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Abstract

Anabolic-androgenic steroids (AAS) are synthetic derivatives of testosterone originally developed
for clinical purposes, but now predominantly taken at suprapharmacological levels as drugs of
abuse. To date, nearly 100 different AAS compounds that vary in metabolic fate and physiological
effects have been designed and synthesised. While administered for their ability to enhance muscle
mass and performance, untoward side effects of AAS use include changes in reproductive and
sexual behaviours. Specifically, AAS, depending on the type of compound administered, can
delay or advance pubertal onset, lead to irregular oestrous cyclicity, diminished male and female
sexual behaviours, and accelerate reproductive senescence. Numerous brains regions and
neurotransmitter signalling systems are involved in the generation of these behaviours, and are
potential targets for both chronic and acute actions of the AAS. However critical to all of these
behaviours is neurotransmission mediated by GABA receptors within a nexus of interconnected
forebrain regions that includes the medial preoptic area (mMPOA), the anteroventral periventricular
nucleus (AVPV) and the arcuate nucleus of the hypothalamus. Here we review how exposure to
AAS alters GABAergic transmission and neural activity within these forebrain regions, taking
advantage of in vitro systems and both wild-type and genetically altered mouse strains, in order to
better understand how these synthetic steroids affect the neural systems that underlie the
regulation of reproduction and the expression of sexual behaviours.
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I. Chemical Classes and the Patterns of Anabolic Androgenic Steroid Use

Anabolic Androgenic Steroids (AAS) comprise a large class of synthetic androgens that
were devised for the treatment of hypogonadal dysfunction in men, initiation of delayed
puberty, and growth promotion [1, 2]. While still used in clinical settings to treat wasting
syndromes and hypogonadism, these synthetic steroids are predominantly self-administered
in an illicit manner to enhance performance or body image [3-6]. Adult men are reported to
self-administer AAS at concentrations that reflect 10-100x therapeutic doses of testosterone
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prescribed to restore circulating levels of testosterone in hypogonadal men [3, 6-10]. Girls
and women are reported to take AAS at levels equivalent to or even exceeding those
administered by men [7,11]. Thus the same doses self-administered by men may be expected
to yield circulating levels of androgens in women and girls, both synthetic and
physiological, that are orders of magnitude higher than the normal physiological levels of
androgens [7].

While public awareness of steroid abuse is often focused on adult males, in the past several
decades, the concern over the use of AAS has expanded to encompass self-administration of
AAS by adolescents. Approximately 0.5% of girls and ~2% of boys are also believed to
self-administer AAS [12-14]. The mean age for initiation of abuse is 15 years [15], and it is
estimated that a large portion of teenagers take AAS throughout adolescence at a time when
the brain is still developing and highly hormone-sensitive [16-18]. Many of these adolescent
users are not involved in athletics, but are concerned with body image [12, 13, 19]. Prior
reports in human subjects suggest that adolescents may be more sensitive than adults [20]
and women may be more sensitive than men [11] to the disruptive effects of AAS. Effects of
AAS are thus not monolithic, and will depend not only on the age and sex of the user, but
also on the chemical structures of the steroids taken and the complexity of the regime of
administration (see below).

Steroid abuse is typified by the concurrent use of multiple AAS (stacking) and a pattern of
on-drug and off-drug use (cycling) and pyramiding, the process of administering first
escalating then declining doses during the cycle; a process that AAS users think will
diminish "catabolic molecules", such as cortisol. AAS users also concurrently self-
administer anti-oestrogens and other agents, including 33-HSD inhibitors [21, for
discussion, see 22]. While there are greater than 100 AAS compounds that have been
synthesised to date, three major classes of AAS can be described that differ in their chemical
structure and metabolic half-lives, and thus their physiological effects. AAS in the first class
are derived from esterification of the 17p-hydroxyl group of testosterone and includes
testosterone propionate, and testosterone cypionate. Testosterone esters can be hydrolysed
into free testosterone, reduced to 5a-dihydrotestosterone or aromatised to oestrogens [3, 23,
24]. Molecules that have been 5a-reduced cannot be metabolised into oestrogens, but may
be metabolised into other androgens, such as 3a-androstanediol [3, 24]. The second class of
AAS includes the 19-nor-testosterone derivatives such as nandrolone. These AAS are often
also esterified, but in conjunction with the long side chain moieties, have a substitution of a
hydrogen for the methyl group at C19 [1, 2]. Like the testosterone esters in class I, 19-
nortestosterone derivatives can be aromatised to 17p-oestradiol, although not as readily as
testosterone [24, 25]. The third class of AAS comprises those compounds that are alkylated
at C17, such as 17a-methyltestosterone and stanozolol. Because alkylation retards
metabolism by the liver, these AAS, unlike AAS in groups one and two, are orally active
[1]. None of the 17a-alkylated steroids can be converted into DHT or aromatised to 17f3-
oestradiol [24-26], but these compounds may be converted to other androgenic and
oestrogenic metabolites [27, 28].

All AAS are biologically active at classical androgen receptors (AR), albeit with
significantly different activities [29-31]. The AAS can be aromatised to oestrogenic
metabolites [24-26, 31-34] with the capability to interact with both estrogen receptor alpha
(ERa) and ERp and promoting physiological effects that may reflect ER, as well as AR
signalling [e.g., see 35-38]. In addition, the AAS can, without metabolic conversion, also
signal through ERa and B and the progesterone receptor [39, 40]. While the potency of AAS
action at ER is markedly less than 17p-oestradiol, Attardi et al. [40] have shown that the
activation of ERE reporter constructs by two individual AAS at concentrations of 1078 to
1076 M reached the same level of maximal activation as did physiological concentrations of
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17pB-oestradiol. Thus, while the ECsq for the two AAS are several orders of magnitude less
than is the ECsq for 17pB-oestradiol, the activation may be quite relevant to the drug abuse
situation where serum levels of AAS have been estimated to reach micromolar
concentrations in human subjects who chronically abuse them [7, 41, 42]. This estimation in
illicit steroid abusers has been supported by a controlled clinical study of male volunteers
who were administered AAS. Data from this study indicated that even moderate, short-term
use raised AAS levels in cerebral spinal fluid (CSF) as high as 0.9 pM [8]. Activity of the
AAS at ERp is particularly intriguing given recent data from Handa and colleagues that
demonstrate the ability of endogenous androgens to signal through ERp and to influence
neural regulation of the hypothalamic-pituitary-adrenal axis and hormonal control of the
stress response [43-46].

In addition to the multiplicity of potential signalling effects through hormone receptors,
AAS have also been shown to elicit rapid effects through interactions with a non-AR/ER
microsomal binding site, [47], through allosteric modulation of ion channels [48-50], and
through allosteric regulation of enzymes involved in the biotransformation of steroids (see
below). The complexities in paradigms of AAS administration, the diversity of metabolic
fates of the different steroids and the resulting range of signalling capacities of the AAS
have important implications for understanding the actions of these steroids, since the
distribution of AR and ER vary significantly with sex and age [51-53]. Additionally, it is
possible that allosteric modulation of ion channels by AAS may also vary with sex and
development, as has been shown for neurosteroid modulation of the GABA receptor [54—
58], although this has yet to be tested for the AAS.

Il. AAS Effects on Sexual Behaviours and Reproduction

While self-administered for their ability to enhance athletic performance and body image,
AAS use is also associated with untoward behavioural effects [5, 11, 49, 59, 60]. In human
abusers and in animal models, one of the most consistent hallmarks of AAS administration
is significant and often permanent change in sexual behaviours and reproductive state [11,
61]. Self-administration of high doses of AAS in men and boys has been associated with
both increases and decreases in libido and a hypogonadal state characterised by diminished
levels of serum LH and FSH, testicular atrophy, and decreased sperm production [61, 62]. In
human females, early exposure to high levels of androgens alters the onset of puberty,
reproductive competence, libido and sexual arousal, although as with male the direction of
elicited changes may vary in different individuals [11, 63, 64].

AAS exposure in animal models replicates many of findings for human subjects, resulting in
aberrations in both male and female reproductive and sexual behaviours and accelerated
reproductive senescence [49, 60, 65, 66]. Effects of AAS administration vary with the type
and regime of the AAS taken and the age of the subjects when drug administration begins
[49]. In focusing on the actions of 17a-alkylated AAS in adolescent rodents, it has been
reported that treatment of adolescent male rats with 17a-alkylated AAS results in diminished
testes weight, decreased ejaculation, scent marking and ultrasonic vocalisations [67-69].
Treatment of adolescent female rodents with moderate or high concentrations of 17a-
alkylated AAS has been shown to cause a significant advance in the onset of vaginal
opening, as well as a marked delay in first vaginal oestrus and suppression of regular
oestrous cyclicity [70, 71]. In adult rats and mice, exposure to moderate to high doses of
170-alkylated AAS decreases testes weights, mounts, intromissions and ejaculations in
males [72, 73] and suppress vaginal and behavioural cyclicity in females [37, 71, 74, 75].
The suppressive effects of AAS on reproductive competence have been attributed to AAS-
dependent actions on gonadotrophin secretion [74]. Interestingly, while treatment with a
mixture of non-17a-alkylated AAS resulted in increased intromissions and ejaculations in
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male hamsters treated as adolescents, this combination of AAS did not impair reproductive
behaviours in hamsters treated as adults [76]. These studies highlight that the actions of the
AAS are complex, varying with the types of steroids administered and the age and sex of the
subject.

lll. Effects of AAS on GABAergic Transmission and Neural Activity in
Regions of the Hypothalamus and Forebrain that Regulate the Expression
of Sexual and Reproductive Behaviours

The mechanisms by which chronic AAS exposure modifies the expression of sexual
behaviours and reproductive competence are only beginning to be uncovered and are likely
to reflect both peripheral effects on gonadal tissues and central effects on neuronal circuits.
The medial preoptic area (MPOA) is an integral node in a core of reciprocally connected
regions of the hypothalamus and forebrain that form the neural networks underlying the
regulation of sexual and reproductive behaviours [77]. The neural substrates required for the
expression of sexual and reproductive behaviours in rodents have been well documented by
lesion studies, anatomical tracer studies, and assessments of c-fos expression associated with
mating behaviour. In males and females, the mPOA is a key site for the integration of
sensory input and regulation of both sexual performance and motivation [78, 79]. Neurones
in the mPOA and the continuum of cells along the rostral periventricular region of the third
ventricle (RPV3) also provide critical afferent control over the population of gonadotropin
releasing hormone (GnRH) neurones that regulate the hypothalamic-pituitary-gonadal
(HPG) axis. Many excellent reviews have recently been published on neural control of
GnRH function and will not be recapitulated here except to note that GABAergic control of
GnRH pulsatility is essential for pubertal onset and reproductive competence in both sexes
[80-82]. The effects of AAS on sexual behaviour and the control of reproduction are likely
to reflect the integration of complex signalling and changes in the expression and/or function
of many neural substrates [60]. We are highlighting AAS effects on signalling mediated by
GABA receptors both because of the crucial role GABAergic transmission plays in the
control of reproduction and because studies demonstrate that the AAS have significant
effects on GABA receptor expression and function [37, 41, 42, 48, 67, 69, 71, 83-87], as
well as on the levels of endogenous allosteric modulators of these receptors [36]. Thus,
AAS-dependent changes in GABAergic signalling in the forebrain may be a critical conduit
by which these steroids impart molecular actions that lead to changes in sexual and
reproductive behaviours.

A. Allosteric Modulation of GABAp Receptors by the AAS

The native GABA, receptor is a pentameric ionotropic transmembrane protein for which
sixteen different receptor subunit genes (o1_g, B1-3, Y1-3, 9, €, @, and 6) and numerous
alternatively spliced mMRNAs have been identified in mammals [88]. Although receptors
containing aq, B, or B3, and y, subunits constitute ~80% of GABAA receptors expressed in
the adult brain [88-91], the mPOA and regions of the RPV3 continue throughout adulthood
to express high levels of ap-containing receptors (o, greater than or equal to a4), as well as
subunits including € and y4, that show limited to negligible expression in other brain regions
[37,67, 69, 71, 84, 85, 92, 93].

Subunit composition imparts significant differences in both the biophysical properties of the
receptors and their sensitivity to allosteric modulation, including allosteric modulation by
the AAS. For example, the AAS, 17a-methyltestosterone, potentiates responses elicited by
brief exposure to millimolar concentrations of GABA at a,B3y2-containing recombinant
receptors expressed in heterologous cells, but has negligible effects at a1B3y,-containing
receptors [86, 87]. Conversely, the AAS significantly potentiate tonic currents mediated by
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ambient (low pM) concentrations of GABA through aj-containing recombinant receptors,
but are without effect on tonic currents mediated by ay-containing receptors [86, 87]. Data
from primary murine neurones in which levels of a4 versus a, subunit mRNAs determined
by single cell PCR were correlated with the extent of positive modulation of GABA-
dependent currents in indentified neurones supports this finding from receptors expressed in
heterologous systems [87]. The relative expression of a4- versus ay-containing receptors
may be pertinent to changes in the sensitivity of GnRH neurones as mice make the transition
through puberty since it has been reported that there is a late developmental increase at
puberty in the numbers of morphologically identified single GhnRH neurones in wild type
mice that express the a4 subunit [94]. Data from our laboratory from GnRH neurones
identified by fluorescence in the GFP-GnRH transgenic line [95] corroborate this finding
(Robert McGarr and Carlos Penatti, unpublished).

Neurones within neuroendocrine control regions of rodents, including the mPOA/RPV3,
also express two subunits not found at appreciable levels elsewhere in the brain: the y; and
the ¢ subunits. While substitution of the y4 for the y, subunit did not appreciably alter acute
allosteric modulation by 17a-methyltestosterone for recombinant apB3X receptors [48],
substitution of the & subunit for the y, subunit in recombinant ayB3x receptors dramatically
altered the profile of AAS modulation. Specifically, in receptors containing the & subunit,
AAS imposed negative allosteric modulation of both GABA-gated and spontaneous opening
of the receptor by a mechanism of allosteric block in which the AAS interacts preferentially
with and promotes accumulation in a closed state [83]. Intriguingly, recent studies also
suggest that the £ subunit may replace not only the vy, but also the B subunit in the GABAA
receptor and that alternative patterns of subunit incorporation may underlie the observed
variability in both biophysical and pharmacological properties noted not only in recombinant
g-containing receptors, but also in native neurones in which ¢ subunits are expressed [96,
97].

The properties of e-containing receptors are particularly intriguing with respect to AAS
effects on the expression of reproductive and sexual behaviours since € expression is
enriched in neuroendocrine control regions including the ventromedial nucleus of the
hypothalamus, the mPOA, the septum, and the amygdala [67, 98-101]. Moreover, it has
been reported that € subunits are expressed in virtually all GhRH neurones in the mPOA/
anterior hypothalamus [99]. Approximately 70% of GnRH neurones acutely dissociated
from neonatal mice display a robust picrotoxin-sensitive current of 70 + 20 pA which is
likely to reflect spontaneous openings of e-containing receptors, and 17a-methyltestosterone
can antagonise this current as it does for both spontaneous and GABA-gated currents in
recombinant receptors [83]. Surprisingly, GnRH neurones in intact slices from the mouse do
not demonstrate appreciable levels of picrotoxin-sensitive currents that would indicate
appreciable expression of g-containing receptors in these cells [69, 71]. This disparity may
reflect a developmental difference, methodological constraints (dissociated versus cells in
intact slices) or potential antagonism of g-containing receptors by lipophilic and endogenous
allosteric modulators (e.g., neurosteroids) that may be retained in the slice preparation.
Furthermore, while negative modulation by 17a-methyltestosterone of both spontaneous and
GABA-gated currents through GABA, receptors in GnRH neurones has been observed [83]
and (C.A.A. Penatti, unpublished data), GnRH neurones in the intact slice also exhibit
robust and reversible positive modulation to acute application of 17a-methyltestosterone
(Figure 1A, B), suggesting notable heterogeneity in receptor composition and expression
even within this single identified class of neurone.

While the AAS and the neurosteroids, especially androgenic compounds such as 5a-
androstane-3a,17p-diol (3a-diol), have obvious structural similarities, several observations
suggest that these two classes of steroids interact with disparate parts of the GABAp
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receptor and elicit allosteric modulation by separate mechanisms. First, the AAS lack key
structural moieties necessary for neurosteroid activity [102, 103]. Second, while
neurosteroids at high concentrations can directly gate the GABAp receptors [104], high
concentrations of the AAS, 17a-methyltestosterone, do not [50]. Third, as noted above, a
subunit composition is critical to the allosteric effects of the AAS. In contrast, the four
transmembrane residues in the oy subunit that are critical for both potentiation and direct
activation of the receptor by the positive neurosteroids are conserved among the o and 3
subunit family members [105] and electrophysiological studies indicate that changes in o or
B subunit composition have only a modest effect on positive neurosteroid potentiation [104,
106]. Fourth, modelling studies indicate that the state transitions altered during positive
allosteric modulation of y-containing receptors by the AAS [86, 87] are distinct from those
altered by positive neurosteroids [107, 108]. Fifth, substitution of a & for the y subunit in a-
and ap-containing receptors confers marked enhancement in modulation elicited by
neurosteroids [109, 110] and tracazolate [87, 96]. In contrast, the AAS, 17a-
methyltestosterone had no significant effect on responses elicited by GABA from a3
receptors under conditions of either full or partial receptor occupancy [87]. It is likely that
the AAS and the neurosteroids may also interact with physically disparate parts of the
receptor. For the AAS, an attractive hypothesis supported by data from site directed
mutagenesis studies [83] is that these synthetic steroids interact with a promiscuous
composite low affinity binding pocket formed by conserved residues in transmembrane
segments 2 and 3 of receptor subunits. Such a site has been implicated in the allosteric
actions mediated by a number of structurally dissimilar allosteric modulators, including
loreclezole, ethanol, specific anesthetics and low affinity benzodiazepine binding [83, 86,
87].

Acute anxiolytic effects of AAS that may possibly reflect allosteric modulation of GABAA
receptors have been reported for studies in rodents [111-113]. These acute effects may
underlie the initial hypomania and euphoria reported in AAS human abuse [114, 115] that
may contribute to the enhancing effects on libido of AAS elicited in some human subjects
[11]. However, we note that all of these studies report acute anxiolytic actions of AAS that
can be reduced to 3a-diol, not of the 17a-alkylated derivatives. Moreover, we have failed to
observe anxiolytic effects in response to acute single doses of testosterone, to 17a-
methyltestosterone or to a mixture of testosterone cypionate, methandroestenolone and
nandrolone decanoate in either male or female mice as assessed on the elevated plus maze or
on the acoustic startle response (A.S. Clark, J.G. Oberlander, M.M. Onakomaiya, and D.M.
Porter, preliminary results).

B. Effects of Chronic Exposure to AAS on Regulation of GnRH Cell Function in Adolescent

Mice

In animal models, as in human subjects, chronic exposure to AAS at concentrations that
reflect high human abuse regimes disrupt reproductive function in both male and female
mice [49, 60]. Exposure to these synthetic steroids may have particularly acute
repercussions in adolescence, but effects of AAS during adolescence on critical centres that
regulate reproduction had not been examined until recently. For adolescent male mice
chronic treatment with the AAS, 17a-methyltestosterone, reduced serum levels of LH and
FSH and decreased testes’ mass [69]. A comparable treatment of adolescent female mice
imposed a prolonged anoestrous state characterised by dioestrous vaginal smears [71]. These
changes in peripheral reproductive state were associated with a significant decrease in the
frequency of action potentials in GnRH neurones in both sexes. Because of the importance
of GABAergic tone in the onset of puberty and control of GnRH secretion following
reproductive maturation, the properties of GABA, receptor-mediated responses were
examined in detail. Single cell RT-gPCR analysis indicated that GnRH neurones in
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adolescent male and female mice express a comparable complement of GABA, receptor
subunit mRNAs, as do neighboring neurones in the mPOA of adolescent and adult mice [37,
69, 71, 84, 85]. However, unlike non-GnRH neurones in the mPOA, AAS treatment did not
induce significant changes in GABA receptor subunit mRNA levels in these GnRH cells in
either male (Figure 1 C, D) [69] or female [71] mice. Moreover, whole-cell patch clamp
recording indicated that AAS treatment was without effect on the amplitude or decay
kinetics of GABA receptor-mediated spontaneous postsynaptic currents (SPSCs) miniature
SPSCs or tonic currents in GnRH neurones in either sex [69,71]. In contrast, AAS treatment
significantly increased the frequency of GABA, receptor-mediated SPSCs in GnRH
neurones of both male and female mice [69,71]. Taken together, these data indicate that
AAS treatment was without an appreciable effect on the complement or function of
postsynaptic GABA receptors expressed in GnRH neurones and that the likely site of AAS
action was on presynaptic afferents to these GnRH cells.

In male mice, the increase in the sPSC frequency in GnRH neurones was correlated with an
increase in action potential frequency in neighboring mPOA neurones; neurones that are
prime candidates to provide afferent innervation to the GnRH cells [116, 117]. To directly
determine if these cells were indeed the source of the enhanced GABAergic inputs to GnRH
neurones in AAS-treated male mice, these afferents were both physically (by a surgical cut)
and pharmacologically (by GABAA receptor antagonists) disrupted. The physical or
pharmacological isolation of lateral GABAergic mPOA afferents abrogated the AAS-
induced increase in GABA receptor-mediated sPSC frequency and the decrease in action
potential firing in the GnRH cells of AAS-treated male mice [69].

These data indicate that in adolescent male mice, AAS act predominantly on steroid-
sensitive presynaptic neurones within the mPOA, rather than on GnRH neurones
themselves, consistent with the paucity of steroid receptor expression in these cells [81, 118,
119]. While GABA may have both excitatory and inhibitory effects on GnRH neurones
[120-126], results from this study [69] in adolescent male mice are most consistent with the
hypothesis that AAS treatment increases action potential firing in GABAergic mPOA
neurones, which in turn provides enhanced inhibitory tone that suppresses the firing rate of
GnRH neurones and decreases LH/FSH release (Figure 2). The diminished levels of
gonadotrophins are likely to contribute to the decrease in testicular weights observed in
AAS-treated animals.

As with male mice, AAS treatment of female mice was associated with a low frequency of
action potential firing in GnRH neurones, with frequencies in AAS-treated animals being
comparable to dioestrous littermates and significantly lower than oestrous littermates [71].
As noted, AAS treatment of adolescent females also promoted a higher frequency of
GABA receptor-mediated sSPSCs in GnRH neurones. Surprisingly, however, the changes in
sPSC frequency and action potential firing in GnRH neurones of female mice did not
correlate with action potential firing patterns in the mPOA, suggesting that, unlike males,
afferent drive from this region was not critical in mediating AAS effects. In contrast, action
potential frequency in the AVPV, as well as expression of kisspeptin, did positively
correlate with AAS-dependent changes in GnRH firing [71]. Thus, while chronic AAS
treatment may impose the same end-point in adolescent male and female mice (diminished
action potential firing in GNRH neruones), the steroid-sensitive afferents that impose these
effects are likely to vary between the sexes, with inhibitory GABAergic neurones in the
mPOA playing the major role in males and either excitatory kisspeptin and/or inhibitory
GABAergic afferents within the AVPV being predominant in females [71].
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C. Indirect Effects of AAS on Classical Hormone Receptor Signaling in Neuroendocrine
Control Regions

Studies in both adolescent male and female mice chronically exposed to 17a-
methyltestosterone support the hypothesis that AAS act to impair GhnRH neuronal function
and thus reproductive competence through actions on afferent neurones within the mPOA/
RPV3. In male mice, pharmacological and physiological manipulations indicate that
GABAergic neurones within the central portion of the mPOA play a significant role in
imparting AAS-induced changes in GnRH neuronal function. While we conclude that the
AAS act on upstream mPOA afferents rather than the GnRH neurones themselves, AAS
effects could be mediated by AR signalling, ER signalling and/or nongenomic actions in
these mPOA afferents. Neurones within the central portion of the mPOA express high levels
of AR [51, 52] and ERa, lower but appreciable levels of ERp [53, 127, 128], and high levels
of aromatase [129]. To assess the importance of classical AR signalling versus other
mechanisms in regulating the activity of mPOA afferents, adult male wild type and AR-
deficient testicular feminisation (Tfm) mice were treated with a mixture containing equal
concentrations of one AAS from each major class of AAS (testosterone cypionate,
nandrolone decanoate, and 17a-methyltestosterone) [84]. This treatment regime was used in
order to more closely model human use patterns and to optimise the capacity for the AAS to
act through not only AR, but also ER and other alternative mechanisms.

In mPOA neurones of wild type male mice, chronic AAS treatment resulted in a significant
increase in action potential firing, significant increases in the levels of a5 and 1 subunit
mMRNAs and a concomitant significant prolongation of GABA, receptor-mediated synaptic
current decay that could be attributed to as-containing receptors [84]. The AAS-dependent
increase in ag subunit expression and prolongation of synaptic currents in the mPOA of
adult males mirrored effects of this AAS mixture observed in adult females, where co-
treatment with the AR antagonist, flutamide, was shown to inhibit the effect of the AAS
[37]. Consistent with the effects of flutamide in females, increases in ag subunit mMRNA
expression and prolongation in sSIPSC current decay were not evident in AAS-treated male
AR-deficient Tfm mice, suggesting that these changes in GABA, receptor subunit
expression in the mPOA were mediated through classical AR signaling. Despite the absence
of AAS-dependent changes in as-containing receptor-mediated currents in the Tfm mice,
AAS treatment was not without effect in AR-deficient line. Specifically, AAS treatment of
Tfm mice elicited a significant decrease in the frequency and amplitude of sIPSCs and a
significant decrease in GADgs MRNA levels in the mPOA. These data are consistent with
the interpretation that in the Tfm mutants, AAS treatment results in diminished AP-
dependent GABA release from afferents onto central mPOA neurones. While ER-mediated
signalling following aromatisation seemed the likely alternative mechanism for mediating
these AAS effects in the Tfm mice, surprisingly concomitant treatment of Tfm mice with
AAS and tamoxifen (at concentrations that impose ER antagonism) did not block, but rather
mimicked, the effects of AAS on GABAergic transmission (Figure 3A). Similarly, AAS and
the aromatase inhibitor, formestane, when given individually had comparable effects on
GABA receptor-mediated sIPSCs, but when co-administered in the presence of
formestane, the AAS had no further effect (Figure 3A). In contrast to the effects of
tamoxifen and formestane with the AAS, concomitant treatment with 173-oestradiol
abrogated the ability of the AAS to decrease sIPSC amplitudes (Figure 3A). Finally, despite
dramatically elevated levels of testosterone derived from the injected AAS, there was no
parallel conversion to 17B-oestradiol in mPOA tissue of AAS-treated mice (Figure 3B).
Taken together, results from this study suggested that the AAS may be acting to inhibit
aromatase in the brain and thus antagonise the endogenous ER-mediated signalling that
augments GABAergic tone in the mPOA [130]. Support for this hypothesis comes from
studies in non-neuronal cell lines in vitro demonstrating that individual AAS inhibit
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aromatase activity in a dose-dependent fashion [28, 131]. The K of 17a-methyltestosterone
for inhibition of aromatase was found to be 0.6 uM [132], a concentration likely to be
attained with the doses of AAS administered here and relevant to human steroid abuse [49].
Interestingly, chronic, low doses of testosterone propionate have also been shown to
decrease the expression of 5a-reductase type | and the endogenous levels of allopregnaolone
in cortex and regions of the extended amygdala that are implicated in the expression of
sexual behaviors [133]. These studies highlight the fact that the AAS may impart significant
effects on neural circuits that regulate reproduction and sexual behaviors not only by steroid
receptor mediated-signaling and allosteric modulation of ion channels, but also by direct
effects on key steroid biosynthetic enzymes [84,133].

It is also of interest to note that a recent study indicates that conditional ablation of ERa. in
kisspeptin neurones of female mice results in two disparate effects: significant advancement
of pubertal onset, but subsequent arrest of pubertal maturation [134]. These data are similar
to effects of early exposure to the AAS, 17a-methyltestosterone, which significantly
advanced pubertal onset while at the same time delaying the maturation of the HPG axis (as
indicted by the day of first oestrus; [60]). While the potential effects of AAS inhibition of
aromatase activity in female mice has not been assessed, the parallels in these studies
suggest that interference of ER signalling via allosteric inhibition of aromatase by the AAS
may also play a pivotal role in pubertal disruption in adolescent females.

D. Characteristics of the AR-deficient/GFP-GnRH mouse

To better dissect the roles of AAS through classical AR versus indirect effects on ER
signalling through allosteric modulation of aromatase on the function of GnRH neurones
themselves, we have generated a new mouse line by backcrossing for greater than 10
generations heterozygous AW-J/A%-J EdaTa-6J +/+ArTiM females from Jackson Laboratories
with transgenic male GFP-GnRH mice [95]. We refer to these mice as the GT line for GFP-
GnRH mice with the Tfm mutation. The resulting strain of mice expresses the same mutation
in the AR as does the classical Tfm line, as indicated by conventional PCR genotyping [135]
and by a real time PCR-based allelic discrimination utilising a custom mouse androgen
receptor (AR) TagMan®SNP genotyping assay. Added benefits of this new line include that,
in our hands, these mice show fewer health problems than do wild type Tabby mice used to
generate Tfm offspring, and, as opposed to C57BI/6J mice that are often used for comparison
with Tfm mutants, both wild type and AR-deficient mice in this line are on an identical
CBA/C57BI/6 background [95].

Initial characterisation of this line indicates that the level of action potential activity in key
neuroendocrine control regions is significantly altered by the absence of classical AR
signalling. Specifically, in on-cell recordings performed according to Penatti et al. [69] at
35°C in artificial cerebral spinal fluid (aCSF), action potential activity was significantly
lower in both GnRH neurones (2.2 £ 0.3 vs. 4.2 £ 0.6 Hz; p < 0.01) and mPOA neurones
(2.4 £0.4 vs. 5.6 + 0.8 Hz; p < 0.01), but significantly higher in neurones of the arcuate
nucleus (6.6 £0.8 vs. 4.4 £1.0 Hz; p < 0.01) from GT AR-deficient versus GT wild type
male mice (Figure 4A). Levels of mMRNA encoding ERp in the mPOA were not different
between AR-mutant and wild type GT mice, while transcripts encoding ERa in the mPOA
showed a trend (p < 0.06) towards elevated expression in the mutant line that did not attain
significance (Figure 4B). Expression of kisspeptin mRNA in the mPOA and the number
kisspeptin immunopositive neurones in the AVPV were significantly (p <0.0001) decreased
in the GT AR-mutant mice, but significantly (p <0.0001) increased in the arcuate nucleus
(Figure 4C and D).

In gonadally-intact male mice treated for two weeks with 17B-oestradiol, no significant
differences in kisspeptin mRNA were evident in either the mPOA or the arcuate between
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wild type and GT AR-mutant mice (Figure 4E), indicating that signalling via ER can
regulate kisspeptin expression in the AR-mutant mice in a manner that recapitulates what
has previously been shown for adult mice subject to castration, castrated mice subsequently
treated with testosterone or 17p-oestradiol, and mice expressing a hypomorphic allele of the
AR [136], as well as for neonatal Wistar rats castrated at birth and either treated or not
treated with 17p3-oestradiol as adults [137]. Moreover, while LH levels in GT AR-mutant
mice were markedly elevated, as has been reported previously for the classical Tfm mutants
[138, 139], treatment of GT AR-mutant mice with 17p-oestradiol restored peripheral LH
levels to low concentrations (0.17 + 0.03 ng/mL) comparable to those observed in wild type
GT (0.58 + 0.52 ng/mL) and other gonadally-intact male mice [134, 136, 140]. Taken
together these data indicate that ER regulatory mechanisms are retained in this AR-deficient
line and that this new mouse strain is a useful model to begin to parse out the role of AAS
actions via alternative non-AR-mediated mechanisms that influence the regulation of GnRH
neuronal function and the control of the HPG axis.

V. Conclusions

Anabolic androgenic steroids have significant effects on the function of neurones that
control reproductive function. There are both disparities and overlap in the actions of
chronic AAS treatment between male and female mice and adolescent and adult mice,
highlighting the complexity of actions of these steroids and how their effects may vary with
sex, age and a plethora of other environmental and physiological factors yet to be
determined. With respect to mechanisms, AAS have significant actions mediated by AR, but
their effects are not limited to this classical mechanism. The ability of these compounds to
allosterically modulate both GABA receptors and aromatase suggests a much more
expansive repertoire of “alternative” effects. It will be critical in future studies to determine
the effects of these synthetic steroids on other ion channels expressed in the brain, as well as
other key enzymes that govern steroid synthesis and metabolism in order to more fully
understand the actions of these abused drugs on neural function.
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Figure 1.

Properties of GhRH Neurones. (A) Representative photomicrograph of a GnRH neurone
from the GFP-GnRH transgenic line generously provided by SM Moenter (University of
Michigan; [95]). (B) Acute modulation of GABA receptor-mediated sPSCs in a GnRH
neurone by 17a-methyltestosterone. Average currents (>30 neurones under each condition)
recorded in aCSF alone (control), in aCSF supplemented with 1 pM 17a-methyltestosterone
(170-MeT) and following return to aCSF (wash). (C) Photomicrographs illustrating
harvesting of the contents of a fluorescent GFP-GnRH neurone for single cell PCR analysis.
(D) GABA receptor subunit mRNA levels in GnRH neurones of gonadally-intact oil-
injected (control) and AAS-treated male mice. Data are presented as the 27ACT values,
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which indicate the average levels (relative to the housekeeping gene B-actin) of subunit
MRNAs in GnRH neurones isolated from control (black; n= 10 mice) and AAS-treated
(grey; n = 10 mice) for analysis of GABA, receptor subunit mRNA levels and from a
separate cohort of 7 control and 7 AAS-treated mice for analysis of GhRH mRNA levels.
Data in (D) are from Penatti et al. [69].
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Figure 2.
Model of AAS Action in Adolescent Male Mice Chronically Treated with 17a-

Methyltestosterone. Gonadally-intact male mice were treated for 4 weeks beginning at
postnatal day (PN) 25-28 with 7.5 mg/kg/day for 6 days/week or with oil (control). (A)
Model schematic of GABAergic mPOA inputs to GnRH neurones. Electrophysiological
assessments made following the treatment period indicated that AAS treatment (B)
significantly (p = 0.015) increased action potential frequency in mPOA neurones of AAS-
treated (grey; n = 58 neurones) versus control (black; n = 72 neurones) mice and promoted a
trend towards a decrease in the number of neurones that displayed irregular firing patterns;
(C) had no effect on the amplitude or kinetics of GABAA receptor-mediated sSPSCs recorded
from GnRH neurones, as illustrated by averaged currents from neurones from control (grey)
and AAS-treated (black) mice, but did significantly (p = 0.014) increase the frequency of
these sSPSCs (n = 12 neurones for control and n = 13 neurones for AAS-treated); and (D)
significantly (p = 2.03 x 1074) decreased the frequency of action potentials in GnRH
neurones from AAS-treated (grey; n = 18 cells) versus control (black; n = 22 cells) without
altering action potential patterning in these GnRH neurones. Data are modified from Penatti
et al [69].
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Figure 3.

AAS Antagonism of Endogenous ER Signalling in the AR-deficient Tfm Mouse. (A)
Graphical representation of averaged peak sIPSC amplitude from Tfm mice chronically
treated with oil alone (Control), the AAS mixture in oil (AAS), tamoxifen (Tx), the AAS
cocktail and tamoxifen (Tx+AAS), formestane (Frm) the AAS cocktail and formestane (Frm
+AAS), 17B-oestradiol and the AAS cocktail (Eo+AAS) or 17p-oestradiol alone (Ey).
Identical letters indicate means that were not statistically different from one another as
assessed by two-way ANOVA followed by the means comparison by least significant
means. Numbers in parentheses indicate numbers of cells. (B) Means + standard errors of
the mean levels of testosterone (T) and 17B-oestradiol (E;) in mPOA tissue harvested from
control (n = 6 mice for T; n = 8 mice for E,) or AAS-injected (n = 4 mice for T; n = 8 mice
for E») Tfm male mice. Data are modified from Penatti et al. [84].

J Neuroendocrinol. Author manuscript; available in PMC 2013 January 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Oberlander et al.

(A)

G

Kisspeptin mRNA

m

Kisspeptin mRNA relative

(normalized to 18S) Action potential frequency (Hz)

to wild-type oil (100%)

120 7
100 A
80 1
60 1
40 A
20 A

O =2 N W d OO N
Qe g g

O =2 N W H OO N © ©
ISR RN SUVINN T LI, SRUNN  SIR, [

Page 22
(B)
7 = GT AR-mutant * < 80 1 A
GT wild-type @ 701
[ee]
E «~ 60
Q o
£ 5 501
£ 8 4
. - S
£ E 307
é 2 20 -
w 10 A
T T " 0 - T
GnRH mPOA Arcuate ERa ERB
neurones neurones neurones
(D)
- 250 200 - sk
Fedk g 180 A
F200 3 z § 160
38 2 3 1401
-150 & & % 5 1201
§ =5 G 3 100 1
L100 4 3 @ C 80
o ) Q
5 2 E ]
ok 50 @ > <z 40 1
S 20 i Fekdk
- 0 0 J T
mPOA Arcuate AVPV Arcuate
mPOA Arcuate
02) *ekk
E 3 1200 1
3 S 1000
Z = 800
% [e]
@ 600 1
=
8 5 400 1
Q. -
ek é S 200 1
0 -+
Qll E2 Qil E2
Figure 4.

Characteristics of Neuroendocrine Control Neurones in the GT wild type and GT AR-
mutant mouse line. GT AR-mutant and wild type mice were identified by a TagMan®SNP
genotyping assay, which consisted of a common forward and reverse primer and two unique
probes based on wild type versus mutant (single base deletion) sequences coupled with
different fluorophores (forward primer: 5’-AACTTTCCGCTGGCTCTGT-3’; reverse
primer: 5’-CTTGATACGGGCGTGTGGAT-3’; wild type probe: VIC -
ACCCCCCGCCCCCT; mutant probe: 6FAM-CACCCCCGCCCCCT). (A) Average AP
frequencies recorded in the on-cell configuration from GnRH, mPOA and AVPV neurones.
** Indicates values in wile type male mice were significantly different from AR-mutants
with p < 0.01. (B) Relative levels of mRNA encoding ERa and ERP in mPOA tissue from
GT AR mutant and wild type male mice. ~ Indicates a trend that did not attain significance
(p = 0.059) towards higher levels of ERa in AR-mutant than wild type male mice. (C)
Steady state levels of kisspeptin mRNA were dramatically lower in the mPOA and
dramatically elevated in the arcuate of GT AR-mutant versus wild type mice (*** indicates
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p < 0.001). (D) Immunohistochemical assessment with kisspeptin-10 antibody (Chemicon
AB9754, 1:1000) demonstrated significant differences (*** indicates p < 0.001) in the
numbers of immunopositive neurones within the 50 pm directly adjacent to the edge of the
ventricle in the AVPV and in the arcuate that mirrored differences in mRNA levels for these
two regions in GT AR-mutant versus wild type mice. (E) Treatment for two weeks of GT
ARmutant male mice with 0.1 mg/kg 17p-oestradiol (E2) restored the pattern of kisspeptin
MRNA expression in both the mPOA and the arcuate observed in wild type GT mice.
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