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Summary

Anabolic androgenic steroid (AAS) abuse is widespread. Moreover, AAS are reinforcing, as
shown by self-administration in rodents. However, the receptors that transduce the reinforcing
effects of AAS are unclear. AAS may bind to classical nuclear androgen receptors (AR) or
membrane receptors. We used two approaches to examine the role of nuclear ARs in AAS self-
administration. First, we tested androgen self-administration in rats with the testicular feminization
mutation (Tfm), which interferes with androgen binding. If nuclear ARs are essential for AAS
self-administration, Tfm males should not self-administer androgens. Tfm males and wild-type
(WT) littermates self-administered the non-aromatizable androgen dihydrotestosterone (DHT) or
vehicle intracerebroventricularly (ICV) at fixed ratio (FR) schedules up to FR5. Both Tfm and WT
rats acquired a preference for the active nose-poke during DHT self-administration (66.4+9.6
responses/4h for Tfm and 79.2+£11.5 for WT responses/4h), and nose-pokes increased as the FR
requirement increased. Preference scores were significantly lower in rats self-administering
vehicle (42.315.3 responses/4h for Tfm and 19.1+4.0 responses/4h for WT). We also tested self-
administration of DHT conjugated to bovine serum albumin (BSA) at C3 and C17, which is
limited to actions at the cell surface. Hamsters were allowed to self-administer DHT, BSA and
DHT-BSA conjugates for 15 days at FR1. The hamsters showed a significant preference for DHT
(18.0£4.1 responses/4h) or DHT-BSA conjugates (10.0+3.7 responses/4h and 21.0+7.2 responses/
4h), but not for BSA (2.5+2.4 responses/4h). Taken together, these data demonstrate that nuclear
ARs are not required for androgen self-administration. Furthermore, androgen self-administration
may be mediated by plasma membrane receptors.
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Anabolic-androgenic steroids (AAS) are drugs of abuse. These testosterone (T) derivatives
are used for athletic and aesthetic purposes (Yesalis et al., 1993). Side-effects range from
hypogonadism and gynecomastia to cardiac and hepatic dysfunction (Leshner, 2000). In
addition, evidence is accumulating that AAS abuse causes mood alterations (Pope and Katz,
1994), aggression (Choi and Pope, 1994, Kouri et al., 1995), and may produce dependence
(Brower et al., 1991, Brower, 2002). Despite growing concerns, the underlying mechanisms
of AAS abuse have not been well-understood.

In humans, it is argued that the initiation of AAS use is largely motivated by anabolic
effects, but some abusers eventually develop dependence (Brower, 2002). Evidence from
animal research supports this hypothesis. AAS induce conditioned place preference (CPP) in
mice (Arnedo et al., 2000) and rats (Packard et al., 1997, Packard et al., 1998, Frye et al.,
2002). Furthermore, hamsters voluntarily consume AAS through oral (Wood, 2002),
intravenous (Wood et al., 2004), and intracerebroventricular (ICV) self-administration
(DiMeo and Wood, 2004, Triemstra and Wood, 2004, Wood et al., 2004, DiMeo and Wood,
2006b).

While ICV self-administration suggests central sites of action, the specific hormones and
receptors mediating AAS reinforcement are unclear. Current evidence suggests that the
reinforcing effects of T are mediated by androgens, rather than through estrogens after
aromatization. Male hamsters will self-administer dihydrotestosterone (DHT; DiMeo and
Wood, 2006b) and other non-aromatizable androgens (Ballard and Wood, 2005). In
addition, T self-administration is blocked by the anti-androgen flutamide (Peters and Wood,
2004). The question now becomes: how is the androgenic signal transduced in the brain?

The androgen receptor (AR) is a classic nuclear steroid receptor which functions as a
transcription factor. ARs are sparse in structures associated with drug abuse, such as the
nucleus accumbens (Acb) and the ventral tegmental area (VTA,; Simerly et al., 1990, Wood
and Newman, 1999). There is also evidence for gonadal steroids acting via cell surface
receptors (Mermelstein et al., 1996, Zhu et al., 2003, Thomas et al., 2006, Vasudevan and
Pfaff, 2007).

In the current study, we used two approaches to determine the role of classic nuclear AR in
androgen reinforcement. To minimize possible activation of estrogen receptors (ER), we
tested DHT self-administration. In the first experiment, rats with the testicular feminization
mutation (Tfm) were tested for ICV self-administration of DHT. Tfm is a single base
substitution which results in defective ARs with limited ligand binding (Yarbrough et al.,
1990). Male Tfm rats exhibit an external female phenotype due to insufficient androgenic
stimulation during development (Zuloaga et al., 2008b). If functional nuclear ARs are
required for AAS reinforcement, Tfm rats should not self-administer DHT. Instead, Tfm rats
were able to acquire DHT self-administration. In the second experiment, we tested ICV self-
administration of membrane-impermeable forms of DHT in hamsters. When DHT is
conjugated to bovine serum albumin (BSA), its actions are restricted to cell-surface
receptors. If nuclear ARs are required for androgen reinforcement, hamsters should not self-
administer DHT conjugated to BSA. On the contrary, the hamsters showed a clear
preference for DHT conjugated to BSA. Together, these studies show that nuclear ARs are
not required for androgen self-administration. Instead, androgen reinforcement may be
mediated by membrane ARs.
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Methods and Materials

Subjects

Surgery

Drugs

Rats—Adult male Tfm rats and wild-type (WT) littermates were obtained from a colony at
Michigan State University. Their genotype was verified by PCR, similar to methods
described previously (Fernandez et al., 2003). Briefly, ear clips were digested overnight at
55° C in lysis buffer containing proteinase K, then heat inactivated at 95° for 30 minutes.
AR was amplified using forward primer 5-GCAACTTGCATGTGGATGA-3' and reverse
primer 5-TGAAAACCAGGTCAGGTGC-3, yielding a 135bp product. Amplified samples
were then digested with Sau96l restriction enzyme (R0165L, New England BioL abs,
Ipswich, MA) overnight at 37° C and run on a 3% agarose gel. Only the WT AR is cut with
this restriction enzyme, leaving two bands below 100bp, whereas the Tfm AR remains
uncut. Tfm animals were also verified by phenotype, by the presence of nipples, feminine
ano-genital distance and abdominal testes. Tfm rats have previously been used to
demonstrate non-genomic androgen effects in hippocampus (MacLusky et al., 2006). At the
start of the experiment, WT rats were between 75 to 140 day old, and Tfm rats were between
75 to 138 day old.

Hamsters—Adult male Syrian hamsters (130 — 150 g) were obtained from Charles River
Laboratories (Wilmington, MA). Animals were housed singly on a reversed light cycle
(14L:10D) with food and water available ad libitum. All experimental procedures were
approved by institutional animal care and use committees of the respective institutions and
conducted in accordance with the Guide for Care and Use of Laboratory Animals
(NationalResearchCouncil, 1996).

All animals were implanted with a 229 stainless steel guide cannulae (Plastic One, Roanoke,
VA\) into the lateral ventricle [rat: AP: 0.7, ML: -1.8, DV: -4.0 ~ -5.0 (Paxinos and Watson,
1998); hamster: AP: +1.0, ML, +1.0, DV: -3.0 ~ -5.0 (Morin and Wood, 2001), mm from
bregma], under Na* pentobarbital anesthesia (rat: 50 mg/kg, hamster: 100mg/kg) as
described previously (Wood et al., 2004). All surgical procedures were carried out under
aseptic conditions according to Principles of Laboratory Animal Care (NIH, 1985). Animals
were allowed to recover for at least a week following the surgery before testing.

DHT, DHT-carboxymethyl-oxime (CMO), DHT-CMO-BSA, DHT-hemisuccinate (Hemis),
and DHT-Hemis-BSA were obtained from Steraloids (Newport, RI). In DHT-CMO-BSA,
DHT is conjugated to BSA at the C3 position with CMO as the linker. Similarly, DHT is
linked to BSA at the C17 position via Hemis to form DHT-Hemis-BSA. Both DHT-CMO-
BSA (Gatson et al., 2006) and DHT-Hemis-BSA (Braun and Thomas, 2003) have
previously been used to investigate possible effects of androgens at the plasma membrane.
DHT was dissolved in an aqueous solution of 13% B-cyclodextrin (BCD, Sigma-Aldrich, St.
Louis, MO) at 1ug/ul. As determined from our previous study in hamsters, this dose
produces robust operant responding during ICV self-administration (DiMeo and Wood,
2006b). DHT derivatives were dissolved in the same vehicle at the molar equivalent
concentration of DHT (DHT-CMO: 1.25 pg/ul, DHT-CMO-BSA: 8.7 ug/ul, DHT-Hemis:
1.34 ug/ul, DHT-Hemis-BSA: 8.83ug/ul). BSA (Sigma-Aldrich) was dissolved in the same
vehicle at 7.45 pg/pl to achieve the molar equivalent concentration of BSA as in DHT-
CMO-BSA and DHT-Hemis-BSA. BSA-containing drugs were prepared daily immediately
before use to avoid degradation, and all solutions were filtered through a 0.22 um filter.
Previous studies have shown that only a small proportion of steroid dissociates from BSA
(Stevis et al., 1999), and this quantity is insufficient to induce significant androgenic effects
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(Lieberherr and Grosse, 1994, Gatson et al., 2006). Likewise, our earlier study has shown
that DHT is self-administered at 1.0 ug/ul, but not at 0.1 pg/ul (DiMeo and Wood, 2006b).
Hence, it is unlikely that free DHT (>10%) dissociates from BSA in sufficient quantity to
support self-administration.

Animals were allowed to self-administer drug or vehicle solution 4 hrs/day, 5 days/week in
an operant chamber (Med Associates, St. Albans, VT) enclosed in a sound-attenuating
chamber with forced ventilation. Each chamber was equipped with a house-light, 2 nose-
poke holes, and a computer-controlled syringe pump connected to a liquid swivel on a
balance arm. Solutions from a 100 pl glass syringe were delivered to the animal through
Tygon tubing connected to the swivel. The tubing connecting the swivel and the ICV
cannula was protected by a metal spring. Drug solution or vehicle was delivered via a 28-ga
internal cannula inserted into the guide cannula immediately before testing. Each infusion
delivered 1 pl of solution at 0.2 pl/s. Nose-poke holes were located 6 cm from the floor
beneath the house light. One of the nose-poke holes was designated as the active nose-poke
hole. A response on this hole was recorded as an active nose-poke (R: active-reinforced) and
counted toward the response requirement (FR1 to 5) for triggering an infusion. Once an
infusion was triggered, the house-light was extinguished and the active hole illuminated
during the 5-s infusion to aid in discrimination of the active nose-poke hole. Nose-poking in
the active hole during this 5-s timeout period was recorded but did not count toward further
reinforcement (NR: active-non-reinforced). A response on the other nose-poke hole was
recorded as an inactive nose-poke (1) but did not result in any infusion. The location of the
active nose-poke hole to the front or the back of the chamber was balanced to control for
side preferences. The data were recorded by WMPC software (Med Associate) on a
Windows PC.

ICV self-administration

Rats—Self-administration of DHT in Tfm and WT rats followed an ascending fixed-ratio
(FR) schedule from FR1 to FR5. The rats were initially trained on FR1, where each response
on the active nose-poke was reinforced. Thereafter, the number of responses required to
obtain an infusion was raised by one every 5 days. At FR5, five responses on the active
nose-poke hole were required for an infusion. Overall, rats were tested on FR1 for 10 days
and FR2 to FR5 (5 days each), for a total of 30 days. Rats from each genotype were
randomly assigned to either DHT or vehicle (Veh) groups, and allowed to self-administer
DHT or the BCD vehicle, respectively. Thirty six rats (nwt = 19, nt¢m = 17) were used in
this experiment.

Hamsters—Hamsters were tested under an FR1 schedule for 15 days. In previous studies,
15 days of ICV T self-administration is sufficient to acquire a preference for the active nose-
poke. Hamsters were randomly assigned to DHT (n = 8), DHT-CMO (n = 9), DHT-CMO-
BSA (n =10), DHT-Hemis (n = 11), DHT-Hemis-BSA (n = 8), or BSA (n = 9) groups.

Data analysis

Rats—Daily preference scores for the active nose-poke were determined by subtracting
inactive nose-pokes from the sum of active-reinforced and active non-reinforced nose-pokes
(R+NR-1). The mean preference score was calculated for each animal from the last 5 days of
FR1 and during FR2 to FR5. Additionally, the average number of reinforcements per session
for each animal at each FR was compared.

Data were analyzed by 3-way ANOVA, with genotype (WT or Tfm), drug (DHT or vehicle)
and FR schedule (1 ~ 5) as between-subject factors. FR schedule was treated as a between
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factor, since some animals failed to complete the entire 30 days of testing due to the
clogging of the ICV guide cannula. In those cases, only the data from the completed
schedules were included in the analyses. The number of animals included in each condition
is shown in Table 1. A three-way ANOVA was followed up by appropriate lower order
ANOVA:s for simple effects. The Newman-Keuls test for post-hoc pair-wise comparisons
was used when necessary.

Hamsters—The individual means of R, NR, and | were used for data analysis. The
preference score for each animal was determined by subtracting the mean inactive nose-
poke (1) from the mean active nose-poke (R+NR-1). The mean preference score was
analyzed with a one-sample t-test against O (i.e. no preference) for each group. Additionally,
the number of reinforcements received was averaged for each animal. The mean
reinforcement received for each drug group was compared against that of BSA controls with
a 2 independent-samples t-test. Animals who failed to complete a minimum of 5 sessions
were excluded from analysis (1 each from DHT-Hemis and DHT-Hemis-BSA groups).

All statistical analyses were conducted using SPSS 12 (SPSS Inc., Chicago, IL). For all
analysis, p < 0.05 was considered statistically significant. The data are presented as mean +
SEM per 4h session.

Results

WT and Tfm rats self-administer DHT

Operant responding—Figs. 1 illustrates the mean preference for active nose-poke (R +
RN - 1) at each FR for DHT and Veh groups. Rats self-administering DHT showed a greater
preference for the active nose-poke (73.1+7.6 resp/4h), compared to vehicle controls
(29.8+3.5 resp/4h; F1 145 = 31.77, p < 0.001). There was also a main effect of FR schedule
(Fa,145 = 4.25, p < 0.01), genotype-drug interaction (Fy 145 = 5.27, p = 0.02), and a drug-FR
schedule interaction (F4 145 = 2.60, p = 0.02). There was no main effect of genotype, and
other interactions were not significant.

Post-hoc tests revealed that the rats self-administering DHT showed a significantly greater
preference over the FR schedule (F4 73 = 4.18, p < 0.01), increasing preference from FR1
(33.4+4.4 resp/4h) to FR4 (110.8+26.7 resp/4h) and FR5 (106.4+18.9 resp/4h). No effect of
genotype was observed in this group (genotype-FR schedule: F4 73 = 0.13, ns; genotype:
F1,73 =0.86, ns).

In contrast, the rats self-administering Veh showed no change in preference over the FR
schedule (F4 72 = 0.31, ns), and no genotype-FR schedule interaction (F4 7 = 0.12, ns).
Unlike for DHT, Tfm rats showed greater preference than WT in this group (42.3+5.3 and
19.1+4.0 resps/4h, respectively; F4 7o = 11.81, p < 0.01).

Infusions—The average number of DHT and Veh infusions received at each FR is shown
in Fig. 2. Overall, rats received more infusions when allowed to self-administer DHT
(26.9£2.2 ng/ah) vs. vehicle (15.4+1.9 pl/4h, Fq 145 = 14.70, p < 0.001). There was also a
main effect of FR schedule (Fy 145 = 3.32, p = 0.01), and genotype-drug interaction (Fy 145 =
6.41, p = 0.01). All other interactions and main effects were not significant.

Average daily intake of DHT across all FR schedules was similar in Tfm (24.3+2.9 ug/4hr)
and WT (29.4+3.4 ug/4h) rats. In both groups, the drug intake remained constant as FR
schedule increased (F4 73 = 0.54, ns). During FR1, Tfm and WT males self-administered
DHT at 24.5+2.3 ug/4h and 37.3+6.7 pg/4h, respectively. Under an FR5 schedule, DHT
self-administration averaged 18.3+4.5 pg/4h for Tfm and 23.9+5.9 pg/4h for WT rats. This
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group exhibited no genotype- or genotype-FR schedule-based differences (Fy 73 = 1.17, ns;
F4.73 = 0.34, ns, respectively).

By contrast, in both Tfm and WT rats, the number of vehicle infusions declined significantly
as the FR requirement increased (F4 72 = 4.73, p < 0.01). Somewhat surprisingly, Tfm rats
self-administered approximately twice as much vehicle (20.7£2.4 pl/4h) as WT rats
(10.7£1.4 ulfah, Fq 7o = 7.77, p < 0.01). In Tfm rats at FR1, the number of vehicle infusions
(39.9£13.2 ul/4h) exceeded the number of DHT infusions (24.5+2.3 ul/4h). However, by the
end of the experiment, vehicle self-administration had declined to 10.3+2.4 ul/4h. Likewise,
WT rats self-administered 18.6+4.1 ul/4h vehicle at FR1, which declined to 6.6+1.8 ul/4h at
FR5.

The mean body weight at the start of each FR schedule and the number of animals in each
condition is shown in Table 1. The WT rats were significantly heavier than Tfm rats (F1 174
= 144.62, p <0.001), and all groups gained weight over time (Fs 174 = 5.59, p < 0.001).
There was no effect of drug condition (DHT v.s. Veh) on body weight (F1 174 = 0.31, ns), or
any interaction. DHT intake adjusted for body weight was similar in both genotypes at both
FR1 (WT: 77.9 pg/kg, Tfm: 65.4 pug/kg) and FR5 (WT: 46.5 pg/kg, Tfm: 42.6 pg/kg).

Syrian hamsters self-administer DHT conjugated to BSA

Operant responding—Hamsters self-administered DHT and DHT conjugated to BSA,
but not BSA alone. Fig. 3a shows the mean preference (active - inactive nose-pokes) for
DHT, BSA, DHT-CMO-BSA, and DHT-Hemis-BSA, DHT-CMO, DHT-Hemis. Consistent
with our previous studies, hamsters developed a preference for the active nose-poke during
DHT self administration (t; = 4.34, p < 0.01), but showed no preference when self-
administering BSA (tg = 1.03, ns). Likewise, hamsters showed a preference for the active
nose-poke with both DHT-CMO-BSA (tg = 2.71, p = 0.02) and DHT-Hemis-BSA (t; = 2.92,
p = 0.02). With DHT attached to linkers alone, hamsters self-administered DHT-CMO (tg =
3.91, p < 0.01), but did not show a significant preference when self-administering DHT-
Hemis (t;9 = 1.87, p = 0.09). With DHT-Hemis, responses on the active nose-poke
(40.5£10.3 resp/4h) were similar to those for DHT-Hemis-BSA (41.2+11.4 resp/4h), but
these males also showed increased responses for the inactive nose-poke (28.7+6.6 resp/4h)
compared to those for DHT-Hemis-BSA (20.3+4.4 resp/4h).

Infusions—The number of infusions received for each group is shown in Fig. 3b. Hamsters
received significantly more DHT- than BSA-infusions (t;5 = 3.04, p = 0.01). Similarly,
hamsters received more infusions when allowed to self-administer DHT-Hemis-BSA (t;5 =
2.72,p =0.02) or DHT-CMO (t16 = 2.70, p = 0.02) compared to BSA. The numbers of
infusions received for DHT-CMO-BSA (17.2+3.2 pl/4hr) and DHT-Hemis (22.7+5.9 pul/4hr)
groups were similar to those self-administering DHT, DHT-Hemis-BSA, and DHT-CMO.
Nonetheless, the hamsters did not receive significantly more DHT-CMO-BSA (17 =1.96, p
=0.07) or DHT-Hemis (t1g = 1.91, p = 0.07) compared to BSA.

Overdose—Eleven of 55 hamsters died before completing all 15 test sessions. Deaths due
to androgen overdose during testosterone self-administration have previously been described
(Peters and Wood, 2005). In the present study, 2 of 8 males (25%) died during DHT self-
administration, similar to the 24% reported for testosterone overdose (Peters and Wood,
2005). Self-administration of DHT-CMO and DHT-Hemis were associated with the highest
losses (each 3 of 8 per group, 38%), while there were few deaths among hamsters self-
administering BSA (1 of 9, 11%) or DHT-Hemis-BSA (0 of 8). As with testosterone
overdose, none of the hamsters in the present study died during self-administration. Instead,
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hamsters died several hours later in their home cages, with severe locomotor and respiratory
depression.

Testosterone overdose is closely correlated with testosterone intake, particularly maximum
intake per session (Peters and Wood, 2005). Fig. 4 compares preference scores, the number
of reinforcements received, and peak intake for hamsters who completed all 15 test sessions,
and those who did not. Both groups showed a significant preference for the active nose-poke
(p < 0.05). However, the preference was significantly greater in hamsters that died during
self-administration (25.7 + 5.2 resp/4h) compared with those that survived (9.5 £ 2.0 resp/
4h, ts3 = 3.42, p < 0.01). Hamsters that failed to complete 15 sessions received more than
twice as many infusions per session (31.2 £ 5.0 inf/4h) as those who completed all sessions
(14.8 + 1.1 inf/4h, ts3 = 5.05, p < 0.001). Furthermore, for hamsters that died during the
study, the maximum intake per session was significantly higher (77.0 + 9.8 inf/4h) than for
males that survived (36.1 £ 2.9 inf/4h, t53 = 5.41, p < 0.001).

Discussion

Androgen self-administration may be mediated by membrane-associated, but not by
nuclear androgen receptors

The current study demonstrates that classical nuclear ARs are not essential for androgen
self-administration. Both Tfm and WT rats developed a preference for the active nose-poke
during DHT self-administration. Furthermore, they were able to respond to the ascending
FR schedule by increasing active nose-pokes, thereby maintaining a steady level of drug
intake regardless of the FR schedule. In contrast, rats receiving vehicle failed to respond to
the changes in the FR schedule. Their active nose-pokes did not significantly increase in
response to changes in FR schedule, and they received fewer infusions as the response
requirement increased. Because ligand binding to the “classic” nuclear androgen receptor is
compromised in Tfm mutants, this supports our hypothesis that androgen reinforcement is
mediated via alternate pathways.

The unexpectedly high responding for vehicle by Tfm rats is unlikely to be due to the
vehicle itself. We observed similar phenomena in a separate group of Tfm rats who were not
receiving any infusions (data not shown). Instead, it may be related to feminized behavioral
traits in the Tfm males. The increased nose-pokes by Tfm rats may be analogous to higher
exploratory head dips observed in female rats (Brown and Nemes, 2008). Alternatively, the
Tfm rats and mice are known to exhibit heightened anxiety-like behaviors (Zuloaga et al.,
2006, Zuloaga et al., 2008a). Perhaps, the sedative/anxiolytic effects of DHT (Agren et al.,
1999, Arnedo et al., 2000, Frye and Seliga, 2001, Berbos et al., 2002, Peters and Wood,
2005) blunted the anxiety-like behaviors when Tfm rats self-administered DHT.

In addition, self-administration of DHT-BSA conjugates in male hamsters provides evidence
that androgens may act at the neuronal plasma membrane to have reinforcing action.
Hamsters exhibited a significant preference for both DHT-BSA conjugates. The doses self-
administered are in line with our previous studies on T, DHT, and commonly-abused
steroids (Ballard and Wood, 2005, DiMeo and Wood, 2006b). In contrast, hamsters showed
no preference for BSA alone. The data on mortality and drug intake demonstrate DHT and
its derivatives can be lethal, extending our previous data on T overdose (Peters and Wood,
2005).

The current study reveals a species-specific pattern of operant responding. Hamsters did not
prefer the active nose-poke while self-administering vehicle, as previously demonstrated
(Johnson and Wood, 2001, Wood, 2002, DiMeo and Wood, 2004, Triemstra and Wood,
2004, Wood et al., 2004, Ballard and Wood, 2005, DiMeo and Wood, 2006b). In rats,
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however, there was a clear preference for active nose-poke regardless of the drug received.
We observed a similar trend in our previous study on IV self-administration of T in rats,
although it was not statistically significant (Wood et al., 2004). Based on such species-
specific behavioral difference in self-administration, a caution must be taken when
comparing behavioral data from rats and hamsters.

There are several caveats that need to be considered in interpretation of the current study.
First, nuclear ARs with significantly impaired ligand binding are still present in Tfm rats
(YYarbrough et al., 1990), unlike in Tfm mice (He et al., 1991). It is possible that these
mutated nuclear ARs are sufficient for mediating effects of androgens at supra-physiological
doses. Second, the DHT-BSA conjugates may degrade in vivo, resulting in free DHT.
Although this does not appeared to be a significant issue in vitro (Lieberherr and Grosse,
1994, Gatson et al., 2006), the degree and the time-course of DHT-BSA degradation in vivo
in the brain is currently unknown. Finally, DHT-BSA conjugates may not significantly
penetrate into the brain tissue. DHT-BSA is significantly larger than DHT, thus the effects
of DHT-BSA observed in the current study are likely to be mediated at sites close to the
ventricles.

Despite these caveats, these two different approaches produced consistent results which
argue strongly against the necessity for nuclear AR in androgen reinforcement. In addition,
the self-administration of BSA conjugates suggests that androgens may act at the plasma
membrane in androgen reinforcement. To our knowledge, the current study provides the first
in vivo evidence for behaviorally relevant effects of androgens at the plasma membrane.

Androgens exert rapid nuclear AR-independent effects on reward

Several other studies on androgen reward have shown results consistent with non-genomic
or plasma membrane effects. CPP develops within 30 min of systemic T injection
(Alexander et al., 1994), a time-course consistent with acute non-genomic effects of T. CPP
can be also induced with intra-Acb infusions of T or its metabolite (Packard et al., 1997,
Frye et al., 2002), although Acb has few genomic AR. Furthermore, the VTA expresses Fos
in response to ICV T-infusion (Dimeo and Wood, 2006a), despite the lack of significant
classical AR expression there. The current study does not provide information regarding the
site of action in the brain. Nonetheless, it does indicate that the relative lack of nuclear AR
alone is not a sufficient reason to exclude structures such as Acb and VTA from the
potential sites that may mediate androgenic effects.

Rapid plasma membrane effects of steroids in dorsal and ventral striatum are not limited to
androgens. Progestins are known to induce CPP, possibly via gamma-aminobutyric acid
(GABA) receptors in Acb (Frye, 2007). Estrogens also exert rapid, membrane receptor-
mediated effects in the dorsal striatum (Mermelstein et al., 1996, Becker and Rudick, 1999).
A membrane-associated receptor has already been isolated for progestins (Zhu et al., 2003),
and evidence is accumulating for cell-surface receptors for estrogens (reviewed in
Vasudevan and Pfaff, 2007) and androgens (reviewed in Thomas et al., 2006). While
estrogens are also reinforcing (DiMeo and Wood, 2006b), the reinforcing effects of T appear
to be predominantly androgenic. Hamsters self-administer non-aromatizable androgens,
such as drostanolone and DHT (Ballard and Wood, 2005, DiMeo and Wood, 2006b).
Additionally, the anti-androgen flutamide can block T self-administration (Peters and Wood,
2004). While this may appear to contradict the role of membrane AR reported in this study,
flutamide has been reported to block membrane AR activation as well (Braun and Thomas,
2003, Braun and Thomas, 2004).
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The properties of membrane androgen receptors

Historically, the effects of steroids, including androgens, were considered to be transduced
by nuclear receptor-mediated processes. However, reports of rapid androgen effects,
presumably mediated by membrane-associated receptors, have been available for several
decades. For example, in the medial preoptic area, androgens can alter neuronal firing within
seconds (Yamada, 1979) to minutes (Pfaff and Pfaffmann, 1969). Furthermore, Orsini and
colleagues (Orsini, 1985, Orsini et al., 1985) have shown a rapid modification of neuronal
firing frequency by androgens in the lateral hypothalamus (LHA). This effect of androgens
in LHA may be of particular relevance to the present study, as the LHA is known to be
involved in the reward circuitry (Olds and Milner, 1954) and LHA orexin/hypocretin is
regulated by gonadal steroids (Muschamp et al., 2007).

The cell types with possible membrane ARs include glial (Gatson et al., 2006), gonadal
(Braun and Thomas, 2003, Braun and Thomas, 2004), and immune cells (Benten et al.,
1999, Guo et al., 2002), myocytes (Estrada et al., 2003), and osteoblasts (Lieberherr and
Grosse, 1994). Although the molecular identity has yet to be determined, candidates for the
membrane AR include membrane receptors with known steroid binding sites, such as
GABA-A (reviewed in Lambert et al., 2003) and NR2 subunits of N-methyl-D-aspartic acid
receptors (Malayev et al., 2002). Alternatively, Thomas and colleagues (2004) have reported
evidence for a novel G-protein coupled receptor as a membrane AR. In addition, the effects
of androgens unrelated to a specific receptor cannot be excluded in the current study.

Recent in vitro studies suggest that there are multiple membrane ARs, or more than one
binding site on a single receptor, as proposed for the membrane progesterone receptor
(Ramirez et al., 1996). In many cell types, the membrane AR appears to be a membrane
receptor coupled to Gg/o (Lieberherr and Grosse, 1994, Benten et al., 1999, Zhu et al., 1999,
Guo et al., 2002, Estrada et al., 2003). However, the steroid binding characteristics and the
sensitivity to anti-androgens of the putative membrane AR vary greatly depending on the
cell type. For instance, anti-androgens can block the effects of DHT on croaker ovarian cells
(Braun and Thomas, 2003, Braun and Thomas, 2004), while they are not effective in other
cell types (Lieberherr and Grosse, 1994, Benten et al., 2004, Gatson et al., 2006), or may
even exert agonist-like effects in hippocampal cells (Pike, 2001, Nguyen et al., 2007) and
several cancer cell lines (Peterziel et al., 1999, Zhu et al., 1999, Evangelou et al., 2000,
Papakonstanti et al., 2003). Furthermore, different T-binding characteristics have been
reported for different organs in fish (Braun and Thomas, 2004).

Our experience with commonly-abused AAS indicate that major modification(s) at the A-
ring (at C2 and/or C3) and at C17 tend to interfere with self-administration (Ballard and
Wood, 2005). For example, stanozolol, which has a major modification at C2 and C3 as well
as a methyl group attached to C17, is not self-administered. In the current study, hamsters
self-administered both BSA conjugated at C3 (DHT-CMO-BSA) and C17 (DHT-Hemis-
BSA). Further research is required to elucidate the characteristics of androgens self-
administered.

Clinical significance

AAS, especially T, are by far the most common performance enhancing agents used by
athletes, accounting for nearly half the positive doping tests (World Anti-Doping Agency,
2006). Given such wide-spread use, AAS abuse has wide-ranging health consequences.
Cardiac and hepatic side-effects of AAS abuse are well-established (Leshner, 2000). These
and the anabolic effects of AAS have been thought to be mediated through nuclear AR.
However, the possible nuclear AR-independent effects of androgens suggest that the
influence of AAS may extend well beyond structures with nuclear AR expression.
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As far as resemblance to other drugs of abuse, AAS produce different effects and have
different mechanisms of action from stimulants. Unlike stimulants (Graybiel et al., 1990),
AAS induce c-Fos activation only in the VTA and not in Acb (Dimeo and Wood, 2006a).
Furthermore, AAS attenuate stimulant-induced Acb DA release (Birgner et al., 2006), and
inhibit DA release acutely (Triemstra et al., 2008). Behaviorally, AAS do not induce
locomotor activation characteristic of stimulants (Peters and Wood, 2005).

Instead, behavioral responses to acute AAS resemble those of opioids or benzodiazepines,
possibly exerting additive effects when taken together. Acute exposure to AAS depresses
autonomic functions, including respiration and body temperature (Peters and Wood, 2005).
AAS-induced autonomic depression is reminiscent of the symptoms of opioid overdose, and
is blocked by the opioid antagonist naltrexone (Peters and Wood, 2005). Furthermore,
nandrolone, a commonly-used AAS, potentiates hypothermic effects of morphine and
exacerbate naloxone-precipitated morphine withdrawal symptoms (Celerier et al., 2003). In
addition, it is well-established that acute AAS are sedative/anxiolytic (Agren et al., 1999,
Arnedo et al., 2000, Frye and Seliga, 2001, Berbos et al., 2002, Peters and Wood, 2005),
possibly mediated by their direct effects on GABA-A receptors (Masonis and McCarthy,
1995, Masonis and McCarthy, 1996). Increased ethanol consumption in rats chronically
treated with AAS may also be an reflection of altered GABAergic function (Johansson et al.,
2000).

Our findings on overdose raise an additional health concern. Currently, the classification of
AAS as control substances is based on their anabolic properties (Controlled Substances Act,
1991). However, the current study demonstrates that the anabolic efficacy of AAS does not
necessarily correspond to their reinforcing properties and overdose risks. In addition to
DHT-BSA conjugates, DHT-CMO used in this study is not a controlled substance, although
its reinforcing properties and mortality from its overdose appears to be quite similar to DHT
and T (Peters and Wood, 2005). The pattern of overdose also resembled that previously
reported for T (Peters and Wood, 2005), where high intake resulted in mortality 24 to 48 hrs
later. In light of these findings, the criteria used for scheduling a steroid as a controlled
substance may require revisions to account for its abuse liability and toxicity, in addition to
its anabolic potency.

The results of the current study suggest that nuclear AR, the only AR isolated so far, is not
essential for the androgen reinforcement. Instead, the results suggest that androgen
reinforcement is transduced at the plasma membrane. Thus, further inquiries into the identity
of putative membrane AR, their functional characteristics and anatomical distribution are
required to elucidate the underlying mechanism of AAS abuse and its clinical implications.
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Mean preference (active — inactive nose-pokes) for rats self-administering DHT (top) and
vehicle (bottom). Means = SEM for each FR are shown, along with the overall average +
SEM (right). * Significantly different from FR1 (p < 0.05). # Significantly different from
WT (p < 0.05). ## Significantly from vehicle (p < 0.05). Note that preference increased only
in rats receiving DHT as the FR requirement increased.
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Mean infusions received by rats self-administering DHT (top) and vehicle (bottom). Means
+ SEM for each FR are shown, along with the overall average + SEM (right). * Significantly
different from DHT FR1 (p < 0.05). # Significantly different from WT (p < 0.05). ##
Significantly from vehicle (p < 0.05). Note that rats self-administering DHT received a
relatively constant number of infusions, while rats self-administering vehicle received fewer
infusions as the FR requirement increased.
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3a: Mean preference (active — inactive nose-pokes) for hamsters self-administering BSA (n
=9), DHT (n = 8), DHT-CMO-BSA (DCB, n= 10) and DHT-Hemis-BSA (DHB, n = 8),
DHT-CMO (DC, n = 8), and DHT-hemis (DH, n = 11). * Significantly different from 0 (p <
0.05).

3b: Mean infusions received by hamsters self-administering DHT (n = 8), BSA (n =9),
DHT-CMO-BSA (DCB, n = 10), DHT-Hemis-BSA (DHB, n = 8)), DHT-CMO (DC, n = 9),
and DHT-Hemis (DH, n = 11). * Significantly different from BSA (p < 0.05).
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Mean preference scores (left), infusions received (middle), and maximum intake per session
(right) for hamsters who completed all 15 sessions (C15, n = 44) and those who did not
(<15, n = 11). Group means + SEM are shown as cross-hairs. Individual scores are shown as
gray boxes (BSA), open circles (DHT and its derivatives), and gray diamonds (DHT-BSA
conjugates. * Significantly different from C15 (p < 0.05).
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