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Summary
Disruption of reproductive function is a hallmark of abuse of anabolic androgenic steroids (AAS)
in female subjects. To understand the central actions of AAS, patch clamp recordings were made
in estrous, diestrous and AAS-treated mice from gonadotropin releasing hormone (GnRH)
neurons, neurons in the medial preoptic area (mPOA) and neurons in the
anteroventroperiventricular nucleus (AVPV); regions known to provide GABAergic and
kisspeptin inputs to the GnRH cells. Action potential (AP) frequency was significantly higher in
GnRH neurons of estrous mice than in AAS-treated or diestrous animals. No significant
differences in AAS-treated, estrous or diestrous mice were evident in the amplitude or kinetics of
spontaneous postsynaptic currents (sPCSs), miniature PSCs or tonic currents mediated by GABAA
receptors or in GABAA receptor subunit expression in GnRH neurons. In contrast, the frequency
of GABAA receptor-mediated sPSCs in GnRH neurons showed an inverse correlation with AP
frequency across the three hormonal states. Surprisingly, AP activity in the medial preoptic area
(mPOA), a likely source of GABAergic afferents to GnRH cells, did not vary in concert with the
sPSCs in the GnRH neurons. Furthermore, pharmacological blockade of GABAA receptors did not
alter the pattern in which there was lower AP frequency in GnRH neurons of AAS-treated and
diestrous versus estrous mice. These data suggest that AAS do not impose their effects either
directly on GnRH neurons or on putative GABAergic afferents in the mPOA. AP activity recorded
from neurons in kisspeptin-rich regions of the anteroventroperiventricular nucleus (AVPV) and
the expression of kisspeptin mRNA and peptide did vary coordinately with AP activity in GnRH
neurons. Our data demonstrate that AAS treatment imposes a “diestrous-like” pattern of activity in
GnRH neurons and suggest that this effect may arise from suppression of presynaptic kisspeptin-
mediated excitatory drive arising from the AVPV. The actions of AAS on neuroendocrine
regulatory circuits may contribute the disruption of reproductive function observed in steroid
abuse.
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1. Introduction
Anabolic androgenic steroids (AAS) comprise a large class of synthetic androgens
developed for therapeutic purposes, but whose predominant use is now illicit self-

#Corresponding Author: Department of Physiology and Neurobiology, Dartmouth Medical School, Hanover NH 03755, Phone:
603-650-1312, FAX: 603-650-1128, leslie.henderson@dartmouth.edu.
*Equivalent co-authors

NIH Public Access
Author Manuscript
Neuropharmacology. Author manuscript; available in PMC 2012 September 1.

Published in final edited form as:
Neuropharmacology. 2011 September ; 61(4): 653–664. doi:10.1016/j.neuropharm.2011.05.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



administration to enhance athletic performance or body image (for review, Trenton and
Currier, 2005; Kanayama et al., 2008). Adult men are reported to self-administer AAS at
concentrations that reflect 10–100× therapeutic doses of testosterone prescribed to restore
circulating levels of testosterone in hypogonadal men (Wu, 1997; Daly et al., 2001;
Matsumoto and Bremner, 2004; Trenton and Currier, 2005; Kanayama et al., 2008). Girls
and women are reported to take AAS at levels equivalent to or even exceeding those
administered by men (Franke and Berendonk, 1997). Thus the same doses self-administered
by men may be expected to yield circulating levels of androgens, both synthetic and
physiological (Ryan, 1959; Quincey and Gray, 1967; Winters, 1990), that are orders of
magnitude higher still than the normal levels of physiological androgens in women and girls
(Wu, 1997). Additionally, the long-term risks from AAS abuse are suggested to be greater in
females than in males (Franke and Berendonk, 1997) and in teenagers of both sexes than in
adults (for review, Irving et al., 2002; Kanayama et al., 2008).

Humans administer AAS in complex regimes characterized by concurrent and prolonged use
of multiple AAS, and greater than 100 AAS are available that vary widely in their chemical
properties and their metabolic fates (Llewellyn, 2007). Although all AAS and AAS
metabolites bind to the classical androgen receptor (AR), many, upon aromatization, may
also exert physiological effects via classical estrogen receptor (ER) pathways (for review,
Basaria et al., 2001; Shahidi, 2001). Because of this complexity, insights into the
mechanistic actions of AAS have often been gleaned from studies in which a single AAS
compound is administered. Of particular relevance, C17α-alkylated AAS, such as 17α-
methyltestosterone, cannot be aromatized to 17β-estradiol (Ryan, 1959; Winters, 1990,
Kochakian and Yesalis, 2000) and can also inhibit aromatase activity (Mor et al., 2001; de
Gooyer et al., 2003; Hong et al., 2008; Penatti et al., 2009a). Thus, AR-mediated effects of
this class of AAS are believed to predominate over ER-mediated actions.

While the AAS have numerous effects on neural and endocrine systems, one of the most
consistently observed repercussions from chronic AAS exposure is disruption of
reproductive function. In female rodents, exposure to high doses of 17α-methyltestosterone
delays the day of first vaginal estrus, suppresses estrous cyclicity (Clark et al., 2003) and
decreases sexual receptivity (Blasberg et al., 1998). Signaling through the AR is necessary
for the suppressive actions on receptivity since effects of this AAS are reversed by
concurrent treatment with the AR antagonist, flutamide (Blasberg et al., 1998).

Final neural control of the hypothalamic-pituitary-gonadal (HPG) axis resides with a
sparsely distributed population of neuroeffector cells within the mPOA/AVPV that
synthesize and release the peptide GnRH (Schafer and McShan, 1974; Young et al., 1983;
for review, Moenter et al., 2003). Fluctuations in gonadal steroids result in dynamic changes
in the activity of GnRH neurons and in secretion of this peptide that are essential for both
the onset of puberty and for the control of ovulation in females (Christian et al., 2005;
Christian and Moenter, 2007; for review, Christian and Moenter, 2010; Herbison, 2008).
The current consensus is that GnRH neurons do not express AR (Huang and Harlan, 1993)
or ERα (Herbison and Pape, 2001; c.f. Hu et al., 2008) and in females, the ability of
endogenous steroids to regulate cycle-dependent activity of GnRH neurons is believed to
reflect ERα-mediated changes in the activity of forebrain afferents to these neuroeffector
cells (Scott et al., 2000; Grattan et al., 2007; Herbison, 2008). Among the main afferents that
provide crucial regulation of GnRH neuronal function, and thus the control of the HPG axis,
reside in both the AVPV and the mPOA; regions that express high levels of AR and ER and
are among the most steroid-sensitive in the mammalian brain (Simerly et al., 1990; Simerly,
2002; Dakin et al., 2008).
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The mPOA is a critical site for the integration of sensory input and the regulation of
neuroendocrine function and the production of sexual behaviors (Madeira and Lieberman,
1995; Theodosis and Poulain, 1993). Within the mPOA, transmission mediated by GABAA
receptors has been shown to regulate gonadotropin secretion (Adler and Crowley, 1986;
Moguilevsky et al., 1991) and to modulate the expression of female sexual receptivity (for
review, McCarthy, 1995). Neurons in the AVPV provide GABAergic, glutamatergic and
kisspeptin afferent innervation to GnRH targets (Petersen et al., 2003; Ottem et al., 2004;
Smith et al., 2006; Wintermantel et al., 2006; Kauffman et al., 2007). In female mice, these
neurons are the key mediators during estrogen positive feedback of the changes in GnRH
neuron activity that underlie preovulatory gonadotropin surge (Le et al., 1999; Simonian et
al., 1999; Christian et al., 2005; 2008; Hahn and Coen, 2006).

The goal of the present study was to characterize the normal physiological variability in
neuronal activity and GABAergic transmission at different stages of the estrous cycle within
these populations of neuroendocrine control neurons and to determine how chronic exposure
to a suprapharmacological concentration of the synthetic steroids that characterize AAS
abuse disrupts neuronal signaling in these neurons that play pivotal roles in regulating
normal reproductive function.

2 Materials and Methods
2.1 Drugs and reagents

17α-Methyltestosterone (17α–MT) was purchased from Steraloids (Newport, RI, USA). All
other drugs and reagents were from Sigma Chemical Corporation (St. Louis, MO) or from
Thermo Fisher Scientific.

2.2 Animal care and use
Female transgenic mice in which the green fluorescent protein is driven from the
gonadotropin releasing hormone promoter (GFP-GnRH mice) (Suter et al., 2000) were
obtained from an in-house breeding colony at Dartmouth Medical School from founder pairs
generously supplied by S.M. Moenter (University of Virginia). All animal care procedures
were approved by the Institutional Animal Care and Use Committee at Dartmouth, in
agreement to the guidelines and recommendations of the National Institutes of Health and
American Veterinary Medical Association. All animals were housed with food and water ad
libitum in a temperature controlled and 12 hrs light cycle facility with lights on starting at
0700. Estrous cycle stage was determined by daily vaginal lavage (Cooper et al., 1993). All
assays from AAS-treated subjects were thus compared to control subjects in diestrus and
also to control subjects in estrus, when serum levels of 17β-estradiol in the mouse are
elevated in comparison to diestrus (Nothnick, 2000; Wood et al., 2007). All AAS-treated
animals exhibited persistent diestrous-like vaginal cytology throughout the period of drug
treatment.

2.3 Drug treatment paradigm
To determine the effects of AAS exposure during adolescence on reproductive maturation,
female GFP-GnRH mice in this study were administered 7.5 mg/kg/day 17α-
methyltestosterone in sesame oil 6 days a week beginning on postnatal day (PN) 25–28 for a
period of 4 weeks. This treatment period spans adolescence (Laviola et al., 2003). This
dosage reflects a high human abuse regime, alters the onset of puberty and inhibits
reproductive behaviors in both male and female rodents (Clark et al., 2006). Control subjects
were administered the same volume (10–30 μl based on body weight) of sesame oil alone.
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2.4 Slice Preparation
Coronal sections (300 μm) corresponding to the rostral portion of the POA and the AVPV
(0.14mm Bregma) were prepared using an Electron Microscopy Sciences OTS-4000®
vibroslicer as described previously (Penatti et al., 2010). Single identified GFP-GnRH
neurons within the mPOA from individual subjects were also harvested and pooled for
reverse transcription coupled with quantitative real time polymerase chain reaction (qRT-
PCR). All recordings and cell harvests for GnRH neurons were made from the medial
population of these cells (Ottem et al, 2004; Khan et al., 2010).

2.5 Electrophysiological recordings
GFP-GnRH neurons in acutely isolated coronal sections were identified by fluorescence
microscopy. All recordings were made between 14:00 and 18:00 hrs at room temperature.
Recordings from GnRH neurons were restricted to the medial aspect of the rostral POA and
recordings from neurons in the AVPV to a region <50μm from the ventricle. Recordings of
spontaneous action potential currents (AP) were made in the loose-patch on-cell
configuration (Rseal = ~50 – 100MΩ). Slices were superfused with 95%O2/5%CO2-saturated
artificial cerebrospinal fluid (aCSF; in mM): 125 NaCl, 1.2 CaCl2, 10 glucose, 4 KCl, 1
MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 1 of the antioxidant, ascorbic acid (pH 7.35; 20–
22°C), and aCSF was also present in the pipette. APs were recorded for a minimum of 3 min
for each experimental condition, resulting in an average total time of recording of 12–20 min
for GnRH neurons. Data acquisition was started only after baseline parameters (Ihold, Rseal)
were stable. Frequency analysis was derived from direct assessment of inter-spike interval
and patterning was determined using autocorrelation analysis (Penatti et al., 2009a,b, 2010)
and classified as regular, irregular or “bursty” (Bennet and Wilson, 1999; Bar-Gad et al.,
2001). Assignment of autocorrelational profiles to these three groups was found to be
correlated with the coefficient of variation of AP firing: the bursty pattern was characterized
by high CVs (≥ 4), the irregular pattern with CVs between 0.5 and 2.5, and the regular
pattern with CVs of ≤ 0.5. The designations of patterning based upon the autocorrelogram
classifications were found to be in universal agreement of classifications of firing patterns as
regular, irregular or bursty that were independently made from the raw data by an
independent observer.

For recordings of GABAA receptor-mediated spontaneous postsynaptic currents (sPSCs)
and tonic currents, recordings were made in aCSF supplemented with 2 mM kynurenic acid
to block receptors for excitatory transmission in the whole-cell configuration at a holding
potential (Vhold) of −70 mV (20–22°C) (Penatti et al., 2010). Previous studies have
indicated that, depending on experimental and physiological conditions, GABAA receptor
activity can either excite or inhibit GnRH neurons in post-pubertal rodents (DeFazio and
Moenter, 2002; Han et al. 2002, 2004; Moenter and DeFazio, 2005; Christian and Moenter,
2007; Yin et al., 2008; Chen and Moenter, 2009; Penatti et al., 2010). Since a priori the
action of GABA at these receptors in GnRH neurons is not known, currents mediated by
them are referred to as simply sPSCs. The pipette solution consisted of (in mM): 153 CsCl,
1 MgCl2, 5 EGTA, and 10 HEPES, to which 2 MgATP was added just prior to each
experiment. The identity of synaptic currents as GABAergic was confirmed in some
experiments by demonstrating blockade of events by the selective GABAA receptor
competitive antagonist, bicuculline (20 μM) or strychnine (1 μM). To record miniature PSC
(mPSCs), 1 μM tetrodotoxin (TTX) was added to the kynurenic acid-containing aCSF bath
solution to block AP-dependent GABA release (Nusser et al., 1997; Hájos et al., 2000).
Averaged PSCs were analyzed for peak current amplitude (Ipeak), frequency, and decay
kinetics (biphasic and fitted with two time constants, τ1 and τ2) or with a single weighted
time constant (τw) as previously described (Penatti et al., 2010). Average membrane
capacitance was 20 pF, average holding current (Ihold) was 70 pA and the average series
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resistance (Rseries) was 20 MΩ. Recordings were only accepted for analysis if the access
resistance was <25 MΩ and Ihold (in the absence of drug application) did not change more
than ± ~10% during the recording. The magnitude of tonic GABAA-receptor-mediated
currents (Itonic) was estimated from the difference in the amplitude of the baseline holding
current before and after addition of a saturating concentration of the competitive GABAA
receptor antagonist, picrotoxin (PTX; 100 μM) (Farrant and Nusser, 2005; Jones et al.,
2006). Acquisition of data in the presence of 100 μM PTX was initiated ~1 min following
the perfusion of this drug into the bath and data were acquired or 3 to 4 min. An average of
1–2 recordings were made per slice prepared from each animal, and no one animal within a
given group disproportionately contributed cells to the group averages.

2.6 qRT-PCR
For single-cell qRT-PCR analyses, medial GFP-GnRH neurons were harvested from
matched pairs of control and AAS-treated animals on the same day between 1400 and 1800
hrs with pipettes filled with aCSF containing 0.5U/μl RNase inhibitor (Ambion Inc., Austin
TX). Single cell quantitative RT-PCR (qRT-PCR) was carried out for the GABAA receptor
subunit mRNAs with primers and protocols previously described (Penatti et al., 2010) and
Ambion’s TaqMan®PreAmp Cells-to-CT™ Kit. For real time qPCR analysis of Kiss1
mRNA, tissue sections were isolated from the mPOA of female mice during estrus and
diestrus and stored in RNAlater (Ambion) at −20° C. Total RNA was extracted according to
manufacturers protocol for RNAqueous (DNase treated with TURBO DNA-free), and the
concentration of the RNA was determined by measuring the optical density at 260 nm. RNA
was reverse transcribed using material and protocols included in the High Capacity RNA-to-
cDNA kit; Ambion). Real-time PCR was performed using an AB 7500 Sequence Detection
System, and all cDNAs were analyzed in triplicate with TaqMan®Gene Expression Assays
(ABI) for Kiss1 (Mm03058560_m1), aromatase (Cyp19a1; (Mm00484049_m1), AR mRNA
(Mm00442688_m1), and18S rRNA (Hs99999901_s1) as an internal standard.

All gene expression assays used were demonstrated to amplify with equal efficiencies.
Samples with reverse transcriptase omitted were used to control for genomic DNA
contamination and omission of template to control for any reagent contamination. GnRH
transcripts were always detected in samples of GnRH neurons and these transcripts were not
detected in single cell harvests made from non-GnRH neurons. Similarly, GnRH transcripts
were not amplified from mock harvests in which the pipette was placed on the surface of the
GnRH neuron or in samples of aCSF solution superfusing the slices. The 2−ΔΔCT method
(Livak and Schmittgen, 2001; Peirson et al., 2003) was used for quantification of subunit
mRNAs. Data are expressed normalized to internal standard as 2−ΔCT values.

2.7 Perfusions, Immunolabeling and Confocal Analysis
Mice were transcardially perfused with 4% (w/v) paraformaldehyde and post-fixed
following euthanasia by ketamine/xylazine overdose (Costine et al., 2010). Coronal sections
(35 μm) were prepared on a freezing sliding microtome; the sliced brain sections were
divided into three sets, and stored at −20°C in an anti-freeze solution (ethylene glycol and
sucrose in phosphate buffered saline; PBS). Free-floating sections were washed in PB
between each step three times for 15 min on a moving platform shaker, and all reactions
occurred at room temperature. Sections were reacted with 10% H2O2 (Fisher) in PBS
containing 0.1% Triton X-100 (PBST). Sections were incubated for 90 minutes in blocking
buffer consisting of 10% normal goat serum (NGS, Colorado Serum; Denver, CO) in 0.3%
Triton X-100 in PB and subsequently with a rabbit polyclonal antiserum directed against
kisspeptin-10 (Millipore AB9754, 1:1000; Billerica, MA) in PBST containing 1% NGS
overnight followed by incubation with a goat anti-rabbit conjugated to Alexa-555
(Molecular Probes; 1:500 in PBT) for 2 hrs. The rabbit kisspeptin-10 polyclonal antibody
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(Franceschini et al., 2006), has been shown to label comparable profiles of neurons in the
arcuate and the AVPV of the mouse that label with Kiss1 mRNA (Han et al., 2005, Navarro
et al., 2009; Gottsch et al., 2009; Clarkson et al., 2010), to show markedly diminished
immunoreactivity in Kiss1−/− mice (Lapatto et al., 2007), and to show minimal cross-
reactivity with other RFamide peptides (Desroziers et al., 2010). Sections were mounted
onto gelatin-covered slides and allowed to dry overnight, then cover-slipped with SlowFade
Antifade (Invitrogen Corp., Gaithersburg, MD). Sections were imaged bilaterally over three
anterior-posterior levels of the AVPV at 400× magnification with a confocal laser scanning
microscope, digitized, subtracted for background, collected as Z-section stacks and analyzed
using ImageJ (http://rsbweb.nih.gov/ij/). The AVPV was defined as the region 50μm lateral
from the ventricle. The mean pixel intensity was measured in 30μm fields starting at the
ventricle edge and progressing laterally on each individual image. Kisspeptin-like
immunoreactive (IR) cells were counted in images taken from every third section, and the
distance between the center of the nucleus (a less-labeled hollow area on the Z-stack) and
the ventricle was measured for each cell. The measurements from the six images per mouse
were averaged together and compared between treatment groups.

2.8 Statistical analyses
Values are presented as means ± standard error. To test for normality, Shapiro-Wilks or
Kolmogorov-Smirnov tests were applied on the raw data. For qRT-PCR analysis, CT values
were defined as outliers when they lay outside ± 3 standard deviations from the mean.
Results were qualitatively the same whether or not outliers were included in the final
analysis. Differences in the relative abundance of each mRNA between control and AAS-
treated subjects were assessed using Pair-Wise Fixed Reallocation Randomization© t-test
using the excel-based Relative Expression Software Tool (REST©; Pfaffl 2001; Pfaffl et al.,
2002). For mRNA analysis, only positive error bars are depicted in the results; positive and
negative error bars differed by ≤ 20%. For electrophysiological experiments, non-normally
distributed data were log-transformed prior to statistical assessment. Significance for
electrophysiological and immunohistochemical data was determined by one-way analysis of
variance (ANOVA) followed by post hoc analyses using either Tukey or Fisher tests for
means comparison. For all data, the alpha level was set at p < 0.05. Except where indicated
to the contrary, n values indicate the number of neurons per condition.

3 Results
3.1 Action potential activity in GnRH neurons

Few studies have examined changes in neural activity or synaptic inputs onto GnRH neurons
in gonadally-intact mice. Therefore, to characterize the actions of chronic AAS exposure on
these master control neurons of the HPG axis, we recorded on-cell AP activity from oil-
injected mice in estrus and diestrus and in AAS-treated mice, all of whom showed diestrous-
like vaginal lavages. Action potential frequency was found to vary with hormonal state
[F(2,69) = 9.634, p < 0.0002]. The average frequency of APs in GnRH neurons was
indistinguishable between diestrous (0.45 ± 0.06 Hz) and AAS-treated (0.47 ± 0.07 Hz)
mice, but significantly greater in estrous mice (1.03 ± 0.16 Hz) than in either diestrous (p <
0.0001) or AAS-treated (p < 0.0009) animals (Figure 1A,B). Autocorrelation analysis
indicated that AP patterning was characterized by either irregular or “bursty” profiles; no
regular activity patterns were observed in GnRH neurons (Figure 1C,D). The proportion of
neurons with either bursty or irregular pattern did not change significantly with cycle stage
or with AAS treatment. Cells characterized by bursty firing patterns accounted for 67% of
the total in estrous, 67% in diestrous and 70% in AAS-treated animals (Figure 1D). These
data suggest that AAS-treatment promotes a lower-activity state in GnRH neurons that is
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reminiscent of a diestrous-like state, but also that there is no difference in AP patterning
between the three hormonal conditions.

3.2 GABAA receptor-mediated transmission in GnRH neurons
GABAergic control of GnRH pulsatility is essential for pubertal onset and regular estrous
cyclicity (for review, Ojeda and Urbanski, 1994; Ojeda et al., 2006). To determine if
changes in GABAA receptor-mediated inhibition played a critical role in imposing the lower
level of activity observed in diestrous and AAS-treated than estrous mice, GABAA-receptor-
mediated sPSCs were recorded. The frequency of sPSCs in GnRH neurons varied
significantly with hormonal state [F(2,27) = 5.37, p < 0.01]. As with AP activity, the
frequency of sPSCs was indistinguishable between diestrous (0.15 ± 0.05 Hz) and AAS-
treated (0.15 ± 0.06 Hz) mice. In contrast, sPSC frequency in estrous mice (0.04 ± 0.01 Hz)
was significantly lower than in either diestrous (p < 0.003) or AAS-treated (p < 0.02)
animals (Figure 2A and B). No difference in mPSC frequency was observed (Figure 2C).
These data indicate that action potential-dependent presynaptic GABAergic input varies
inversely with AP frequency in GnRH neurons across the three hormonal states.

In contrast to the differences in sPSC frequency, no differences were observed in the
kinetics or amplitude of sPSCs in GnRH neurons, parameters that reflect properties of
postsynaptic receptors, across the three hormonal states (Figure 3A–C). Nor were there
differences apparent in the frequency, amplitude or kinetics of mPSCs (Figure 2B and 3C).
Similarly, while single-cell qPCR analysis of GnRH neurons indicated that these cells
express a rich array of GABAA receptor subunit mRNAs, the relative expression of these
subunits was not different in estrous, diestrous or AAS-treated mice (Figure 4). These data
support the assertion that the predominant action of AAS exposure may be by regulating
presynaptic tone to GnRH neurons rather than directly on these neurons themselves. Such
indirect actions are consistent with the reported effects of AAS in male mice and consistent
with the lack of AR expression in these cells (for discussion, Penatti et al., 2010).

The generation of the GFP-GnRH has made it possible to make comparisons not only within
this specific class of neurons under different conditions, but also with neighboring non-
GnRH neurons in the mPOA. An interesting observation made during the course of this
study was that the postsynaptic parameters of GABAA receptor-mediated sPSCs in GnRH
neurons were significantly different than those observed in non-GnRH neurons. Responses
in GnRH cells were both smaller (i = 22.4 ± 1.9 pA; F(9,46) =19.74, p < 0.00005) and
slower (τw = 37.13 ± 3.66 ms; F(9,46) = 22.72, p < 0.00001) than what has previously been
reported for sIPSCs recorded in the general non-GnRH population of mPOA neurons under
identical experimental conditions from female mice of comparable age and cycle stage (i =
62.2 ± 4.1 pA and τw = 21.35 ± 1.28 ms; Penatti et al., 2009b). These data suggest that
despite comparable profiles of receptor subunit expression in GnRH neurons and the mPOA
as a whole, there may be appreciable differences in the subunit composition, number, or
posttranslational modification of GABAA receptors in the postsynaptic sites of these two
populations of cells.

It has previously been reported that expression of the ε subunit is abundant in GnRH
neurons (Moragues et al., 2003) and that acutely dissociated GnRH neurons express a
substantial (~70 pA) spontaneously-gated GABAA receptor-mediated tonic current. This
current can be blocked by the GABAA receptor antagonist picrotoxin (PTX) and is likely to
reflect ε-containing receptors (Jones et al., 2006). Despite the presence of appreciable levels
of ε subunit mRNA in individual GnRH neurons (Penatti et al., 2010; this study), PTX-
sensitive tonic currents of only ~2–4 pA were evident in recordings made from GnRH
neurons in situ from the intact slice and did not vary among estrous, diestrous and AAS-
treated conditions. The amplitude of PTX-sensitive currents in GnRH neurons from female
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mice is similar to that previously reported for PTX-sensitive currents in GnRH neurons from
male mice (Penatti et al., 2010). Neither tonic currents in GnRH neurons of male mice
(Penatti et al., 2010), nor tonic currents in non-GnRH neurons in the mPOA (Penatti et al.,
2009b) were altered by AAS treatment. In this latter study, the absence of an effect of
chronic AAS treatment was evident when recordings were made in aCSF alone or in aCSF
supplemented with 2 μM [GABA]; an experimental condition that may unmask Itonic. Taken
together, these observations indicate that neither the AAS nor endogenous steroids that vary
between estrus and diestrus appear to have an appreciable effect on the expression or
function of GABAA receptors in these GnRH neurons (Figure 3D).

3.3 Action potential activity in mPOA neurons
The negative correlation between AP activity in GnRH neurons (low in diestrus and with
AAS treatment; high in estrus) and GABAA receptor-mediated sPSC frequency (high in
diestrus and with AAS treatment; low in estrus) suggested that the differences in AP activity
may arise from hormonally-mediated changes in GABAergic inhibition. In male mice, it had
indeed been shown that treatment through adolescence with the AAS 17α-
methyltestosterone promoted a significant decrease in AP frequency in GnRH neurons and
that this diminished activity was due to an increase in the frequency of GABAA receptor-
mediated sPSCs arising from afferents in the more lateral regions of the mPOA (Penatti et
al., 2010). The congruence in AAS actions on AP and sPSC frequencies between AAS-
treated male and female mice suggested a similar mechanism for suppression of GnRH
neuronal activity may exist in both sexes. Surprisingly, however, AP activity recorded in
mPOA neurons of estrous, diestrous and AAS-treated female mice did not co-vary with
either AP frequency or GABAA receptor-mediated sPSC frequency in GnRH neurons.
Specifically, AP frequency in the mPOA was highest in diestrous mice (2.79 ± 0.26 Hz),
intermediate in estrous mice (2.21 ± 0.28 Hz) and lowest in AAS-treated animals (1.61 ±
0.16 Hz) (Figure 5A). The differences in frequency between diestrous and estrous mice and
between estrous and AAS-treated mice did not attain significance, but the frequency of APs
in mPOA neurons from AAS-treated animals was significantly lower than that observed in
diestrous mice [F(2,194) = 5.99, p < 0.003]. With respect to AP patterning, more neurons in
the mPOA with bursty behavior were evident with AAS exposure than in either estrous or
diestrous mice, but this difference did not attain significance (Figure 5C).

The fact that AP activity in mPOA neurons did not co-vary with either sPSC frequency or
AP frequency in GnRH neurons suggested that GABAergic inputs from these neurons in
female mice were not the critical targets for AAS-mediated effects on GnRH neurons as
they are in males. To further and more directly test this hypothesis, recordings from estrous,
diestrous and AAS-treated female mice were made from GnRH cells in the presence of the
GABAA receptor antagonist, PTX. Despite the antagonism of GABAA receptor-mediated
responses in the presence of this blocker, the same pattern of AP firing in GnRH neurons
was evident: AP frequencies were significantly (2.4×) higher in estrous than in AAS-treated
mice [F(2,25) = 6.5416, p < 0.005], but not different in GnRH neurons of diestrous versus
AAS-treated mice. These data indicate that, unlike AAS-treated male mice, neurons in the
more lateral regions of the mPOA are not the critical presynaptic targets upon which the
AAS act to alter GnRH neuron activity and that afferents that do mediated the AAS-imposed
effects do so through a neurotransmitter other than GABA.

3.4 Action potential activity and kisspeptin expression in AVPV neurons
Neurons within the AVPV provide powerful kisspeptin-mediated excitatory drive to GnRH
neurons (for review, Herbison, 2008; Christian and Moenter, 2010). To determine if putative
kisspeptin neurons within the AVPV may mediate the AAS-dependent modulation of GnRH
neuronal function, recordings were made from neurons in the AVPV within 50 μm of the 3rd
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ventricle, and the majority of recordings were made within 30 μm of the edge of the
ventricle. AP frequency in AVPV neurons varied with hormonal state hormonal state
[F(2,77) = 10.39, p < 0.0001]. The pattern of AP activity in AVPV neurons mirrored that
observed in GnRH neurons, being comparable in AAS-treated and diestrous animals, but
significantly lower in both diestrous (1.84 ± 0.21 Hz; p < 0.0001) and AAS-treated (2.07 ±
0.29 Hz; p < 0.002) than in estrous mice (3.43 ± 0.30 Hz) (Figure 5B). Autocorrelation
analysis indicated that nearly all AVPV neurons demonstrated irregular firing patterns:
100% (estrus), 96% (diestrus), and 100% (AAS) (Figure 5D). These data are consistent with
the idea that kisspeptin neurons within the AVPV may be important targets for AAS that, in
turn, impose changes in activity on the GnRH neurons.

If AAS impose diminished levels of activity on putative presynaptic kisspeptin-containing
afferents in the AVPV, such changes may also be reflected in the levels of kisspeptin
expression within these neurons. Immunohistochemical analysis indicated that neurons
demonstrating kisspeptin-like immunoreactivity (IR) predominate in the periventricular
region of the AVPV from whence recordings were made (Figure 6A) and that the average
distance to the ventricle of the kisspeptin population in estrous mice (29.2 ± 1.9μm),
diestrous mice (26.0 ± 2.0μm), and AAS-treated mice (26.0 ± 1.9μm) was not significantly
different between groups. Kisspeptin mRNA expression [F(2,22) = 9.58, p < 0.001] and the
average number of kisspeptin-immunopositive neurons [F(2,13) = 12.75, p < 0.0009] in the
AVPV were found to vary significantly with hormonal state in concert with the observed
differences in AVPV and GnRH neuronal excitability. Specifically, steady-state levels of
Kiss1 mRNA within the portion of the mPOA that includes the AVPV were significantly
lower in AAS-treated (p < 0.04) and diestrous (p < 0.001) than estrous animals (Figure 6B),
as were the average number of kisspeptin-positive neurons (diestrus vs. estrus, p < 0.004;
AAS-treated vs. estrus, p < 0.0008) (Figure 6C). Thus, the changes in kisspeptin expression
varied in a manner consistent with changes in AP activity within presumptive kisspeptin
neurons.

3.5 Androgen receptor and aromatase mRNA expression
Chronic AAS use has been associated with changes in expression of AR (for discussion,
Kicman, 2008), and concern over the down regulation of AR influences drug use in the AAS
community (e.g., see http://www.leanbulk.com/forum/lg-sciences/2940-receptor.html). To
determine if effects of AAS on forebrain neuronal function were, at least in part, secondary
to changes in AR expression, we measured mRNA levels for both AR itself and for the
classic AR-regulated gene, aromatase (Abdelgadir et al., 1994; Foidart et al., 1995; Roselli
et al., 1998; Penatti et al., 2009a). Real time PCR analysis indicated that levels of AR
mRNA in the mPOA were not significantly different in estrus versus diestrus or with AAS
treatment (Figure 7A). Aromatase (Cyp19a1) mRNA levels in the mPOA did vary
significantly with AAS treatment [F(1,19) = 13.06, p <0.0003] and were 2.5× and 2.25× the
levels observed in estrous (p < 0.001) and diestrous (p < 0.004) oil-injected female mice,
respectively (Figure 7B). These data indicate that chronic AAS expression does not alter AR
expression and that expression of the AR-regulated gene aromatase is significantly increased
by AAS treatment in the brains of these female rodents, as has been shown previously for
males (Abdelgadir et al., 1994; Foidart et al., 1995; Roselli et al., 1998; Penatti et al.,
2009a).

Discussion
A hallmark of illicit AAS self-administration is disruption of reproductive function and
changes in sexual behaviors. In human females, early exposure to high levels of androgens
alters the onset of puberty, reproductive competence, libido and sexual arousal (Strauss et
al., 1985; Strauss and Yesalis, 1993; Franke and Berendonk, 1997; Elliot and Goldberg,
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2000). In female rodents, AAS exposure, both prior to puberty and in adults, can alter
pubertal onset, lead to irregular estrous cyclicity, diminish sexual receptivity and accelerate
reproductive senescence (for review, Clark and Henderson, 2003; Clark et al., 2006).
Despite these long-standing observations, the biological bases for these deleterious effects of
AAS are not known, and no study to date has examined how chronic AAS exposure alters
the activity of neural circuits that provide critical control of female reproduction. In order to
be able to determine how AAS may alter signaling in neuroendocrine control regions, we
have both characterized neuronal activity and key synaptic inputs to GnRH neurons in
gonadally-intact female mice in estrus and diestrus and compared those profiles to female
mice chronically administered the AAS, 17α-methyltestosterone, throughout adolescence.
Our data show that AAS treatment imposed patterns of action potential firing and GABAA
receptor-mediated inhibition in GnRH neurons and action potential firing and kisspeptin
expression in AVPV neurons that were comparable to that observed in diestrous females,
but significantly different from the patterns observed in estrous mice.

The comparable patterns of neuronal signaling in GnRH neurons in AAS-treated and
diestrous mice is consistent with the observation that AAS-treated mice also demonstrate
diestrous-like cytology in vaginal lavages. While at first blush the congruence in vaginal
cytology and GnRH neuronal physiology suggests the conclusion that AAS exposure simply
puts animals into a diestrous state, the two hormonal conditions differ in critical ways.
Diestrus is a regularly occurring state that is limited in duration and characterized by
relatively low levels of testosterone. The persistent anestrous state induced by AAS
treatment lasts as long as the drug exposure and results in circulating levels of serum
testosterone derived from the AAS that exceed endogenous levels by ~17× (Penatti et al.,
2009b). Thus, the latter state is highly non-physiological with respect to the chemical
composition of these synthetic androgens, as well as the concentrations and the prolonged
time they are present in the brain. These sustained and nonphysiological conditions may thus
be expected to impose patterns of activity in neurons that regulate both hypothalamic control
of reproduction and the expression of sexual behaviors that differ from those that exist
during the relatively brief physiological state of diestrus. Moreover, prolonged exposure to
suprapharmacological levels of synthetic steroids during the hormone-sensitive period of
adolescence may impart changes in neural organization that persist beyond the time of AAS
treatment.

Previous studies highlight the divergence between AAS-imposed anestrous and the diestrous
state. Specifically Pielecka et al. (2006) have shown that administration of physiological
levels of the androgen, dihydrotestosterone, increased the activity of GnRH neurons in
ovarectomized mice also given estrogen and progesterone (Pielecka et al., 2006) in contrast
to the results from the present study which demonstrate that chronic exposure to
suprapharmacological levels of the androgen, 17α-methyltestosterone, diminished AP
activity in GnRH neurons compared to gonadally-intact estrous mice. In addition, it is
important to note that the congruence between AAS-treatment and diestrus even in the
current study was not uniform: not all neuronal populations showed comparable profiles in
AAS-treated and diestrous animals. Specifically, activity of neurons within the mPOA, a
region that provides critical control not only of reproduction, but also of the expression of
sexual behaviors (for review, Newman, 1999; Blaustein and Erskine, 2002), was
significantly lower in adolescent mice treated with 17α-methyltestosterone than in diestrous
mice. Significantly lower levels of activity in mPOA neurons were also reported previously
for adult female mice treated with a mixture of three commonly abused AAS (Penatti et al.,
2009b). Such AAS-imposed effects in the mPOA may have repercussions beyond GnRH
neuron-mediated regulation of the cycle and may underlie the changes in sexual behaviors
that are observed in both rodents (for review, Clark et al., 2006) and in human subjects
(Strauss et al., 1985; Franke and Berendonk, 1997; Elliot and Goldberg, 2000).
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Our data suggest that AAS exposure imposes a low level of activity in GnRH neurons by
modulating the activity of neurons that provide presynaptic inputs to these cells, but that
postsynaptic properties, at least with respect to GABAA receptor-mediated transmission,
were relatively impervious to changes in hormonal conditions. GnRH neurons do not
express AR or ERα, and the current consensus is that physiological steroids regulate GnRH
neuronal function indirectly through actions on upstream presynaptic partners (Huang and
Harlan, 1993; Scott et al., 2000; Grattan et al., 2007; Herbison and Pape, 2001; Herbison,
2008). Data presented here as well as data from previous studies of AAS effects are also
consistent with this model (Penatti et al., 2005; 2009a,b; 2010). While GnRH neurons do not
express ERα or AR, they do express ERβ (Hrabovszky et al., 2001) which have the capacity
to mediate signaling by androgens directly (i.e., not subsequent to aromatization) (for
review, Handa et al., 2008) and they express GABAA receptors, which can be allosterically
modulated by the AAS (Henderson and Jorge, 2004; Henderson, 2007). These findings
suggest that further experiments should be performed to determine if the AAS may indeed
have direct effects on GnRH neurons through these alternative signaling mechanisms that
could influence the neural control of the HPG axis either on a briefer time frame or on other
postsynaptic endpoints than were examined here.

The lower level of activity in GnRH neurons observed in AAS-treated and diestrous versus
estrous female mice may reflect augmented presynaptic inhibition or lower presynaptic
excitation. Lower levels of AP activity in GnRH neurons in male mice treated with 17α-
methyltestosterone has been shown to arise from an increased frequency of inhibitory
GABAA receptor-mediated PSCs arising from afferents in the more lateral parts of the
mPOA. In female mice, however, AP activity in the mPOA across the three different
hormonal states did not correlate with AP activity in the GnRH neurons, and blockade of
GABAA receptors did not eliminate the differences in AP frequency in GnRH neurons
between estrous and AAS-treated/diestrous animals. In contrast, AP activity in neurons in
the AVPV directly correlated with activity in the GnRH neurons across the three hormonal
states. Both dual-phenotype GABAergic/glutamatergic (Ottem et al., 2004) and kisspeptin-
containing neurons (Smith et al., 2006; Kauffman et al., 2007) are evident in the AVPV.
Although we did not directly establish the neurochemical identity of the neurons in the
AVPV from which we recorded, several findings suggest that there is a likely probability
these neurons synthesize the excitatory neurotransmitter, kisspeptin. First, while GABAergic
neurons are present in the AVPV, the frequency of APs in AVPV neurons did not correlate
with the frequency of GABAA receptor-mediated PSCs in GnRH neurons. Second,
assessment of the distribution of kisspeptin-immunopositive neurons within the
periventricular region that was targeted in electrophysiological studies indicated that most of
the neuronal somata in this region were immunopositive for kisspeptin. Finally, 77% (20/26)
of the AVPV neurons in the current study from which recordings were made exhibited AP
frequencies > 2 Hz, consistent with a previous report indicating that kisspeptin neurons in
the AVPV have higher firing frequencies than do non-kisspeptin neurons (Ducret et al.,
2010). Thus while in female mice both the origin and the electrophysiological effects of the
GABAergic sPSCs to the GnRH neurons remain to be resolved, the simplest explanation of
our data is that chronic treatment of female mice with 17α-methyltestosterone diminishes the
activity in GnRH neurons by dampening the electrical activity in excitatory kisspetin-
containing AVPV afferents, as well as their expression of kisspeptin, to levels significantly
lower than those observed in estrous mice.

The mechanism by which AAS diminish the activity of putative AVPV afferents and thus
excitatory drive to GnRH neurons is unknown. The on-cell recordings performed here do
not permit determination of whether or not AAS treatment alters fundamental electrical
properties or the characteristics of APs in a manner that may, in turn, alter neurotransmitter
release. Little data are available on the basic biophysical properties of kisspeptin neurons.
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Ducret et al. (2010) have shown that AP frequencies are higher in AVPV neurons from
estrous than diestrous mice and that the majority of neurons in the AVPV demonstrate
irregular firing patterns during diestrus, albeit the frequency they report (58%) is lower than
what we observe in this study. A recent report by Qiu et al. (2011) demonstrated that 80% of
kisspeptin neurons in the arcuate nucleus of the guinea pig express both pacemaker (Ih) and
T-type calcium currents, but the activity of kisspeptin neurons in this region and in this
species (where no AVPV is evident) may differ appreciably for that of AVPV neurons in the
mouse. AAS treatment may alter a plethora of different voltage-dependent channels via
transcriptional, translational or post-translational mechanisms to change firing frequencies in
these cells. One attractive candidate is the class of SK channels that have been shown to
regulate the AP afterhyperpolarization and thereby AP frequency in GABAergic neurons
within the mPOA (Wagner et al., 2000, 2001) and in GnRH neurons themselves (Liu and
Herbison, 2008). An alternative mechanism may be that long-term treatment with AAS does
not affect intrinsic excitability of AVPV neurons, but rather alters the balance of excitatory/
inhibitory inputs onto these cells diminishing their firing frequency. Future experiments are
needed to provide a full assessment of AAS effects on the electrophysiological properties of
putative AVPV afferents and of AAS effects on synaptic drive to these GnRH afferents.

A large body of literature has firmly demonstrated the essential role of ERα in mediating
estrogen-dependent positive feedback and the control of the preovulatory gonadotropin
surge in female mice (for review, Herbison, 2008; Oakley et al., 2009; Christian and
Moenter, 2010; d’Anglemont de Tassigny et al., 2010) and in imposing the organizational
actions of aromatized androgens in establishing the sexually dimorphic nature of the AVPV
(Kaufmann et al., 2007; Homma et al., 2009). Our data presented here, however, strongly
support the idea that other steroid signaling pathways, in particular AR-mediated signaling,
may be paramount in mediating the suppression of sexual behaviors and reproductive
function in female mice subjected to chronic AAS exposure. First, the ability of chronic
treatment with 17α-methyltestosterone to inhibit sexual receptivity can be antagonized by
the AR antagonist, flutamide (Blasberg et al., 1998). Second, 17α-methyltestosterone cannot
be aromatized to the main physiological estrogen, 17β-estradiol (Ryan, 1959; Winters, 1990;
Kochakian and Yesalis, 2000). Third, while the expression of aromatase (Cyp19a1) mRNA
is dramatically elevated in female AAS-treated mice, consistent with previous studies on this
AR-regulated gene in males (Abdelgadir et al., 1994; Foidart et al., 1995; Roselli and Resko,
1997; Roselli et al., 1998; Penatti et al., 2009a), suprapharmacological levels of 17α-
methyltestosterone may promote diminished aromatization (and thus estrogen levels) by
directly inhibiting the activity of this enzyme (Mor et al., 2001; deGooyer et al, 2003; Hong
et al., 2008; Penatti et al., 2009a). Finally, while ERα signaling is necessary for promoting
the preovulatory gonadotropin surge, AR signaling regulates the termination of estrus
(Erskine, 1983) and has been implicated in establishing the insensitivity of the GnRH pulse
generator to the feedback inhibition by ovarian steroids that characterizes polycystic ovarian
syndrome in humans (Eagleson et al., 2000) and in animal models of this disorder (Sullivan
and Moenter, 2004; Pielecka et al., 2006). These studies illustrate that while the spotlight
has been on ERα signaling with regard to physiological regulation of the cycle in females,
the effects AR signaling in neuroendocrine control regions should be more fully explored
with regard to both natural reproductive states and conditions of steroid abuse.

Chronic exposure to suprapharmacological levels of 17α-methyltestosterone during
adolescence in both female and male mice results in diminished activity of GnRH neurons
and disrupted reproductive function (Penatti et al., 2010; this study). Surprisingly, however,
the neural mechanism that ultimately results in suppression of GnRH neuronal activity
differs between the two sexes. In males, AAS-dependent enhanced GABAergic inhibition
from more lateral regions of the mPOA promoted diminished activity in GnRH targets. In
females, neither the mPOA nor the enhanced frequency of GABAergic synaptic input was
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necessary to generate the AAS-dependent decrease in activity observed in GnRH neurons.
Our data suggest instead that excitatory kisspeptin afferents in the AVPV are likely to be the
crucial corollary targets for the AAS in females. These data demonstrating differences of
AAS effects on neuronal physiology in the AVPV and the mPOA in female versus male
mice are consistent with the known sex-specific differences in the morphological
organization of these two regions and in their roles in regulating the fundamentally different
constructs that underlie relative constant reproductive function in adult males versus the
phasic control of cycling females (for review, Sakuma, 2009). While important differences
exist between the neural mechanisms that regulate reproduction in rodents and in human
subjects, our data provide important new information to apprise adolescent female AAS
users not only that the AAS have detrimental effects in the brain, but also that actions of the
AAS may be critically different for them than what they may gather from information that is
widely disseminated through steroid websites (e.g.,
http://www.mesomorphosis.com/steroid-profiles/sustanon-250.htm) and AAS users manuals
(e.g., Gallaway, 1997) that is almost solely based on studies in males.

Acknowledgments
This work was supported by the National Institutes of Health R01-DA14137, R01-DA18255 and T32 DK07508.

Abbreviations

AAS anabolic androgenic steroids

aCSF artificial cerebrospinal fluid

AP action potential

AR androgen receptor

AVPV anteroventroperiventricular nucleus

ER estrogen receptor

GnRH gonadotropin releasing hormone

GFP green fluorescent protein

HPG hypothalamic-pituitary-gonadal

IR immunoreactive; immunoreactivity

mPOA medial preoptic area

mPSC miniature postsynaptic current

PBS phosphate buffered saline

PBST phosphate buffered saline with Triton-X

PN postnatal

PTX picrotoxin

qRT-PCR quantitative real time polymerase chain reaction

sIPSC spontaneous inhibitory postsynaptic current

sPSC spontaneous postsynaptic current

TTX tetrodotoxin
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Figure 1. Action potential frequency and patterning in GnRH neurons of estrous, diestrous and
AAS-treated mice
(A) Representative recordings of action potentials (APs) in the on-cell configuration from
GnRH neurons in estrous and AAS-treated mice. Inset shows a single representative AP on
an expanded time scale. (B) Average data indicating the frequency of APs from oil-injected
mice in estrus or diestrus and in mice chronically injected with 17α-methyltestosterone
(AAS). Asterisk indicates that the AP firing frequency was significantly greater in estrous
mice versus diestrous or AAS-treated mice; n values indicate numbers of neurons. (C)
Representative APs and autocorrelational profiles for firing patterns classified as irregular,
bursty and regular. (D) Relative percentage of GnRH neurons demonstrating the three
different firing patterns in oil-injected animals in estrus or diestrus and in AAS-injected
mice. Regular AP patterning was not observed in GnRH neurons in any of the three
conditions.
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Figure 2. GABAA receptor-mediated synaptic current frequency in estrous, diestrous and AAS-
treated mice
(A) Representative sPSCs recorded from GnRH neurons of an oil-injected animal in estrus
(top) and an AAS-treated (bottom) mouse. (B) Average frequency of spontaneous and (C)
miniature PSCs recorded from GnRH neurons of oil-injected animals in estrus or diestrus
and in AAS-treated mice; n values indicate the numbers of cells. Asterisk indicates that the
frequency of GABAA receptor-mediated sPSCs in GnRH neurons was significantly lower in
recordings from animals in estrus than in neurons from either diestrous or AAS-treated
mice.
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Figure 3. Amplitudes of spontaneous, miniature and tonic GABAA receptor-mediated currents
in GnRH neurons of estrous, diestrous and AAS-treated mice
(A) Thirty or more sPSCs from each GnRH neuron from which recordings were made from
8 oil-injected animals in estrus (dark grey), 6 oil-injected animals in diestrus (light grey) and
7 AAS-treated mice (black) were average and superimposed. Average amplitude of sPSCs
(B) and of mPSCs (C) recorded from GnRH neurons of mice in estrus or diestrus or from
AAS-treated mice; n values indicate the number of neurons for each condition. (D) Average
amplitude of picrotoxin-sensitive GABAA receptor-mediated tonic currents (Itonic-PTX) in
GnRH neurons. For n values, the first number is the number of neurons that demonstrated a
PTX-sensitive current; the second number in brackets indicates the total number of GnRH
neurons that were assessed for Itonic.
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Figure 4. GABAA receptor subunit mRNA levels in GnRH neurons of estrous, diestrous and
AAS-treated mice
Data are presented as the 2−ΔCT values, which indicate the average levels (relative to the
housekeeping gene β-actin) of subunit mRNAs in 3–5 GnRH neurons isolated from estrous
(n= 8) diestrous (n = 6) and AAS-treated (n = 7) mice.
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Figure 5. Action potential frequency and patterning in AVPV and mPOA neurons of estrous,
diestrous and AAS-treated mice
Average data indicating the frequency of APs from neurons in the AVPV (A) and the mPOA
(B) oil-injected mice in estrus or diestrus and in mice chronically injected with AAS; n
values indicate number of neurons. Asterisk in (A) indicates that the AP firing frequency in
AVPV neurons was significantly higher in estrous mice than it was in diestrous or AAS-
treated mice, as was also observed for GnRH neurons (see Figure 1B). Asterisk in (B)
indicates that AP frequency was significantly higher in diestrous mice than either estrous or
AAS-treated mice. Relative percentage of AVPV neurons (C) and mPOA neurons (D)
demonstrating the three different firing patterns in oil-injected animals in estrus or diestrus
and in AAS-injected mice.
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Figure 6. Kisspeptin expression in the AVPV of estrous, diestrous and AAS-treated mice
Representative photomicrograph of a coronal section of the AVPV from a female GFP-
GnRH transgenic mouse demonstrating the location of kisspeptin-immunopositive neurons
(image has been pseudocolored). (B) Average levels of Kiss1 mRNA normalized to 18S
rRNA in tissue that included the AVPV and surrounding mPOA in estrous, diestrous and
AAS-treated mice. *Indicates Kiss1 mRNA levels in tissue from estrous mice (n = 10) were
significantly higher than those from diestrous (n = 10) and AAS-treated (n = 15) animals; #
indicates that Kiss1 mRNA levels were significantly lower in diestrous that in AAS-treated
mice. (C) Average number of kisspeptin immunopositive neurons in the AVPV was
significantly higher in estrous (n = 5) than in diestrous (n = 5) or AAS-treated (n = 6) mice.
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Figure 7. Androgen receptor and aromatase mRNA levels in the mPOA of estrous, diestrous and
AAS-treated mice
Data are presented as the 2−ΔCT values for AR (A) and aromatase (Cyp19a1) mRNA levels
for tissue harvested from the mPOA; n values indicate the number of animals for each
condition. Levels of Cyp19 mRNA were significantly higher in AAS-treated versus either
estrous or diestrous animals.
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