL
was 400 cpm/well. Values are the mean of triplicate determina-
tions; SE for all points was <10%.

the binding experiment was carried out in the presence
of excess unlabeled oPRL or hGH (Fig. 5). Subtrac-
tion of the molecular weight of hGH (22,000) gave a
molecular weight of 35,000 for the MA-10 cell PRLR.
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Figure 4. Saturation plot of ['®*IJhGH binding. Binding was de-
termined as described under Figure 1, except that incubations
were with increasing concentrations of ['?°[]hGH (0.25-8.0 ng/
well) and with or without excess unlabeled oPRL. Values are the
mean of triplicates. Inset: Scatchard plot of the data: K, was 3.76
x 109 M~ (r = 0.94).
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Figure 5. Cross-linking of ['5I]nGH to MA-10 cell crude mem-
branes. MA-10 cell TPF (1 mg protein) was incubated with
['?®1]hGH (10 ng) and with or without unlabeled hGH (20 pg), as
described in Materials and Methods. Cross-linking was achieved
by addition of 1 mM EGS in DMSO. Samples containing equal
amounts of protein were subjected to 10% SDS-PAGE and au-
toradiography. Right arrow—the molecular weight estimate for
the radioactive band that appeared in the absence, but notin the
presence, of excess unlabeled oPRL. Left arrow—the position of
molecular weight standards. Three such gels have given similar
results.

Discussion

In this study, we demonstrate and characterize for
the first time PRLRs on the MA-10 murine Leydig
tumor cell line. This cell line is a useful model to study
Leydig cell function and gonadotropin-generated sig-
nal transduction (for review see 21). In spite of quali-
tative differences in the steroidogenic pathway of MA-
10 cells compared with normal Leydig cells, both re-
spond to LH/hCG with increased steroid production.
The use of a cell line offers some obvious advantages
compared with primary cells, namely immortality (and
thus dispensation of the need to kill animals), homo-
geneity of the cell population, and all the practical ad-
vantages associated with the use of anchored, cultured
cells. These same characteristics suggest that the
MA-10 cell line could also provide a suitable model
system to study effects of PRL on a differentiated
function, as well as the mechanism of PRL action,



signal transduction and regulation of PRLR in testic-
ular Leydig cells.

The first step necessary to establish the validity of
the MA-10 cell line as a model to study PRL effects,
was to demonstrate the specific binding of PRL to cell
surface receptors on intact MA-10 cells. Binding stud-
ies performed with ['*I]hGH confirmed the presence
of specific, lactogenic binding sites on Leydig cell
monolayers. The ligand-receptor interaction was time
and temperature dependent and showed a pattern sim-
ilar to that reported for hCG binding to its receptors on
MA-10 cells (11) and for GH binding to GHR on mouse
fibroblasts (22). Internalization was studied after re-
moval of surface-bound ['*I]hGH with a mild acid
treatment and revealed a pattern which essentially par-
alleled the binding kinetics at 30°C, over the first 90
min. Since the binding affinity of ['"*’I]hGH to lacto-
genic receptors is very high, it seems likely that the
decrease with time in cell-associated radioactivity is
not due to simple dissociation from the receptor, but
rather is due to degradation, as was shown for GH
binding to fibroblasts (22). In cultured rat adipocytes,
most of the more rapidly (20 min) internalized
['>*I]hGH was intact, degradation increasing with time
(14).

The cation dependence of the binding of lactoge-
nic hormones has been variously studied. Detailed re-
ports showed cation dependence of binding of the
mixed lactogenic/somatogenic hGH to rabbit liver
membrane GHR (23), to GH-binding protein (GHBP)
in rabbit liver cytosol and serum (24, 25), to sera of
several mammalian species (12), and of binding of the
purely lactogenic oPRL to chicken kidney membranes
(26). In contrast, binding of the somatogenic rGH,
bGH and oGH to rabbit liver membranes, cytosol (18,
19) or to serum GHBP (12), is cation independent.
Thus, at least part of the Mg?* effect appears to reside
in the hormone and allows distinction between lacto-
genic and somatogenic binding.

A substantial increase in binding of ['*’I]hGH to
cultured MA-10 cells was found with increasing Mg?*
concentrations, up to 50 mM, whereas no specific
binding of ['*’IIrGH was observed, whether in the
presence or absence of Mg?* . Indeed, we have shown
that high Mg?* concentrations (>35 mM) might inhibit
binding of somatogenic hormones to their receptors
(12) and here we added EDTA to chelate any remnant
Mg?" ions in the incubation. These findings support
the specificity studies, since high concentrations of re-
combinant bGH did not inhibit hGH binding, indicat-
ing the strict lactogenic nature of the binding to MA-10
cells. They also support various reports of the lacto-
genic nature of hGH/PRL specific binding to rat tes-
ticular homogenates or Leydig cell membranes (2-5).

Saturability is also an important criterion for dem-
onstrating specific receptors and indeed was shown for

PRL binding to MA-10 cells. Scatchard analysis (17) of
the data revealed the presence of a single class of bind-
ing sites with high-affinity (~3 X 10° M~') and low-
capacity (13.4 fmol/mg protein = 96.4 fmol/mg DNA
or 3693 receptors/cell). Similar affinities were reported
for PRL binding to various preparations of adult rat
Leydig cells (4, 5, 27), while differences in binding
capacities reflect the different species and degrees of
purity of Leydig cells used in each of these studies, the
MA-10 cells being the only strictly homogeneous sys-
tem of those studied, albeit their tumor origin.

The molecular weight characteristics of PRLR can
also be indicative of the type and possibly the function
of PRLR in a given tissue. The two major forms of
PRLR, the long (~88 kDa) and the short (40 kDa) form
found in most mammalian tissues, and the intermedi-
ate length PRLR of rat Nb2 lymphoma cells, differ
only in the sequence encoding the intracellular do-
mains, a domain postulated to be responsible for trans-
duction of hormone signals in target cells (for review
see 8). It has been suggested that, although those ma-
jor forms are able to bind PRL with equal affinity, they
are clearly involved in different biological functions,
since only the long form was able to stimulate tran-
scription of milk protein genes (28). The biological ef-
fects specifically associated with the short form PRLR
remain to be identified, although its structural arrange-
ment is reminiscent of several receptors acting primar-
ily as transporters (transferrin, LDL, IGF-II recep-
tors).

Using cross-linking techniques, we demonstrated
that in the mouse MA-10 Leydig cells, the size of the
major PRLR protein is 35 kDa, corresponding to the
short form PRLR, although we cannot yet exclude the
presence of other minor forms. Whether this reflects
on a possible role of PRLR as a transporter in MA-10
cells remains to be determined, although we have in-
dications of a biphasic effect of PRL on MA-10 Leydig
cell steroidogenic response to hCG (29). These results
agree partly with findings of two short forms (31-37
kDa) of PRLR in rat Leydig cells, although solubiliza-
tion of the membranes also allowed detection of two
high molecular weight PRLRs (81-91 kDa) (4).

In conclusion, this is the first demonstration and
characterization of PRLR in MA-10 murine tumor
Leydig cells. The kinetic properties of these sites,
their hormonal specificity and their molecular weight
characteristics all suggest that these cells provide a
valid and useful model to study the effects and mech-
anism of action of PRL on Leydig cell function.
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