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Rat C6 glioma cells are commonly used to investigate the functions of glial cells. To evaluate the presence of testosterone and its
metabolism in rat C6 glioma cells, we cultured them in media with or without the addition of testosterone propionate and anastrozole, a
blocker of aromatase, the enzyme needed to transform testosterone into estradiol. The same procedure was repeated with morphine
(10 and 100mM), known to decrease testosterone levels in the brain (in rats) and plasma (in rats and humans). Confluent cells were
exposed to the test media for 48 h and then collected. Cell pellets were used to determine testosterone by radioimmunoassay. The C6
cells contained detectable levels of testosterone and the levels increased with the addition of testosterone to the medium. Aromatase
blockage by anastrozole increased cellular levels of testosterone regardless of the addition of exogenous testosterone. Both
concentrations of morphine dose-dependently decreased testosterone levels in the C6 cells; this effect was also present with the
contemporary administration of anastrozole. Our findings show that testosterone is present in rat C6 glioma cells and can be metabolized
by aromatase. Moreover, the presence of morphine in the culture medium strongly decreased testosterone, demonstrating that the glia
would be a target of the morphine-induced hypogonadal effect.
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Pain, and particularly chronic pain, remains a significant public
health issue in spite of the strong development of pain
treatments, with most patients achieving little or no pain relief.
Opioids remain among the most effective therapies in the
treatment of moderate to severe pain (Rasor and Harris, 2005).
Once introduced in the body, opioids affect many functions, as
shows the variety of their side effects. Notwithstanding its high
prevalence, opioid induced androgen deficiency (OPIAD)
seldom arouses clinical and experimental interest.
Nevertheless, the effect is dramatic since testosterone in male
patients is drastically decreased, reaching castration levels
(<1 ng/ml) within a few hours after a single opioid
administration; moreover, unlike other opioid-induced side
effects, it persists during chronic treatment (Abs et al., 2000;
Rajagopal et al., 2003; Amini and Ahmadiani, 2005). In
agreement with these observations, we have shown that
exposure to opioids decreases testosterone plasma levels in
patients suffering chronic pain (Aloisi et al., 2005), as well as
brain and plasma testosterone levels of experimental animals
acutely treated with different opioids (Ceccarelli et al., 2006). It
is now accepted that the presence of steroid hormones in the
central nervous system (CNS) of animals is due not only to their
uptake from the systemic circulation but also to local steroid
hormone synthesis (Baulieu, 1997). Thus, it is not clear if the
lower brain levels found in our experiment were due to a
reduction of testosterone uptake from the circulation or to
changes in testosterone metabolism.

According to a recent review on pain modulation
(Hutchinson et al., 2007), opioids are believed to modulate pain
solely by acting at neuronal levels, while few data are available
on their action on glia. However, growing evidence indicates
modulatory effects of opioids on these cells. Indeed, classical
opioid receptors are present in glial cells, while a new class of
receptors termed ‘‘toll-like’’ receptor (TLR) has been
demonstrated in the spinal cord and brain (Bohn et al., 1998;
Song and Zhao, 2001; Hutchinson et al., 2007).
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Testosterone, as well as its metabolites dihydrotestosterone
(DHT, produced by the action of the enzyme 5a-reductase) and
estradiol (obtained by the action of the enzyme aromatase)
(Negri-Cesi et al., 2004), is known to affect homeostasis of the
CNS. For instance, testosterone can rescue specific
populations of motoneurones from axotomy-induced death
(Kujawa et al., 1989) or hippocampal neurones from glucose
deprivation-induced injury (Goodman et al., 1996), while
estrogens have been shown to protect neurones from oxidative
stress-induced death (Behl et al., 1995, 1997; Römer et al., 1997;
Götz et al., 1999). Very little is known about the effect of
testosterone on glial cells.

Therefore, using standard ‘in vitro’ culture of rat C6 cells and
experimental conditions reported in the literature, we studied:
(1) the involvement of glia in testosterone metabolism; (2) the
influence of extracellular levels of testosterone on glia
testosterone content; (3) the modulatory effect of morphine on
cellular testosterone levels. Specific inhibitors are available to
study testosterone metabolism; in particular, anastrozole (one
of the most popular aromatase inhibitors) binds to aromatase,
eliminating its estradiol synthesizing function (Plourde et al.,
1994).
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Materials and Methods
Cell culture and drug treatment

Rat C6 glioma cells (American Type Culture Collection, Rockville,
MD) were seeded in T25 cm2 flasks (Falcon) at the density of
5� 105 cells/flask in the following medium: Nutrient Mixture F-10
HAM (Sigma, Milan, Italy) supplemented with 2.5% fetal bovine
serum (FBS, BioWhittaker Walkersville, MD), 15% Horse Serum
(Sigma), 2 mM glutamine and 50mg/ml gentamycin (Sigma), and
maintained at 378C in a humidified incubator containing a 95% air–
5% CO2 atmosphere. After 7 days of seeding, postconfluent cells
were given fresh medium (control, CRL) or fresh medium plus the
various drugs to be tested:
� T
JO
estosterone propionate (TP, Sigma): 10mM dissolved in ethanol
to obtain a final ethanol concentration in the medium of less than
0.1% (Ahlbom et al., 2001).
� M
orphine (M, Morphine Chlorhydrate, S.A.L.A.R.S., Como, Italy):
10 or 100mM diluted in 10 mM PBS, pH 7.4 (Hu et al., 2002).
� A
nastrozole (ANA, Arimidex1 from Roche, Milan, Italy): 170.4mM
dissolved in 10 mM PBS, pH 7.4 (Xanthopoulos et al., 2005).

Drugs were tested singly or in association; those given in
association were added to the culture medium at the same time.

The resulting groups (CRL N¼ 10, TP N¼ 9, the other groups
N¼ 6 flasks each) were as follows:
CRL
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Fig. 1. Testosterone levels in: (A) control (CRL) and morphine-
treated (10mM, M10 and 100mM, M100) C6 glioma cells and (B) in
testosterone propionate-treated (TP) and morphine-treated (10mM,
M10 and 100mM, M100) C6 glioma cells. Data are mean W SEM.
MP < 0.003 and MMP < 0.0001 versus CRL.
The cells were kept in the test media for 48 h (Ahlbom et al.,
2001). At the end of the incubation period, the medium was
removed, the cells were washed twice with PBS, left in PBS for
2 min, detached by repeated pipetting and spinning, and then
centrifuged at 3000g for 3 min. Cell pellets were resuspended in
cold PBS and the resultant mixture was divided into three to four
aliquots (about 100ml each) and immediately frozen till hormonal
(testosterone) and protein (Lowry) determinations.

Testosterone extraction and assay

Testosterone was determined as previously described (Ceccarelli
et al., 2006) with slight modifications. Briefly, one aliquot from each
flask was sonicated to break the cell membranes. To determine
extraction recovery, we added 15ml of tritiated testosterone to
each aliquot, which was then vortexed and left to incubate for 16 h.
After this period, the extraction procedure was started by the
addition of 2.5 ml of diethyl ether (JT Baker, Deventer, Holland) to
each aliquot. Then each sample was mixed for 30 min, centrifuged
for 10 min at 3000g at 48C and frozen at �808C for 5 min to allow
separation of the aqueous and ether phases, containing the
steroids. The ether phase was then collected and exposed to a
nitrogen stream until complete evaporation. The dry extract was
reconstituted with 350ml of PB plus BSA (0.1%) and mixed with a
vortex. From each aliquot, two samples (100ml each) were used
for testosterone determination by radioimmunoassay (RIA) and
one (100ml) for recovery quantification.

To determine testosterone levels by RIA (in duplicate, i.e., two
per flask), we added tritiated testosterone (NEN Life Science
Products, Boston, MA) and the corresponding antibody (Anti-Ts-
3-CMO-BSA, Centro Medico Diagnostico Emilia, Bologna, Italy;
the specificity of the antibody was 100% for testosterone, 43.2%
reactivity with DHT and no reactivity with testosterone
propionate) to each sample (100ml), which was then mixed and
incubated for 16 h at 48C. Charcoal–dextran mixture was then
added to each tube to separate the bound from unbound hormone,
and the tube was centrifuged. The supernatant was then collected
and used for the radioactivity determination by b-counter. The
sensitivity of the assay was 5 pg/ml. The testosterone level/tube
was then normalized to pg/mg protein. The recovery was
80� 10%. The quality control procedures gave inter- and intra-
assay coefficients of variation of 8% and 5%, respectively.

Statistical analysis

Comparisons were carried out by one-way analysis of variance
(ANOVA) followed by a post-hoc test when needed. Details are
given in Results Section. A P value of <0.05 was accepted as
statistically significant. Data are expressed as pg testosterone/mg
protein and shown as mean� SEM.

Results

Radioimmunoassay revealed detectable testosterone levels in
C6 cells in all CRL samples (mean� SEM: 70.85� 4.82 pg/mg
protein). As shown in Figure 1A,B, the ability of C6 cells to take
up testosterone from the culture medium was demonstrated by
the higher testosterone values in the TP-treated cells
(mean� SEM: 9055.3� 1031.8 pg/mg protein); the increase
reached statistical significance (ANOVA, two levels: CRL and
TP, F(1, 17)¼ 84.8, P< 0.0001).

Effect of morphine

Once exposed to morphine, C6 cells showed a significant
reduction of their testosterone content (ANOVA, three levels:
CRL, M10 and M100; F(2, 19)¼ 13.23, P< 0.0002). As shown in
Figure 1A, the lower concentration of morphine (10mM)
induced a 50% reduction and the higher concentration
(100mM) a 73% reduction versus control (P< 0.003 and
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<0.0001, respectively). In the TP-treated C6 cells, the
testosterone levels were not affected by either concentration
of morphine (Fig. 1B).

Effect of anastrozole

To determine the role of aromatase, we added anastrozole (an
aromatase inhibitor) to both the CRL and TP-supplemented
cultures. In the CRL cells, ANOVA (two levels: CRL, ANA)
revealed a significant difference between the two groups ( F(1,
13)¼ 45.61, P< 0.0001) due to the higher levels of
testosterone in ANA-treated cells than in CRL (þ461%,
Fig. 2A). A similar effect was found in the TP-treated cells.
ANOVA (two levels: TP, TPþANA) showed a significant
difference ( F(1, 14)¼ 7.81, P< 0.014) due to the higher levels
of testosterone in TPþANA than in TP (þ66%, Fig. 2B).

Effect of morphine in anastrozole-treated cells

ANOVA applied to testosterone levels in C6 cells treated with
anastrozole and morphine (both concentrations) (two levels:
ANA, ANAþM10, and ANAþM100) revealed a significant
difference among groups ( F(2, 14)¼ 9.29, P< 0.0027). This was
due to the lower values in the two morphine-treated groups
(ANAþM10: �92%, P< 0.0001 and ANAþM100: �51%,
P< 0.03) than in the group treated only with ANA (Fig. 2A).

Similar effects were present in the groups treated with TP. As
shown in Figure 2B, ANOVA (three levels: TPþANA,
TPþANAþM10, and TPþANAþM100) revealed significant
Fig. 2. Testosterone levels in: (A) anastrozole-treated (ANA) and
morphine-treated (10mM, M10 and 100mM, M100) cells, and (B), in
testosterone propionate-treated (TP) and morphine-treated (10mM,
M10 and 100mM, M100) C6 glioma cells. Data are mean W SEM.
MMP < 0.0001versus CRL; #P < 0.01 and ##P < 0.001versus ANA;
§P < 0.01versus TP; 1P < 0.008 versus TP R ANA.
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differences among groups ( F(2, 16)¼ 4.48, P< 0.034). This was
due to the lower testosterone levels in TPþANAþM10 than
in TPþANA (�58%, P< 0.008), while the higher morphine
concentration did not significantly change the testosterone
levels (�29%, P¼ 0.06).

Discussion

The main result of the present study was that testosterone was
present at detectable levels in glial cells and was significantly
decreased by morphine. This demonstrates, for the first time,
the depressant effect of opioids on steroid hormone levels in
glial cells.

Testosterone and its metabolite estradiol are known to
change neural processes and brain activities; they can influence
many processes such as cognitive functions, sexual
differentiation, CNS excitability and pain (Negri-Cesi et al.,
2004; Smith and Woolley, 2004; Aloisi and Bonifazi, 2006)
through both rapid and slow signals (Mhyre and Dorsa, 2006;
Pike et al., 2008). Glial cells, more than neurones, are described
as a ‘‘laboratory ’’ necessary to supply products for their own
maintenance and that of neurones. In this study, we confirmed
the potential role of glial cells in supplying neurones with
testosterone and/or estradiol (Azcoitia et al., 2003). Indeed, we
were able to detect testosterone in rat C6 glioma cells cultured
in vitro, to show the capacity of these cells to take up
testosterone from the environment and the presence in these
cells of the metabolic pathway to synthesize estradiol.

For many years, aromatase was considered to be expressed
in astrocytes only after injury, contributing to neuroprotection
by increasing the production of estradiol at the site of injury (Liu
et al., 2007). However, in agreement with other authors (Zwian
and Yen, 1999) who showed that P450 aromatase is expressed
in cultured astrocytes without apparent injury, we
demonstrated the presence of this enzyme through the use of
anastrozole, able to block the enzyme aromatase and to
increase cellular testosterone levels (more than 400 times).

The other important result of our study was that
testosterone cellular levels were significantly and dose-
dependently decreased by morphine. Indeed, it clearly
appeared that morphine accelerated the transformation of
testosterone to estradiol, probably by increasing the activity of
aromatase. The involvement of aromatase was supported by
the fact that co-administration of anastrozole completely
blocked the increase of aromatase activity and reversed the
anastrozole-induced increase in testosterone levels both in
control and testosterone-treated cells.

This in vitro morphine-induced testosterone reduction
strongly supports our previous in vivo observation that
morphine was able to decrease testosterone levels in the male
rat brain (diencephalon) as early as 4 h after a single s.c. injection
(Ceccarelli et al., 2006); however, we were unable to determine
if the decrease in the diencephalon was due to the opioid-
induced plasma decrease mediated by the inhibitory action on
the hypothalamus–pituitary–gonadal axis or to a direct effect of
morphine on neurones. With the present experiment, we have
shown that morphine is able to affect the testosterone content
directly in C6 cells. Interestingly, it appears that morphine does
not significantly alter testosterone levels in these cells when the
hormone can be unrestrictedly taken up from the environment,
as in our experiment when testosterone propionate was added
to the medium.

In conclusion, our results have important clinical implications
due to functional interactions related to the ability of glial cells
to synthesize and release bioactive principles
(neurotransmitters, growth factors, interleukins) as well as
steroid hormones. The treatment of chronic pain with opioids
risks limiting the supply of testosterone and its metabolites
(DHT and estradiol) to nerve cells. Thus, as already suggested
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(Carluccci et al., 2006), it will be necessary to plan a hormone
replacement therapy for chronically treated pain patients that
maintains plasma testosterone at physiological levels.
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