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The main fast-acting inhibitory receptors in the mammalian brain are g-aminobutyric acid type-A (GABAA) receptors for which

neurosteroids, a subclass of steroids synthesized de novo in the brain, constitute a group of endogenous ligands with the most potent

positive modulatory actions known. Neurosteroids can act on all subtypes of GABAA receptors, with a preference for d-subunit-

containing receptors that mediate extrasynaptic tonic inhibition. Pathological conditions characterized by emotional and motivational

disturbances are often associated with perturbation in the levels of endogenous neurosteroids. We studied the effects of ganaxolone

(GAN)—a synthetic analog of endogenous allopregnanolone that lacks activity on nuclear steroid receptors—on the mesolimbic

dopamine (DA) system involved in emotions and motivation. A single dose of GAN in young mice induced a dose-dependent, long-

lasting neuroplasticity of glutamate synapses of DA neurons ex vivo in the ventral tegmental area (VTA). Increased a-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid (AMPA)/N-methyl-D-aspartate ratio and rectification of AMPA receptor responses even at 6 days after

GAN administration suggested persistent synaptic targeting of GluA2-lacking AMPA receptors. This glutamate neuroplasticity was not

observed in GABAA receptor d-subunit-knockout (d-KO) mice. GAN (500 nM) applied locally to VTA selectively increased tonic

inhibition of GABA interneurons and triggered potentiation of DA neurons within 4 h in vitro. Place-conditioning experiments in adult

wild-type C57BL/6J and d-KO mice revealed aversive properties of repeated GAN administration that were dependent on the

d-subunits. Prolonged neuroadaptation to neurosteroids in the VTA might contribute to both the physiology and pathophysiology

underlying processes and changes in motivation, mood, cognition, and drug addiction.
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INTRODUCTION

Neurosteroids are a subclass of steroids synthesized de novo
in the brain or through metabolism of precursors, such as
progesterone leading to allopregnanolone, and remain one
of the most potent endogenous positive modulators known
for g-aminobutyric acid type-A (GABAA) receptors
(Lambert et al, 2009; Zorumski et al, 2013). Administration
of neurosteroids acting on GABAA receptors induces
anxiolytic, analgesic, anticonvulsant, sedative, and anes-
thetic effects (Lambert et al, 2003). Neurosteroids act on the
GABAA receptor at distinct sites not overlapping with the
binding sites of GABA, benzodiazepines, or barbiturates
(Gee et al, 1995). Several conserved amino-acid residues
responsible for their effects have been located in recombi-
nant GABAA receptor a- and b-subunits (Hosie et al, 2006).
Interestingly, the effects of neurosteroids are often

abolished in mice deficient in d-subunit-containing GABAA

receptors (Mihalek et al, 1999), which are primarily located
peri- and extrasynaptically (Nusser et al, 1998). At high
micromolar concentrations, neurosteroids can affect both
synaptic and extrasynaptic GABAA receptors (Lambert et al,
2009). Further, neurosteroid effects on GABAA receptors
have been suggested to involve intracellular effects, such
as protein kinase C activity (Fancsik et al, 2000). The
mechanisms of neurosteroid actions on GABAA receptors,
and especially the receptor subtypes responsible for specific
behaviors, are presently poorly known.

Endogenous neurosteroids are powerful mood and
motivation modulators in animals and humans
(Backstrom et al, 2011; Lambert et al, 2009; Zorumski
et al, 2013). Neurosteroids may also strongly influence
responses to drugs of abuse. Allopregnanolone exerts an
attenuating effect on cocaine-seeking behavior (Anker et al,
2010) and alters alcohol intake (Sinnott et al, 2002). Further,
finasteride, an inhibitor of neurosteroid synthesis, may fully
abolish anticonvulsant and inhibitory effects of alcohol
(VanDoren et al, 2000). Growing evidence also suggests
direct modulation of the mesocorticolimbic dopamine (DA)
system by neurosteroids.
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The mesocorticolimbic DA neurons projecting from the
ventral tegmental area (VTA) constitute an important
reinforcing pathway involved in the early actions of drugs
of abuse, including those of GABAA receptor ligands
(Heikkinen et al, 2009; Saal et al, 2003). The VTA DA
neurons receive a wide variety of inputs from diverse brain
regions, and their activity is ultimately regulated by
GABAergic inhibition (Luscher and Malenka, 2011). In some
studies, neurosteroids have acutely increased DA levels in
the terminal fields of the mesolimbic pathway, namely, in
the nucleus accumbens (Kalivas et al, 1990). However, place-
conditioning studies have yielded contradictory results.
Chronic allopregnanolone administration may lead to either
rewarding (Finn et al, 1997) or aversive conditioning
(Beauchamp et al, 2000). The mechanisms by which potent
neurosteroids modulate VTA neurons are currently un-
known. Elucidating the molecular and cellular basis of
neurosteroid actions in the VTA DA pathway would enhance
our understanding of behavioral changes in mood, motiva-
tion, learning, and addiction, all of which are modulated by
altered activity of the mesocorticolimbic DA system.

Here, we have studied ganaxolone (GAN), a synthetic
analog of allopregnanolone lacking nuclear steroid hormo-
nal activity (Carter et al, 1997). We demonstrate for the first
time that a single dose of a neurosteroid induces a long-
lasting glutamate receptor neuroplasticity of DA neurons in
the VTA, and that GAN in vitro increases tonic inhibition
of local VTA GABA interneurons. We also used place-
conditioning experiments in C57BL/6J mice and in GABAA

receptor d-subunit-knockout (d-KO) mice to determine role
of the d-subunit-containing GABAA receptors in rewarding/
aversive properties of GAN.

MATERIALS AND METHODS

Animals

For electrophysiological and behavioral GAN dose-testing
assays, we used male and female 3–4-week-old transgenic
Th-EGFP (Gong et al, 2003), GAD67-GFP knockin mice
(Tamamaki et al, 2003), and GABAA receptor d-KO mice
and their wild-type littermates (d-WT; Mihalek et al, 1999).
Behavioral experiments were carried out with 8–10-week-
old male C57BL/6J mice (Charles River, Sulzfeld, Germany)
and male d-KO and d-WT littermate mice. All mice were
group-housed under 12-h light/dark cycle with food and
water available ad libitum. All experimental procedures in
mice were approved by the Southern Finland Provincial
Government.

Electrophysiological Experiments

For electrophysiological studies, the mice were naive or
injected intraperitoneally (i.p.) between 0800 and 0900
hours with either GAN or a comparable volume of vehicle,
and decapitated 24 h or 6 days later. Horizontal 225-mm-
thick midbrain slices were prepared and preincubated as
described previously (Heikkinen et al, 2009). In experi-
ments involving in vitro drug exposure, slices were
incubated with test substances for 3–6 h and after that they
were transferred to regular aCSF for complete washout of
the drug before recordings.

Electrophysiological recordings. Synaptic responses were
measured using a whole-cell patch-clamp technique. Both
VTA DA and GABA neurons were visualized using a
fluorescence microscope (Olympus BX51WI, Hamburg,
Germany). In d-KO and d-WT mice, the DA neurons were
identified if a clear Ih current was observed after voltage
clamping cells from � 70 to � 120 mV in 10 mV steps
(Heikkinen et al, 2009). The currents were amplified
(Multiclamp 700A, Molecular Devices, Sunnyvale, CA,
USA), low-pass filtered at 1.6 kHz, and digitized at 20 kHz
(Molecular Devices). Electrodes had a resistance of 3–5 MO
when filled as follows (in mM, pH adjusted to 7.2–7.25,
osmolarity to 280 mOsm): 130 cesium methanesulfonate, 10
HEPES, 0.5 EGTA, 8 NaCl, 5 QX314, 4 MgATP, 0.3 MgGTP,
and 10 BAPTA for excitatory postsynaptic current (EPSC)
recordings (Heikkinen et al, 2009); and 140 CsCl, 1 MgCl2,
10 HEPES, 0.1 EGTA, 4 NaCl, 2 MgATP, and 0.3 NaGTP for
recordings of tonic currents and spontaneous inhibitory
postsynaptic currents (sIPSC; Glykys et al, 2008). Access
and membrane resistances were monitored throughout the
experiment, and the recording was discarded if the access
resistance changed 420% during the experiment.

AMPA/NMDA receptor current ratio. a-Amino-3-hydro-
xy-5-methyl-4-isoxazole propionic acid (AMPA) and N-
methyl-D-aspartate (NMDA) receptor EPSCs were induced
by stimulating glutamatergic afferents at 0.1 kHz frequency
using a bipolar stimulus electrode (Vashchinkina et al,
2012). Neurons were clamped at þ 40 mV in the presence of
GABAA receptor blocker picrotoxin (100 mM), and EPSCs
were recorded for 10 min before and after the application of
NMDA receptor blocker D-(� )-2-amino-5-phosphonopen-
tanoic acid (AP5 50 mM). The ratio was calculated by
dividing the peak amplitude of AMPA receptor current with
that of NMDA receptor current, averaged from 30 EPSCs.

Rectification index. Recordings were carried out using
freshly made spermine (100 mM) in the pipette solution,
and AMPAR-EPSCs were evoked at holding potentials
of � 70 mV and þ 40 mV in the presence of picrotoxin
(100 mM) and AP5 (50 mM; Dingledine et al, 1999). The
rectification index was calculated as the ratio between
evoked AMPAR-EPSC peak amplitudes at � 70 mV and
those at þ 40 mV.

Tonic current and sIPSC measurement. VTA DA and
GABA neurons were voltage-clamped at � 70 mV. GABAA

receptor-mediated sIPSCs were recorded in the presence of
kynurenic acid (4 mM) and CGP 35348 (200 mM) at 32–
34 1C. Series resistance and whole-cell capacitance were
estimated and compensated by 70% (lag 7ms). GABA
(500 nM), GAN (500 nM), GABA transporter blocker NO-
711 (10 mM), and GABAA receptor blocker gabazine
(100 mM) were applied directly to the neurons for at least
5 min using a Y-tube focal applicator controlled by a
Picopump PV820 (WPI, Sarasota, FL, USA). Recorded
events were filtered at 2 kHz, digitized at 20 kHz, and
analyzed automatically with Mini Analysis software (Sy-
naptosoft). For sIPSC kinetics, an average of 300–500 events
per cell and condition were scaled and fit with double
exponential I(t)¼A1(exp(� t/t1))þA2(exp(� t/t2)), with
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A1 and A2 as the amplitudes for fast and slow components
and t1 and t2 as their respective time constants. Tonic
GABAA-mediated current was defined as the shift in inward
holding current after application of the GABAA blocker
gabazine (Semyanov et al, 2003) and measured as described
by Glykys and Mody (2007) using Clampfit software
(pClamp 10, Molecular Devices). The mean current values
were obtained from Gaussian fits of all-point amplitude
histograms of current. Histograms were constructed from 5
to 10 s of data with a bin width of 1 pA using Prism 5.0
software (GraphPad Software, San Diego, CA, USA), with
the points falling on sIPSCs being discarded.

Behavioral Experiments

Spontaneous locomotor activity. Effects of GAN (10 and
30 mg/kg) and vehicle on locomotor activity were tested for
90 min immediately after acute injection (i.p.). Young mice
were adapted to the experimental room for 2 h, after which
their locomotor activities were monitored in Plexiglas cages
(45� 22.5� 15 cm; Tecniplast, Buguggiate, Italy) by an
Ethovision Color-Pro 3.1 video-tracking system (Noldus
Information Technology, Wageningen, The Netherlands;
Heikkinen et al, 2009).

Place-conditioning tests. The procedure was performed
in eight Plexiglas cages covered with transparent
lids with ventilation holes (Cunningham et al, 2006;
Vashchinkina et al, 2012). Two types of preselected floor
material (plastic 1.2-cm-wide flat bars separated by
0.5-cm gaps and a metal grid with 1-mm-spacing between
wires) were used as conditioning stimuli. During 15-min
preliminary tests for material preference, naive mice
showed no preference for either one of the floor materials
(data not shown). Therefore, we followed the unbiased
conditioned place preference (CPP) procedure
(Cunningham et al, 2006). Three independent batches of
adult mice were tested.

In the habituation phase, the mice were weighed, injected
with vehicle, and placed into conditioning cages. The
conditioning phase consisted of 30-min presentations to
floor materials differentially paired with GAN and vehicle
pretreatments. The mice were randomly assigned to one
conditioning subgroup (metalþ or metal� ). The metalþ
subgroup received GAN paired with the metal floor
(conditioning stimulusþ (CSþ ) trial) and vehicle with
the plastic floor (CS� ). The metal� subgroup received
GAN paired with the plastic floor (CSþ ) and vehicle with
the metal floor (CS� ). Mice received four CSþ and four
CS� trials on alternating days (eight trials in total). Each
group was counterbalanced for the direction of the floor
materials inside the cages and for the order that the trials
were presented.

The place preference test (30 min) was performed 24 h
after the last conditioning trial. The mice were habituated to
the experimental room for 1 h before the testing. The cage
floor was covered half and half with plastic and metal
materials, bisecting it into two distinct zones on which the
mice could move according to their preference. The animals
were injected with vehicle and placed in the center of the
cage, with orientations of the materials being counter-
balanced within each group. Time spent on the metal grid

was used as the primary dependent variable. Locomotor
activities and locations were determined by Ethovision.
Between the trials, all cages and floor materials were
thoroughly washed with water and dried to remove odors.
The experiments were performed between 0800 and 1700
hours.

Anxiolytic effects of 30 mg/kg GAN on naive d-KO and d-
WT were estimated during the first conditioning session, for
the first 15 min until GAN-induced sedation appeared.
Anxiety-related behaviors were evaluated as percentage of
total distance moved at the center of the arena.

Body temperature measurement. To determine possible
hypothermic effects of the drugs, naive adult male C57BL/6J
and d-KO mice were used. Mice were habituated to handling
and injections for 2 days. Ambient temperature was
20±0.5 1C. Immediately before drug administration, base-
line temperature was measured by inserting a rectal
thermometer probe (Physitemp Instrument Inc., Clifton,
NJ, USA). Thereafter, body temperature was recorded at
different intervals (ranging from 15 to 30 min) after an i.p.
injection of vehicle, GAN (30 mg/kg), or 4,5,6,7-tetrahy-
droisoxazolol[4,5-c]pyridine-3-ol (THIP, gaboxadol; 6 mg/
kg), a selective GABA-site agonist with a full agonist profile
at d-subunit-containing GABAA receptors (Storustovu and
Ebert, 2006). THIP has shown to induce neuroplasticity in
VTA DA neurons but no reward-like behavior in CPP test in
mice (Vashchinkina et al, 2012).

Measurement of DA Levels

DA and metabolites were measured by HPLC as described
elsewhere (den Hollander et al, 2013). Striatal and frontal
cortices were dissected from nine adult male Th-EGFP and
nine littermate wild-type mice and stored at � 80 1C until
analysis. Samples were prepared by sonication in 10
volumes of 2% perchloric acid and centrifuged for 30 min
at 15 000 g, after which 10 ml of filtered supernatant was
injected into the HPLC system. Results were normalized by
wet brain weight.

Drugs

GAN ((3a,5a)-3-hydroxy-3-methyl-pregnan-20-one, Tocris
Bioscience, Bristol, UK) was dissolved in 20–30% (2-
hydroxypropyl)-b-cyclodextrin (Sigma-Aldrich, St Louis,
MO, USA) by sonication for injections, or in DMSO
(0.1%) for in vitro experiments. THIP (4,5,6,7-tetrahydroi-
soazolo(5,4-c)pyridin-3-ol hydrochloride donated by Bjarke
Ebert, H Lundbeck A/S) was dissolved in 0.9% NaCl
solution (saline). All stock solutions for mice were prepared
on the day of treatment and injected at a volume of 100 and
200 ml for adult and adolescent mice, respectively, per 10 g
of body weight. Spermine, NO-711, GABA, and gabazine
(SR-95531) were purchased from Sigma-Aldrich. Stock
solutions of kynurenic acid sodium salt (Abcam PLC,
Cambridge, UK), picrotoxin, AP5, and CGP 35348 (all from
Tocris Bioscience) were diluted in ACSF and added to
perfusion medium when needed.
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Statistical Analyses

Statistical analysis was carried out using Prism 5.0 software
(GraphPad Software, La Jolla, CA, USA) and SPSS 15.0
software (SPSS Inc, Chicago, IL, USA). Statistical signifi-
cance of the differences between data groups with equal
variances was assessed with t-test or with one-way or two-
way ANOVA followed by Bonferroni post-test (Po0.05).

RESULTS

Effects of GAN on Locomotor Activity of Mice

We first searched for slightly sedative doses of GAN after
acute injections to locate the closest match to our previous
study with THIP (Vashchinkina et al, 2012) that has a full
agonistic profile at extrasynaptic GABAA receptors
(Storustovu and Ebert, 2006). We found that GAN 30 mg/
kg produced a transient reduction in locomotor activity of
young mice, whereas a 10 mg/kg dose did not affect activity
(Figure 1a and b). A 1-h measure of cumulative locomotor
activities was decreased only by the higher dose of GAN as
compared with vehicle (Figure 1b; F2,67¼ 3.52, Po0.05).
The GAN-reduced activity returned to baseline by 60 min
after the injections (Figure 1a). No sex differences were
present in locomotor activity after the GAN treatment
(cumulative distance: t1,22¼ 0.86, P40.05).

Single In Vivo Doses of GAN Induce Dose-Dependent
Long-Lasting Potentiation in the VTA DA Neurons Via
Insertion of New Glu2-Lacking AMPA Receptors

To assess the synaptic strength of glutamatergic synapses in
VTA DA neurons, we measured the AMPA/NMDA ratios. In
VTA DA neurons of midbrain slices from GAN-treated mice
obtained 24 h after the injection, the AMPA/NMDA ratios
were significantly higher than that in neurons from vehicle-
treated mice (Figure 1c and d). GAN produced a dose-
dependent increase in the ratio, as the dose of 30 mg/kg was
different from the vehicle values, whereas the 10 mg/kg dose
was not. The effect of GAN administration was long lasting;
a significant increase in the AMPA/NMDA ratio was evident
at least 6 days after the single 30 mg/kg GAN injection
(Figure 1d; treatment effect F1,35¼ 45.74, Po0.001, two-way
ANOVA). The controls examined at 1- and 6-day time
points after the vehicle injection (n¼ 7–11 mice per group)
did not differ significantly from one another (Figure 1d;
P40.05).

To determine whether GAN induces potentiation in the
VTA DA neurons through insertion of new GluA2
subunit-lacking receptors in a similar manner as THIP
(Vashchinkina et al, 2012), we tested the I–V relationships
of AMPAR-EPSCs and calculated the rectification index
(Luscher and Malenka, 2011). The pipette solution contain-
ing polyamines selectively blocks the GluA2-lacking AMPA
receptors (Dingledine et al, 1999), which can be seen as
increased rectification at positive holding potentials. We
found that the normalized currents at the þ 40 mV holding
potential were decreased in VTA DA neurons obtained 24 h
after the administration of 30 mg/kg GAN relative to those
obtained from vehicle-treated mice (Figure 1e and f) and
that the calculated rectification indices were higher for

GAN-treated neurons. The rectification index was still
significantly higher 6 days after the GAN injection
(Figure 1f; treatment effect F1,28¼ 41.14, Po0.001, two-
way ANOVA). The effect of GAN 30 mg/kg was similar to
the effect of THIP 6 mg/kg (Vashchinkina et al, 2012).

To ascertain that DA levels and metabolism were
unaltered by the Th-EGFP transgene, we compared the
levels of DA and its acidic metabolites (DOPAC and HVA)
in striatal and frontocortical tissues between naive Th-EGFP
and d-WT mice. No differences were observed between the
transgenic and littermate mice in DA or metabolite levels
(in nmol/g wet weight, mean±SEM, n¼ 9; striatal and
frontal cortical DA: 15.7±2.4 and 0.32±0.1 vs 14.8±1.2
and 0.47±0.35, respectively, for Th-EGFP and non-Th-
EGFP mice; striatal and frontal cortical DOPAC: 11.5±0.6
and 1.5±0.4 vs 12.0±0.9 and 1.6±0.4, respectively, for Th-
EGFP and non-Th-EGFP mice; striatal and frontal cortical
HVA: 4.4±0.3 and 1.6±0.3 vs 4.3±0.3 and 1.5±0.2,
respectively, for Th-EGFP and non-Th-EGFP mice (geno-
type effect F5,96o0.03, P40.05, two-way ANOVA)).

GAN Selectively Enhances Tonic Currents in VTA GABA
Neurons and Induces Synaptic Plasticity Dependent on
d-Subunits

To assess the functional activity of d-subunit-containing
GABAA receptors in the VTA, we tested direct effects of
GAN on the GABAA receptor-mediated currents in VTA DA
neurons and local GABA interneurons in acute midbrain
slices of Th-EGFP and GAD67-GFP mice, respectively. First,
in the presence of 500 nM GABA and 200 mM GABA
transporter inhibitor NO-711, the application of the GABAA

receptor antagonist gabazine (SR-95531) blocked sIPSCs
and led to a decrease in Ihold, reflecting the presence of a
tonically activated current in both cells types (Figure 2). To
correct for differences in cell size, the tonic current was
normalized to the cell’s capacitance (average capacitances
were 71.8±6.9 pF (n¼ 15) and 30.8±2.5 pF (n¼ 15) for the
VTA DA and GABA neurons (Po0.0001, unpaired Student’s
t-test), respectively). We next recorded tonic currents after
the addition of 500 nM GAN to obtain functional evidence
for tonic inhibition in VTA neurons. Local 4-min applica-
tion of GAN directly to the cells selectively increased the
tonic inhibition of the GABA neurons but not of the DA
neurons (Figure 2a–c; cell type� treatment F1,29¼ 4.80,
Po0.05). Analysis of sIPSC events revealed that GAN did
not affect the rise time, peak amplitudes, decay kinetics, or
charge transfer in either DA or GABA neurons (Table 1).
There was only a trend toward an increase in decay kinetics
(t1, t2, and weighted t) in the GABA neurons (Table 1),
which is in line with previous findings on hippocampal and
cerebellar granule cells (Stell et al, 2003). Our results clearly
indicated that in the GABA neurons the tonic current was
markedly increased, whereas the phasic current responses
were not affected by the moderate concentration of GAN.

To further confirm that tonic inhibition of VTA GABA
neurons is sufficient to produce synaptic plasticity in VTA
DA neurons, we exposed midbrain slices to GAN. Record-
ings performed after 4-h incubation of slices with 500 nM
GAN revealed significant increase in AMPA/NMDA ratio in
the VTA DA neurons compared with the control slices
incubated in the presence of the vehicle (0.1% DMSO;
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Figure 2d; treatment effect F1,17¼ 3.63, Po0.001, two-way
ANOVA).

Finally, we tested whether GAN in vivo induces neuro-
plasticity in VTA DA neurons of d-KO mice that are known
to have reduced tonic extrasynaptic GABAA receptor-
mediated inhibition (Stell et al, 2003) and reduced
behavioral responses to GAN (Mihalek et al, 1999). In d-
KO mice, GAN 30 mg/kg given 24 h before preparing slices
did not have an effect on AMPA/NMDA current ratio in the
VTA DA neurons, in contrast to the increased ratio in d-WT

mice (Figure 3a and b; drug� genotype interaction
F1,20¼ 22.25, Po0.001). Neurons of d-WT mice demon-
strated increased AMPA/NMDA ratios after GAN adminis-
tration similar to the transgenic Th-EGFP’s neurons lacking
Ih current (Figure 3; d-WT vehicle 0.39±0.09 (n¼ 5) and
GAN 30 mg/kg 0.98±0.16 (n¼ 5) vs Th-EGFP Ih(� ) vehicle
0.36±0.03 (n¼ 7) and GAN 30 mg/kg 0.86±0.11 (n¼ 9);
drug�mouse line interaction F1,22¼ 0.04, P40.05). Taken
together, we conclude that GAN-induced synaptic plasticity
depends on d-subunit-containing GABAA receptors.

Figure 1 Single dose of ganaxolone (GAN, 30 mg/kg) increased the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)/N-methyl-D-
aspartate (NMDA) receptor current ratio and the rectification index in ventral tegmental area (VTA) dopamine (DA) neurons of midbrain slices obtained
ex vivo 1–6 days after the drug administration. (a) Locomotor activity after acute injection of GAN (10 mg/kg, n¼ 17; and 30 mg/kg, n¼ 24) and vehicle
control (n¼ 30) in 3–4-week-old Th-EGFP mice. The data are given as the mean distance travelled for 15-min periods preceding the time points (SEM
values are within the symbols). (b) Cumulative locomotor activity (meanþ SEM) for 60 min after injection for the mice is shown in a. *Po0.05 for
significance of difference from the vehicle group. (c) Examples of AMPA and NMDA receptor-mediated current traces for vehicle- and GAN (30 mg/kg)-
treated young transgenic Th-EGFP mice observed 24 h after the injection. (d) Time course of the effects of vehicle and GAN (10 and 30 mg/kg)
administration on AMPA/NMDA ratios of VTA DA neurons is shown as mean barsþ SEM (n¼ 7–11 mice), the effect by the higher GAN dose persisting at
least 6 days after the injection. (e) Representative AMPA receptor-mediated current traces in the VTA DA neurons recorded at � 70 and þ 40 mV 24 h
after vehicle and GAN (30 mg/kg) administrations in Th-EGFP mice, in the presence of spermine in the recording pipette solution. Decreased currents at
þ 40 mV after GAN suggest increased rectification because of insertion of new GluA2-lacking AMPA receptors. (f) Time course of the effects of vehicle and
GAN (10 and 30 mg/kg) administration on the rectification index (response at � 70 mV/response at þ 40 mV) of VTA DA neurons is shown as mean
barsþ SEM (n¼ 9–11 mice), indicating persistence of the effect for at least 6 days. *Po0.05, **Po0.01, ***Po0.001 (ANOVA with Bonferroni test or
Student’s t-test).
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GAN Induces a Dose-Dependent Conditioned CPA in
C57BL/6J Mice

We recently found that although THIP induced neuroplas-
ticity in VTA DA neurons, it failed to show reward-like
behavior in a mouse-CPP test and in a baboon self-
administration test (Vashchinkina et al, 2012). Therefore,
we now tested using mice whether GAN can induce a CPP.
Locomotor activity during the conditioning trials is shown
in Figure 4a and b. During the vehicle trials, habituation
occurred in both GAN dose groups (trial effect F3,111¼ 3.45,
Po0.05) equally (dose effect F1,37¼ 0.92, P¼ 0.34) and,
thus, the vehicle trial data were collapsed across the
dose groups (Figure 4a). When each conditioning trial
was analyzed in 5-min time-bins, the 10 mg/kg dose of
GAN slightly increased locomotor activity during the first
conditioning trial in a period from 10 to 20 min (Figure 4b;
time� dose� drug interaction F5,370¼ 13.54, Po0.001).

Figure 2 Low concentrations of ganaxolone (GAN) selectively enhance
the magnitude of tonic current in vitro in ventral tegmental area (VTA) g-
aminobutyric acid (GABA) neurons and induce an increase in a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)/N-methyl-D-aspar-
tate (NMDA) ratio within 4-h incubation in VTA dopamine (DA) neurons.
(a) Traces obtained from VTA GABA neurons and (b) DA neurons.
Horizontal lines indicate the local applications of 200 mM NO-711 with
500 nM GABA (light gray) or with 500 nM GABAþ 500 nM GAN (dark
gray) and GABAA receptor antagonist gabazine at 100 mM (black). The
dotted line is the mean current after the block of GABAA receptors used to
calculate the magnitude of the tonic GABAA receptor-mediated current.
This current was increased in the presence of 500 nM GAN in VTA GABA
neurons. (c) Graph showing tonic current amplitudes recorded in VTA
GABA and DA neurons. GAN selectively increased tonic current in the
GABA cells. (d) Averaged AMPA/NMDA ratios in VTA DA neurons of
midbrain slices incubated for 3–6 h in the presence of 500 nM GAN. The
4–6-h GAN incubation significantly increased the ratios compared with
vehicle treatment and 3-h GAN incubation. Data are presented as
meansþ SEM, n¼ 6–9 mice per group. *Po0.05, **Po0.01 (ANOVA
with Bonferroni test).

Table 1 Comparison of Parameters for GABAA Receptor-Mediated sIPSCs in VTA GABA and DA Neurons with and without Exogenous
GABA and Ganaxolone (GAN)

Cell type
(no. of recorded cells)

Frequency
(Hz)

Amplitude
(pA)

Rise time
(ms)

s1
(ms)

s2
(ms)

Weighted
s (ms)

Charge
transfer

(fC/s)

VTA GABA neurons

Control (20) 4.6±0.9 52.7±9.1 1.2±0.1 3.1±0.3 14±3 6.7±0.8 5984±2930

500 nM GABA (9) 8.5±2.4 55.5±8.7 1.3±0.1 3.7±0.8 24±9 8.5±1.6 6294±2566

500 nM GABAþ 500 nM GAN
(11)

5.5±1.2 59.1±13.4 1.0±0.1 5.1±1.2 28±14 9.9±2.6 4766±1517

VTA DA neurons

Control (16) 3.6±0.7 46.2±4.3 1.0±0.1 4.3±0.8 16±4 15.6±3.8 4264±1338

500 nM GABA (8) 3.9±1.1 40.4±5.9 1.3±0.2 4.4±0.8 26±7 12.5±2.8 4065±1484

500 nM GABAþ 500 nM GAN (8) 3.5±1.1 36.4±4.5 1.0±0.1 4.6±1.2 40±15 16.8±5.9 3685±2399

Values are means±SEM (n). No significant differences emerged from the corresponding control values within the neuronal populations (ANOVA).

Figure 3 Ganaxolone (GAN) failed to increase the a-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA)/N-methyl-D-aspartate
(NMDA) ratio in ventral tegmental area (VTA) dopamine (DA) neurons
24 h after the treatment in g-aminobutyric acid type-A (GABAA) receptor
d-subunit-knockout (d-KO) mice. (a) Representative examples of AMPA
and NMDA receptor-mediated current traces after GAN 30 mg/kg for
wild-type littermate (d-WT) and d-KO mice. (b) AMPA/NMDA receptor
peak current ratios after vehicle and GAN treatments for d-WT (vehicle,
n¼ 5, and GAN, n¼ 5, where n is the number of tested mice) and d-KO
mice (vehicle, n¼ 5, and GAN, n¼ 9). Calibration: 20 pA/50 ms. Values are
shown as meansþ SEM. ***Po0.001 (ANOVA with Bonferroni test).
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However, no effect was observed during the rest of the trials
(data not shown). GAN at 30 mg/kg reduced locomotor
activity during the first trial, an effect that was attributable
to its strong sedative locomotor-decreasing effect on the
latter half of the trial (Figure 4b; time� dose� drug
interaction F5,370¼ 13.54, Po0.001). No overall locomotor
activity-decreasing effect was seen during the rest of the
trials (trial� dose interaction F3,222¼ 3.62, Po0.05), as the
locomotor-decreasing effect was delayed in the rest of the
trials and only occurred during the last 5 min of the trial
(data not shown). In the test trials, the mice conditioned
with 30 mg/kg GAN expressed significant place aversion
(conditioned place aversion; CPA), whereas the mice
conditioned with 10 mg/kg GAN showed neither preference
nor aversion (Figure 4c; conditioning effect F1,35¼ 9.92,
Po0.01). The test trial locomotor activity was similar at the
two doses (Figure 4d; t¼ � 0.62, df¼ 37, P¼ 0.54).

GAN-Induced Place Aversion is Absent in d-KO Mice

We used the d-KO mice to ascertain whether aversive
properties of GAN are dependent on the d-subunit-contain-

ing GABAA receptors. Locomotor activity during the
conditioning trials is depicted in Figure 4f. During the
vehicle trials (CS� trials), both genotypes had equal
locomotor activity (trial� genotype interaction
F3,105¼ 0.68, P¼ 0.57). When locomotor activity of the first
conditioning trial was dissected into 5-min time-bins, as for
the C57BL/6J mice (Figure 4b), a biphasic effect of 30 mg/kg
GAN was discovered in d-WT and d-KO mice. Thus, 30 mg/
kg GAN first increased then decreased the locomotor
activity (Figure 4g; time� drug interaction F5,350¼ 17.06,
Po0.001). Interestingly, this effect was similar in both
genotypes (time� genotype� drug interaction F5,350¼ 0.59,
P¼ 0.71), and was also present throughout the rest of the
conditioning trials (data not shown). In both d-WT and d-
KO mice, a slight overall increase in the locomotor activity
took place during vehicle (CS� ) and GAN (CSþ )-
conditioning trials (Figure 4f; trial effect F3,210¼ 5.62,
Po0.01). Twenty-four hours after the last conditioning
trial, the expression of GAN-induced place conditioning was
measured after vehicle administration. The d-WT mice
expressed a significant place aversion, whereas no place
conditioning was observed in d-KO mice (Figure 4h;

Figure 4 Place conditioning with ganaxolone (GAN) in adult C57BL/6J and d-KO mice. (a–e) Results from experiments with C57BL/6J mice: (a) locomotor
activity during each conditioning trial with two doses of GAN (conditioning stimulus (CS)þ ) and with vehicle (CS� ) (vehicle trial data from both dose levels
were combined). Conditioning time for each vehicle and active drug trial was 30min. *Po0.05, compared with vehicle group (ANOVA with Bonferroni test).
(b) Locomotor activity in 5-min time-bins during the first conditioning trial. *Po0.05 and ***Po0.001, compared with vehicle group. (c) C57BL/6J mice
conditioned with GAN at a dose of 30 mg/kg expressed place aversion at 24h after the last conditioning session, whereas those conditioned with the lower dose
failed to express any preference or aversion. Test trial time after vehicle injection was 30 min. *Po0.05. (d) Locomotor activity during place conditioning test trial.
Data for C57BL/6J mice are presented as means±SEM, n¼ 14–25. (e) GAN-induced hypothermia in C57BL/6J mice after treatment with GAN 30mg/kg,
4,5,6,7-tetrahydroisoxazolol[4,5-c]pyridine-3-ol (THIP) 6 mg/kg or vehicle. *Po0.05. (f–j) Results from experiments with g-aminobutyric acid type-A (GABAA)
receptor d-subunit-knockout (d-KO) mice and their WT littermates (d-WT): (f) locomotor activity during each conditioning trial. GAN (30 mg/kg) conditioning
was performed identically as with C57BL/6J mice. (g) Locomotor activity in 5-min time-bins during the first conditioning trial. The inset shows the percentage of
total distance moved in the center of the arena during the first conditioning trial, indicating increased activity in the WT mice after GAN. *Po0.05, compared with
the corresponding vehicle group (ANOVA with Bonferroni test). (h) WT mice expressed GAN-induced conditioned place aversion (CPA), whereas the KO
mice displayed neither preference nor aversion. **Po0.01. (i) Locomotor activity during place-conditioning test trial. (j) GAN-induced hypothermia in d-KO mice
after treatment with GAN 30mg/kg, THIP 6 mg/kg or vehicle. *Po0.05. Data for d-WT and d-KO mice are presented as means±SEM, n¼ 7–11.
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genotype� conditioning interaction F1,33¼ 14.02, Po0.01).
Locomotor activity during the place-conditioning test trial
was equal between the genotypes (Figure 4i; t¼ � 0.14,
df¼ 35, P¼ 0.89).

During the first conditioning trial with GAN 30 mg/kg, d-
WT mice moved more in the center area of the conditioning
cage in the time period from 10 to 15 min than d-KO mice
(Figure 4g inset; time� genotype� drug interaction
F2,50¼ 8.02, Po0.01).

GAN-Induced Hypothermia

Hypothermic effects of GABAA receptor agonists have been
suggested to influence performance in a drug-induced CPP
test (Cunningham and Niehus, 1993). In fact, neurosteroids
induce strong hypothermia (Melchior and Allen, 1992), and
we hypothesized that the 30 mg/kg dose of GAN would be
associated with hypothermia, which might then result in
aversive conditioning effects. The effects of GAN 30 mg/kg
and, for comparison, THIP 6 mg/kg on rectal body
temperature were assessed in C57BL/6J mice and in d-KO
mice and their d-WT littermates. No differences were
present in baseline body temperature between the groups
(Figure 4e and j; P40.05; the data for d-WT littermates are
not shown). There was a significant main effect of GAN
treatment on body temperature (F2,41¼ 44,84; Po0.0001).
GAN produced a severe hypothermia lasting over 1.5 h
(Po0.0001 in all mouse lines), but as THIP did not affect
body temperature (Figure 4e and j; P40.05), it is reasonable
to conclude that GAN-induced hypothermia was unlikely
the cause of aversive conditioning.

DISCUSSION

We found here that a single administration of the
neurosteroid agonist GAN induced a dose-dependent
glutamate receptor neuroplasticity of VTA DA neurons.
We showed that GAN induced the long-lasting potentiation
of VTA DA neurons at least in part through insertion of new
GluA2 subunit-lacking AMPA receptors. This neuroplasti-
city effect was most likely induced by increased GABAA

receptor-mediated tonic inhibition of the local GABAergic
interneurons. The increased tonic inhibition could be
acutely seen in the presence of GAN, which is known to
be devoid of action on nuclear receptors. Interestingly, the
neuroplasticity effect was dose dependently correlated with
aversive rather than rewarding place conditioning. Finally,
the conditioning effects of GAN were dependent on the d-
subunit-containing GABAA receptors, as mice lacking this
subunit showed no evidence of place conditioning using the
protocol that produced aversion in d-WT mice.

GAN-Induced Glutamate Receptor Plasticity

The general pattern of our present results with GAN is
consistent with our findings on modulation of VTA DA
neurons by THIP (Vashchinkina et al, 2012). Interestingly,
although being rapid in action and quickly metabolized
(Nohria and Giller, 2007), one injection of GAN induced
neuroplasticity (both increased AMPA/NMDA ratios and
increased rectification of AMPA responses) in DA neurons
for at least 6 days. In addition, THIP induces increased

AMPA/NMDA ratios in VTA DA neurons for at least 6 days
(Vashchinkina et al, 2012), whereas diazepam, preferentially
acting on synaptic receptors, does it for only 3 days
(Heikkinen et al, 2009). Further experiments are needed to
test whether endogenous neurosteroids might serve as a
new class of endogenous agents that can influence
glutamate neuroplasticity in the VTA (Luscher and
Malenka, 2011).

In this study, we used the Th-EGFP mouse line to identify
DA neurons. Several groups have reported alterations of DA
transmission in certain BAC lines (Bagetta et al, 2012;
Kramer et al, 2011); therefore, we measured brain tissue DA
to ascertain whether our mouse model was normal or
deficient in this respect. Importantly, we found no
differences in the levels of DA or its metabolites in the
caudate-putamen/nucleus accumbens region or the pre-
frontal cortex between the Th-EGFP mice and their
littermates without the transgene.

Tonic Inhibition in the VTA

First, we ascertained whether tonic inhibition is cell-type
specific in the VTA, as has been shown to be the case in the
hippocampus, amygdala, and thalamic nuclei (Marowsky
et al, 2012; Semyanov et al, 2003). Importantly, we used two
mouse lines, GAD67-GFP knockin mice and Th-EGFP BAC
transgenic mice (Gong et al, 2003; Tamamaki et al, 2003),
which helped us to identify the VTA GABA and DA
neurons, respectively, independently of their electrophysio-
logical characteristics (Margolis et al, 2012). Despite
expression of tonic inhibition in both VTA DA and GABA
neurons in the presence 500 nM GABA (in the range of
physiological extracellular GABA concentration (Murphy
and Maidment, 1999)), we believe that tonic inhibition is
more effective in VTA GABA interneurons as these neurons
have a higher input resistance than DA neurons, allowing
the same charge transfer to more effectively change their
membrane potential (Margolis et al, 2012). We observed
tonic currents with amplitudes between 10 and 30 pA, in
line with studies in various brain areas (Marowsky et al,
2012; Stell et al, 2003). Both cell types exhibited GABAergic
inhibitory activity that varied in amplitude and event
frequency, and some recorded cells expressed no tonic
current. These data are in agreement with the idea that VTA
neurons belong to different subtypes and receive different
innervation (Margolis et al, 2012), showing marked hetero-
geneity within the DA and GABA neuronal populations.

Local application of GAN directly into the brain slice
resulted in a fast and selective increase in tonic inhibition of
VTA GABA cells. The range of effective neurosteroid
concentrations with respect to IPSC event prolongation
has been shown to vary between brain areas and cell types
(for review, see Lambert et al (2003)). Our analysis of sIPSC
events revealed no clear GAN effects on synaptic GABAA

receptors, with only a trend for increased decay kinetics.
Therefore, a moderate 500 nM concentration of GAN
appeared to activate only extrasynaptic GABAA receptors
mediating tonic inhibition.

We also show that applying 500 nM GAN to midbrain
slices caused significantly increased AMPA/NMDA ratios in
VTA DA neurons within 4–6 h. A similar time window for
development of cocaine-induced plasticity in VTA has been
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observed earlier (Luscher and Malenka, 2011). Thus, GAN
acts locally within the VTA to induce neuroplasticity in DA
neurons, but we cannot exclude the possibility that GAN
also acts on other brain regions and indirectly induces VTA
DA neuron plasticity.

Consistent with in vitro studies described above, GAN
30 mg/kg demonstrated no effect on glutamate neuroplas-
ticity of the VTA DA neurons in d-KO mice. Notably, we
observed similar values in AMPA/NMDA ratio in experi-
ments with d-WT and Th-EGFP where identification of DA
neurons was based on different approaches: presence of
large Ih current and EGFP marker, respectively. Given that
the large Ih current is thought to be a marker for a
subpopulation of VTA DA neurons (Lammel et al, 2011), it
seems unlikely that GAN selectively activates particular
subpopulation of VTA DA neurons.

Failure to Induce a CPP

Drug-induced CPP behavior is strongly related to DA
neuron activity (Luscher and Malenka, 2011). However,
changes in the DA neuron activity do not necessarily
produce a response in DA release, and it is also possible that
different mesolimbic VTA DA neuron populations sepa-
rately mediate rewarding and aversive behaviors (Lammel
et al, 2011). Indeed, repeated GAN administrations in an
unbiased place-conditioning paradigm resulted in aversion
rather than preference for conditioned floors in C57BL/6J
mice, with which we have previously seen significant
morphine- and ethanol-induced conditioned preference
(Aitta-aho et al, 2012; Nuutinen et al, 2010). Further, we
have found that THIP induces prolonged conditioned
aversion in mice and that it fails to sustain reinforcement
behavior in baboons, in contrast to benzodiazepines
(Vashchinkina et al, 2012).

The behavioral effect that we observed in GAN-condi-
tioning tests may have resulted from an effect on DA neuron
activity, or on some other, presently unknown, neuronal
pathway. Earlier place-conditioning work on allopregnano-
lone has suggested dose-dependent CPP, aversion, or no
place conditioning in mice (Beauchamp et al, 2000; Finn
et al, 1997; Tzschentke, 2007). Contradictory results on
neurosteroid-induced conditioning could be because of
procedural differences, different doses used, drug delivery
methods (i.p. vs intracranial), and animal species and their
age. It is noteworthy that all of the above studies used
endogenous neurosteroids, whereas we used a synthetic
neurosteroid that lacks nuclear steroid hormonal activity
(Carter et al, 1997).

Conditioning in d-KO Mice

Consistent with our electrophysiological results on gluta-
mate neuroplasticity, GAN at the lower dose demonstrated
no effect on behavior, whereas the higher dose produced an
effect. Using the higher dose of GAN, we found that d-WT
mice showed similar conditioned aversion as C57BL/6J
mice, whereas no significant expression of place condition-
ing was observed in d-KO mice. There was, however, a trend
toward CPP in knockout mice. The higher dose of
GAN apparently induced conditioning by the action on
d-subunit-containing GABAA receptors.

Several other GAN-induced effects in d-KO mice were
somewhat puzzling but suggested targets other than the d-
GABAA receptors. First, locomotor activity was similarly
disrupted by GAN in both d-WT and d-KO genotypes. The
cerebellum and striatum expressing a high density of d-
subunits are strongly involved in motor control as reviewed
in Uusi-Oukari and Korpi (2010). In both of these regions,
compensatory GABAA receptor changes are known to take
place in the d-KO mice (Korpi et al, 2002; Peng et al, 2002),
thus preserving the main molecular targets for the
neurosteroids (Hosie et al, 2006) also in the absence of
the d-subunit. Second, similar to locomotion, both geno-
types displayed identical hypothermic response to GAN. On
the other hand, a closer examination of behavior in the open
field of the cage during the first conditioning session
revealed an absence of anxiolytic-like effects by GAN in d-
KO mice (see Figure 4g inset), as compared with d-WT
littermates, in keeping with the original study on d-KO mice
(Mihalek et al, 1999). This difference should not have
produced the GAN-induced aversion in the d-WT mice, as,
if anything, an anxiolytic effect is associated with place
preference (File, 1986). Finally, it is possible that the
d-subunit deletion somehow affected learning associated
with conditioning. However, pharmacological or genetic
manipulations reducing GABAergic inhibition often en-
hance synaptic plasticity and learning (Introini-Collison
et al, 1994), and genetic deletion of the d-subunit reduces
inhibition in the hippocampus (Spigelman et al, 2003), a
well-known area contributing especially to the formation of
new spatial memories. Indeed, d-KOs have demon-
strated enhanced trace fear conditioning compared with
wild-type animals (Wiltgen et al, 2005). Thus, defective
neurosteroid-induced conditioning in the d-KO
mice is unlikely to be due to impaired learning. This defect
may at least partly be linked to impaired neuroplasticity of
the VTA DA pathway in these animals, even if there
are GABAA receptor compensations also in the DAergic
areas, such as the nucleus accumbens (Korpi et al, 2002;
Peng et al, 2002).

CONCLUSIONS

The neurosteroid agonist GAN ex vivo induced glutamate
receptor neuroplasticity in VTA DA neurons via increased
tonic inhibition of VTA GABA neurons in young mice.
Behaviorally, in adult mice, GAN produced CPA, which was
not present in GABAA receptor d-subunit-deficient mice.
GAN has been tested in clinical trials (clinicaltrials.gov) and
is well tolerated in humans (Nohria and Giller, 2007). With
the present interesting neuropsychopharmacological profile
of action in mind, GAN should be tested for its possible
antiaddiction efficacy in humans, especially as preclinical
data already exist on a dose-dependent reduction in alcohol
drinking (Ramaker et al, 2012).
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