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Abstract Hyperprolactinemia-induced hypogonadism has been linked to a dysfunction of the hypothalamus-
pituitary-testis axis. The direct inhibitory effects of prolactin on the testicular release of testosterone have also been
demonstrated, though their mechanisms remain unclear. Incubation of rat testicular interstitial cells (TICs) with prolactin
stimulated the release of testosterone. TICs from rats with anterior pituitary-grafting-induced hyperprolactinemia release
lower amounts of testosterone than controls. However, Leydig cells isolated from anterior pituitary-grafted rats release a
greater amount of testosterone. These paradoxical observations have remained unexplained. This study examined the
roles of testicular interstitial macrophages and of their product, tumor necrosis factor-a (TNF-a), in regulating Leydig cells
under condition of hyperprolactinemia. Hyperprolactinemia was induced by grafting two anterior pituitary glands of
rats under the renal capsule. Control animals were grafted with rat cortex tissue. The rats were sacrificed 6 weeks later.
TICs and macrophages, and Leydig cells were isolated for in vitro incubation and drugs challenge. Testosterone released
by testicular interstitial or Leydig cells was measured by radioimmunoassay. TNF-a concentration in the medium of
TICs or macrophages was measured by enzyme-linked immunosorbent assay (ELISA). A dose-dependent stimulation
of TNF-a secretion in the medium of TICs or macrophages by the prolactin challenge was observed. Higher amounts of
TNF-a were released by TICs in the anterior pituitary-grafted rats than in the control group. In contrast, the release of
TNF-a by testicular interstitial macrophages isolated from the anterior pituitary- and cortex-grafted groups was
quantitatively similar. Challenge with human chorionic gonadotropin did not modify the TNF-a release by testicular
interstitial macrophages in either group. Challenge of Leydig cells with TNF-a inhibited their release of testosterone
stimulated by human chorionic gonadotropin, but not their basal testosterone release. These different patterns of
testosterone release in TICs versus Leydig cells cultures in anterior pituitary-grafted rats may be due to the influence of
testicular interstitial macrophages. These observations correlate with in vivo conditions, where prolactin increases the
release of TNF-a by testicular interstitial macrophages, which, in turn, decreases the human chorionic gonadotropin-
stimulated release of testosterone by Leydig cells. In summary, hyperprolactinemia-induced hypogonadism involves a
mechanism of prolactin-originated, macrophage-mediated inhibitory regulation of testosterone release by Leydig cells.
TNF-a, one of the cytokines secreted bymacrophages, may play a key role in this mechanism. J. Cell. Biochem. 88: 766–
773, 2003. � 2003 Wiley-Liss, Inc.
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Prolactin (PRL) is a protein hormone released
by the pituitary gland with broad physiologic
functions in various kinds of cells [Molitch,
1992]. In the reproductive system, PRL plays
dual roles. On one hand, it acts as a trophic
hormone in the development of the genital tract.
Prepubertal hypophysectomized rats supple-
mented only with PRL allow Leydig cells to
differentiate and proliferate [Dombrowicz et al.,
1992]. On the other hand, PRL has inhibitory
effects on sex hormone secretion. Abnormally
high serum PRL concentrations may cause a
decrease in testosterone (T) release, which, in
turn, predisposes to impotence or infertility
[Bartke et al., 1986]. These opposite properties
of PRL have been proposed as a mechanism of
hyperprolactinemia (hyperPRL)-induced dys-
function of the hypothalamus, with decreased
serum gonadotropin and T production as conse-
quences [Bartke et al., 1986; deGreef et al., 1995].
In earlier studies in hyperPRL rats, we have

demonstrated that testicular interstitial cells
(TICs) release a lesser amount of human chor-
ionic gonadotropin (hCG)-induced T and, from
amalfunction of adenylate cyclase, produce less
cAMP [Huang et al., 1999]. These results are
consistent with those observed in vivo [Huang
et al., 1999].However, Leydig cells isolated from
hyperPRL rats released considerably more T in
response to hCG than corresponding cells in the
control group. This rebound T release has also
been noted with other types of challenges, such
as forskolin (an adenylate cyclase activator),
8-Br-cAMP (a permeable cAMP), pregnenolone,
and 25-OH-cholesterol (T precursors) [Huang
et al., 2001]. Leydig cells isolated from hyper-
PRL rats seem to escape from a control which
prevents the proper stimulation of TICs by hCG
or other drugs. Themechanism behind this con-
trol remains unclear.
TICs are a cellular mixture, including a

majority of Leydig cells, testicular interstitial
macrophages (TIMs) and, in smaller numbers,
fibroblasts and myoid cells. TIMs represent the
second largest population, contributing up to
20% of TICs [Miller et al., 1983]. In vitro, TIMs
are often present in TICs preparations, though
are rarely observed in Leydig cells cultures
[Niemi et al., 1986; Themmen et al., 1987;
Hedger, 1997]. In the testicular interstitium,
Leydig cells are in close physical contacts with
neighboring TIMs [Miller et al., 1983]. This
close stereological relationship suggests an inti-
mate paracrine regulation between these two

cell types [Gaytan et al., 1994]. On the other
hand, TIMs are a major source of cytokines
particularly of tumor necrosis factor-a (TNF-a)
and IL-1 [Le and Vilcek, 1987]. Furthermore,
through the actions of the cytokines, TIMs
regulate the release of T by Leydig cells. Among
macrophage-secreted cytokines, TNF-a is the
strongest inhibitor of T release by Leydig cells
[Mauduit et al., 1991].

This study tested the hypothesis that, through
the intermediaryaction ofTNF-a, TIMs regulate
the release of T by Leydig cells under conditions
of hyperPRL.

MATERIALS AND METHODS

Animal Model

Male Sprague–Dawley rats weighing 250–
300 g were housed in a room at a controlled
temperature of 22� 18C, artificially illuminated
between06:00 and20:00h.Foodandwaterwere
available ad libitum. All animal experimenta-
tion was conducted humanely and in compli-
ance with the policy statement of the Animal
Experiment Review Committee of National
Yang-Ming University.

Induction of Hyperprolactinemia

Under light ether anesthesia, an incision was
made in the left pararenal region to expose the
kidney. A small incision was made in the renal
capsule to allow the implantation of two ante-
rior pituitary (AP) glands in the underlying
space [Everett, 1954; Huang et al., 1999]. An
equivalent amount of brain cortex (CX) was
similarly implanted in a control group of rats.
Seven or eight rats were usually grafted with
APorCXineachexperiment.The invitro studies
were performed after the 7th week of survival.
The rats were decapitated, and the testes were
aseptically removed and collected. Meanwhile,
the kidney including the grafts was also exam-
ined. The extent of vascularization and size of
the viable grafted pituitary tissue were con-
firmed grossly and, later, microscopically by a
method described previously [Merchenthaler
et al., 1995]. Animalswhose grafts showed signs
of survival and whose plasma PRL concentra-
tions had increased by at least 50% above the
mean control concentration were retained for
further experimentation. The overall success
rate of grafting in this experiment was 95%.
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Preparation of TICs

The method used for the collagenase disper-
sion of TICs has been described elsewhere [Tsai
et al., 1997]. Briefly, the medium (1% bovine
serum albumin in Hank’s balanced salt solu-
tion, with HEPES 25 mM, sodium bicarbonate
0.35 g/L, penicillin-G 100 IU/ml, streptomycin
sulfate 50 mg/ml, heparin 2550 USP K U/L,
pH 7.3) was aerated and saturated with 95%O2

and 5% CO2 before use. Collagenase (type IA,
Sigma, St. Louis, MO), in a concentration of
700 mg/5ml, was used to disperse the TICs from
the rat testis blocks. After filtration of the
testicular tissue, the filtrate containing TICs
was centrifuged, washed, and resuspended in
the medium. TICs were plated into test tubes
at a density of 1� 106 cells/ml/tube. All tubes
were arrayed in a 348C water bath, with gentle
shaking at a rate of 50 cycles/min. The water
bath chamber was kept saturated with 95%
O2 and 5% CO2. Each preparation contained
approximately 20% Leydig cells [Lin et al.,
1998].

Preparation of Leydig Cells

Following the procedure described above, the
TICs were collected by centrifugation at 200g
and 48C, for 10 min. The cell pellet volume was
recovered by the incubation medium to 5 ml,
then gently added to the upper layer of a conti-
nuous gradient percoll. The continuous gradi-
ent percoll (25 ml/dispersion) was composed of
9 parts of percoll plus 11 parts of Medium 199
and 0.1% BSA before centrifugation at 20,000g
and 48C, for 60 min. The mixture of TICs with
continuous gradient percoll was centrifuged at
800g and 48C, for 20 min. The Leydig cells were
located at 3–7 ml layers from the bottom. The
Leydig cells layer was diluted to 5 ml, then cen-
trifuged at 80g at room temperature for 8 min.
After repeating the wash step, the cell pellet
was resuspended to 10 ml in incubation me-
dium. Cell concentration (1� 105 cells/ml) and
viability (>95%) were verified with a hemocyt-
ometer and by the trypan blue method, respec-
tively. For the 1-h challenge experiments, the
Leydig cells were plated into test tubes in a
density of 1� 105 cells/ml. The following proce-
dures were similar to those of TICs incubation.
For the 24-h challenge experiments, the Leydig
cells were plated into 24-well culture dishes
(Falcon, Franklin Lakes, NJ) in a density of
1�105 cells/ml. The culture dishes were incu-

bated in a chamber kept aerated with 95% air
and 5% CO2 at 378C. The 3b-hydroxysteroid
dehydrogenase (3b-HSD) staining method was
used to measure the abundance of Leydig
cells in the preparation [Dirami et al., 1991;
Krummen et al., 1994]. The cells (1� 105 cells/
ml) were incubated with a solution containing
0.2 mg/ml nitro blue tetrozolium (Sigma, St.
Louis, MO), 0.12 mg/ml 5-androstane-3b-ol-one
(Sigma), and 1 mg/ml NADþ (Sigma) in 0.05 M
PBS, pH 7.4 at 348C for 90 min. Upon devel-
opment of the blue formazan deposit sites of
3b-HSD activity, the abundance of Leydig
cells was determined with a hemocytometer.
Our preparation contained approximately 87%
Leydig cells.

Preparation of Testicular
Interstitial Macrophages

The method to isolate TIMs was adopted
from previous studies [Yee and Hutson, 1983;
Xiong and Hales, 1993]. Briefly, the crude TICs
suspension was plated in culture dishes and
incubated for 30 min in a humidified atmo-
sphere consisting of 95% air and 5% CO2 at
378C, allowing the macrophages to attach to
the plastic culture dish. The non-adherent and
loosely adherent cells were removed by aspi-
rating the supernatant and twice rinsing the
dishes with supplemented Medium 199. TIMs
werethencollectedbytrypsindigestion (1.25mg/
ml). The purity of TIMs was determined by
flowcytometry, using an FITC-labeled monoclo-
nal antibody to rat macrophage (ED1, IgG 1,
Biosource, Camarillo, CA). Cell concentration
(1� 105 cells/ml) and viability (>95%) were veri-
fied with a hemocytometer and by the trypan
blue method, respectively. TIMs were then
plated into 24-well culture dishes in a density
of 1� 105 cells/ml, and incubated in a humidi-
fied atmosphere consisting of 95% air and 5%
CO2 at 378C. The purity of macrophage in the
TIMs preparation was 81%. The contamination
of Leydig cells was determined by a 3b-HSD
staining method. Leydig cells contamination
was < 10%.

Treatment of Leydig Cells With TNF-a

The Leydig cells isolated from the CX- and
AP-grafted rats (n¼ 6 in each group) were
challenged with 200 ml of TNF-a solution in
concentrations of 0.01, 0.1, 1, and 10 ng/ml.
The cells were plated into culture dishes and
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preincubated for 36 h. The medium was
replaced, and incubated in a TNF-a solution
for 24 h. At the end of incubation, the culture
dishes were centrifuged to precipitate the cells
and the supernatant was aspirated, frozen and
stored for T measurement.

Treatment of TICs With o-Prolactin

TICs isolated from the CX- and AP-grafted
rats (n¼ 6 in each group) were challenged with
o-PRL in concentrations of 5 and 10 mg/ml. TICs,
in a density of 1� 106 cells/ml, were plated onto
the culture dishes. After 36 h of preincubation
with medium containing BSA, the medium
was removed, the cells were twice washed with
BSA-free medium, and incubated with o-PRL
in BSA-free medium for 24 more hours. The
incubation conditions were similar to those of
the Leydig cells. At the end of incubation, the
culture dishes were centrifuged to precipitate
the cells and the supernatant was aspirated,
frozen and stored for TNF-a measurement.

Treatment of Testicular Interstitial
Macrophages With o-Prolactin

TIMs isolated from the CX- and AP-grafted
rats (n¼ 6 in each group) were challenged with
o-PRL inconcentrationsof5and10mg/ml.TIMs,
in a density of 1� 105 cells/ml, were plated onto
the culture dishes. After 36 h of preincubation
with medium containing BSA, the medium was
removed, and the cells were twice washed with
BSA-free medium, and challenged with o-PRL
by incubation in BSA-free medium for 24 more
hours. The incubation conditions were similar
to those of the Leydig cells. At the end of in-
cubation, the culture dishes were centrifuged
to precipitate the cells, and the supernatant
was aspirated, frozen, and stored for TNF-a
measurement.

Radioimmunoassay of Testosterone
and Prolactin

The concentration of T in medium was mea-
sured by radioimmunoassay (RIA) as described
elsewhere [Wang et al., 1994]. The sensitivity
of anti-T serum (W8) was 2 pg per assay tube.
The intra- and interassay coefficients of varia-
tion (CV) were 4.1% (n¼ 6) and 4.7% (n¼ 10),
respectively.
The concentration of PRL in plasma was

determined by RIA as described elsewhere
[Tang et al., 1986]. The rat PRL RIA kit was
provided by the National Institute of Diabetes

and Digestive and Kidney Disease (NIDDK),
the National Institute of Child Health and
HumanDevelopment, and theU.S.Department
of Agriculture. Rat PRL-I-5 was used for iodi-
nation. Rat PRL-RP-3 served as standards. The
intra- and interassay CV were 3.8 and 3.2%,
respectively. The sensitivity was 30 pg/tube.

Enzyme-Linked Immunosorbent
Assay (ELISA) of TNF-a

The concentration of TNF-a in culture me-
diumwas determined byELISAwith a commer-
cially available kit (R&Dsystems,Minneapolis,
MN). The sensitivity was <5 pg/ml.

Statistical Analyses

All values are expressed as mean�SE of the
mean (SEM). For multiple comparisons, the
means fromdifferent treatmentswere tested for
homogeneity by two-way analysis of variance,
and the difference between specific means was
tested for significance by Duncan’s multiple-
range test [Steel and Torrie, 1960]. A difference
between twomeanswas considered statistically
significant when P< 0.05.

RESULTS

Plasma Prolactin Levels in Anterior
Pituitary- and Cortex-Grafted Rats

The plasma sample was collected at the time
of decapitation. Plasma PRL levels were sig-
nificantly higher in the AP-grafted than in the
CX-grafted rats (P< 0.01, Fig. 1).

Effects of TNF-a on Testosterone Release by
Leydig Cells With or Without Human Chorionic

Gonadotropin Challenge

TNF-a alone (0.01–10 ng/ml) had non-
significant effects on the basal release of T,

Fig. 1. Plasma prolactin (PRL) concentrations in AP- and CX-
grafted rats. **P<0.01 vs. the CX-grafted rats.
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however inhibited the hCG-stimulated T re-
lease by Leydig cells, in both CX- (data not
shown) and AP-grafted rats (Fig. 2). In a dose
of 10 ng/ml, TNF-a completely blocked the
effect of hCG.

Effects of Hyperprolactinemia on TNF-a Release
by TICs in Response to Prolactin Challenge

TICs frombothCX-andAP-grafted rats (n¼ 6
in each group) were challenged with o-PRL for
24 h. The TNF-a concentrations, measured by
ELISA, were significantly higher in the AP-
grafted than in CX-grafted animals, at baseline
(P< 0.01) as well as following o-PRL challenge
(P< 0.05 or <0.01). Likewise, o-PRL, 5–10 mg/
ml, had dose-dependent stimulatory effects on
the TNF-a release by TICs in both CX- and AP-
grafted rats (Fig. 3).

Effects of Hyperprolactinemia on TNF-a
Release by Testicular Interstiatial Macrophages

in Response to Prolactin With or Without
Human Chorionic Gonadotropin

TIMs, isolated from CX- and AP-grafted rats
(n¼ 6 in each group), were challenged with o-
PRL for 24 h. TNF-a concentrations, measured
by ELISA, were consistent with the amount of
o-PRL administered. However, there was no
difference in TNF-a concentrations between
CX- and AP-grafted rats. Administration of
hCG, 0.05 IU/ml, to the TIMs incubations did
not modify the release of TNF-a (Fig. 4).

DISCUSSION

HyperPRL-induced hypogonadism has been
attributed to a dysfunction of hypothalamic
GnRH neurons, which, in turn, decrease the
amount and frequency of GnRH release. As a
result, the AP gland responds by decreasing its
secretion of gonadotropins, and T release by the
testes is decreased [Bartke et al., 1986; deGreef
et al., 1995]. However, a hyperPRL-related de-
crease in gonadotropin concentrations is not
uncommonly associated with unchanged serum
T concentrations [Boyar et al., 1974; Bartke and
Dalterio, 1976; McNeilly et al., 1978], and a
hyperPRL-induced suppression of T secretion
may sometimes be associated with unchanged

Fig. 2. Testosterone releaseby rat Leydigcells 1� 105cells/24h
in response to tumor necrosis factor-a (TNF-a) in presence,
versus absence of hCG, 0.05 IU/ml. *P< 0.05, and **P< 0.01 vs.
the group treated with the vehicle only. þP<0.05, and
þþP< 0.01 vs. the group untreated with TNF-a.

Fig. 3. Tumor necrosis factor-a (TNF-a) release by rat testi-
cular interstitial cells (TICs) 1�106 cells/24 h in response to o-
PRL. *P< 0.05, and **P< 0.01 vs. the CX-grafted group.
þþP<0.01 vs. TNF-a release at o-PRL¼ 0 mg/ml.

Fig. 4. Tumor necrosis factor-a (TNF-a) release by rat testicular
interstitial macrophages (TIMs) 1�105 cells/24 h in response to
o-PRL with or without hCG. þþP<0.01 vs. corresponding
baseline release of TNF-a.
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[Saidi et al., 1977], or even significantly in-
creased gonadotropin concentrations [Klemcke
and Bartke, 1981]. These observations suggest
that the underlying mechanism of hyperPRL-
induced hypogonadism utilize pathways other
than those of the hypothalamus-pituitary-testis
axis.
Fromourprevious studies, TICs isolated from

AP-grafted hyperPRL rats had a decreased T
release response after challenges with hCG,
o-PRL, T precursors, or 8-Br-cAMP [Huang
et al., 1999].However, under similar conditions,
the Leydig cells purified from TICs caused a
paradoxically more prominent release of T in
AP-grafted rats than in the control group
[Huang et al., 2001].
When comparing the TICs and Leydig cells

incubations, we noticed that differences in cell
compositions between the two preparations
were most significant. In the Leydig cells pre-
parations, nearly all the TIMs were removed.
Since TIMs are the second largest cell popula-
tion among TICs, the importance of their role in
the process of T biosynthesis cannot be over-
emphasized [Hayes et al., 1996]. In the testis,
Leydig cells are in close physical contact with
neighboring TIMs [Miller et al., 1983; Hutson,
1992]. Therefore, the hypothesis of an inti-
mate paracrine regulation between these two
cell types is plausible [Yee and Hutson, 1985;
Gaytan et al., 1994]. Resting TIMs in co-
culture with rat Leydig cells inhibit the basal
and hCG-or LH-stimulated T production [Sun
et al., 1993; Wang et al., 1995]. Therefore, TIMs
are negative regulators of T release by Leydig
cells.
In addition, TIMs are a major source of cyto-

kine production, particularly TNF-a and IL-1,
which modulate the production of T by the
Leydig cells [Le and Vilcek, 1987; Hales, 1992;
Mauduit et al., 1992, Xiong and Hales, 1993].
Among macrophage-secreted cytokines, TNF-a
is the strongest inhibitor of T release by Leydig
cells [Mauduit et al., 1991]. Hutson has shown
the TIMs medium has inhibitory effects on T
release from Leydig cells, and that the effects of
TIMs on Leydig cells are mediated by TNF-a
[Hutson, 1993].
In the present study, TNF-a suppressed the

hCG-stimulated T release by Leydig cells in a
dose-dependent manner. In absence of hCG,
TNF-a in amounts up to 10 ng/ml, had no effects
on the T release by Leydig cells. The inhibitory
activity of TNF-a on the hCG-stimulated T

release may be upon the pathway between LH
receptors and the downstream processes of
steroidogenesis. TNF-a receptors are present
in Leydig cells [Mauduit et al., 1991, 1992],
and TNF-a has an inhibitory effect on their
steroidogenesis via a decrease in steroidogenic
acute regulatory protein expression. This inhi-
bitory action is probably mediated by TNF-a
receptor p55 expressed in the testicular cells
[Mauduit et al., 1998].

In the present study, TNF-a was detected in
the medium of TICs and TIMs preparations. In
the TICs, the addition of o-PRL caused a dose-
dependent increase in TNF-a release, an in-
crease which was significantly greater in AP-
grafted than in CX-grafted rats. While in the
TIMs cultures, o-PRL also caused a dose-
dependent release of TNF-a, no difference was
observed in the amount of TNF-a released
between CX- and AP-grafted rats. These obser-
vations suggest that the presence of Leydig cells
is necessary to express a difference in TNF-a
release in TIMs between the AP- and CX-
grafted groups. In the in vivo model, TIMs, in
the AP-grafted rats, are exposed to a signifi-
cantly higher amount of serumPRL.As a result,
a more abundant amount of TNF-a is expected
to be released from the stimulated TIMs. On the
other hand, hCG seems not to influence the
release of TNF-a by TIMs. No change in TNF-a
release was noted in TIMs incubated in pre-
sence versus absence of hCG. These results
indicate that there is probably no LH/hCG
receptor on TIMs.

The inhibitory effect ofTNF-a onTproduction
has been studied in several laboratories. TNF-a
may interfere with the transport of cholesterol
into mitochondria [Mauduit et al., 1998], and
with the expression of cytochrome enzymes,
such as P450scc or P450c17 [Xiong and Hales,
1993; Lin et al., 1994; Li et al., 1995; Stocco and
Clark, 1996]. TNF-a also blocks the normal
binding of LH with its receptors and adenylate
cyclase function [Mauduit et al., 1991]. A study
using 8-Br-cAMP to bypass the limitations of
LH receptor-adenylate cyclase malfunction
failed to restore the normal production of T
[Huang et al., 1999]. These observations sug-
gest other mechanism(s) of TNF-a related in-
hibition operating upon processes distal to the
action of cAMP.

The role of IL-1 on the inhibition of LH-
induced T release by Leydig cells has also been
proposed [Calkins et al., 1988; Fauser et al.,
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1989; Lin et al., 1991a;Mauduit et al., 1992; Sun
et al., 1993]. The consensus is that IL-1
enhances the inhibitory effect ofTNF-a [Calkins
et al., 1990b]. However, this inhibitory effect
usually required higher concentrations of IL-1
in in vitro studies [Calkins et al., 1990a].
Subsequently, it was associated with the block-
ade of P450c17 and P450scc [Lin et al., 1991b;
Hales, 1992; Hales et al., 1992].

The use of Fc receptors test by flowcytometry
allowed to measure the number and percen-
tage of macrophages present among TICs. The
numbers and percentages of TIMs remained
constant regardless of the prior performance of
AP- orCX-grafting (80%vs. 82%). This indicates
that hyperPRL induced by AP-grafting does not
modify the number of TIMs. Therefore, the
differences in T or TNF-a release in response to
PRL or other to challenges between the AP- or
CX-grafted rats is not explained by a change in
the number of TIMs.

HyperPRL induced by AP-grafting also chan-
ged the characteristics of Leydig cells, for in-
stance by increasing the responsiveness to LH/
hCG challenge, and enhanced function of the
steroidogenic process. On the other hand, these
cells may also be more sensitive to the action of
TNF-a, by which the process of steroidogenesis
is slowed.

In summary, hyperPRL-induced hypogonad-
ism involves a mechanism of PRL-originated,
macrophage-mediated inhibitory regulation of
T release by the Leydig cells. This is a new
mechanism,which adds to our understanding of
the inhibition of reproductive functions by PRL.
We conclude that TNF-a, one of the macro-
phage-secreted cytokines, plays anactive role in
this mechanism.
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