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GABA Site Agonist Gaboxadol Induces Addiction-Predicting
Persistent Changes in Ventral Tegmental Area Dopamine
Neurons But Is Not Rewarding in Mice or Baboons
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Dopamine neurons of the ventral tegmental area (VTA) are involved at early phases of drug addiction. Even the first in vivo dose
of various abused drugs induces glutamate receptor plasticity at the excitatory synapses of these neurons. Benzodiazepines that
suppress the inhibitory GABAergic interneurons in the VTA via facilitation of synaptic GABA , receptors have induced neuroplas-
ticity in dopamine neurons due to this disinhibitory mechanism. Here, we have tested a non-benzodiazepine direct GABA site
agonist 4,5,6,7-tetrahydroisoxazolol[4,5-c|pyridine-3-ol (THIP) (also known as gaboxadol) that acts preferentially via high-
affinity extrasynaptic GABA , receptors. A single sedative dose of THIP (6 mg/kg) to mice induced glutamate receptor plasticity for
at least 6 d after administration. Increased AMPA/NMDA receptor current ratio and increased frequency, amplitude, and rectifi-
cation of AMPA receptor responses suggested persistent targeting of GluA2-lacking AMPA receptors in excitatory synapses of VTA
dopamine neurons ex vivo after THIP administration. This effect was abolished in GABA , receptor '~ mice, which have aloss of
extrasynaptic GABA, receptors. In behavioral experiments, we found neither acute reinforcement in intravenous self-
administration sessions with THIP at relevant doses using a yoked control paradigm in mice nor in baboons using a standard
paradigm for assessing drug abuse liability; nor was any place preference found after conditioning sessions with various doses of
THIP but rather a persistent aversion in 6 mg/kg THIP-conditioned mice. In summary, we found that activation of extrasynaptic
O-subunit-containing GABA , receptors leads to glutamate receptor plasticity of VT A dopamine neurons, butis not rewarding, and,

instead, induces aversion.

Introduction

Dopamine (DA) neurons, originating from the ventral tegmental
area (VTA) of midbrain and projecting to the nucleus accumbens
and medial prefrontal cortex, are essential in processing reward-
ing signals (Wise and Bozarth, 1987; White, 1996; Wolf, 1998;
Nestler, 2005; Kauer and Malenka, 2007; Wise, 2008). Particu-
larly, DA neurons are excited by unexpected rewards (Schultz et
al., 1997). Modulation of normal DA signaling also allows drugs
of abuse to harness natural reward processing and to alter mech-
anisms mediating reward-driven learning and memory. There-
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fore, addiction can be viewed as a result of maladaptive learning
(Hyman, 2005; Kauer and Malenka, 2007). One of the mecha-
nisms behind this might be the drug-induced synaptic plasticity
in the DA system, analogous to the hippocampal synaptic plas-
ticity considered important for learning and memory (Pastalkova
etal., 2006; Whitlock et al., 2006; Bowers et al., 2010; Liischer and
Malenka, 2011). VTA plasticity has been thought to represent one
of the first neuronal traces, common to different addictive drugs,
lasting beyond the actual presence of drugs and their metabolites
in the brain (Saal et al., 2003; Brown et al., 2010). Therefore,
drug-induced plasticity in the VTA can be a hallmark of the early
development of addiction.

The plasticity of glutamate synapses in VTA DA neurons has
been observed after administration of single doses of several ad-
dictive drugs. A single drug injection can potentiate VTA DA
neurons up to 7 d (Ungless etal., 2001; Saal et al., 2003; Heikkinen
et al., 2009). Using ex vivo electrophysiological techniques, this
plasticity can be monitored by, for example, AMPA/NMDA re-
ceptor current ratio and rectification index tests (Ungless et al.,
2001; Tan etal., 2010). Similar glutamatergic transmission occurs
in VTA DA neurons during cue-reward learning when dopamine
neurons start to respond to reward-predicting cues instead of to
actual reward (Stuber et al., 2008). Underlying mechanisms of the
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plasticity include formation of new GluA2-subunit-lacking AMPA
receptors at the synaptic sites (Ungless et al., 2001; Borgland et al.,
2004; Argilli et al., 2008) and a reduction of NMDA receptor activity
(Mameli et al., 2011).

In the present study, we have established that glutamate receptor
plasticity in the VT'A DA neurons can be induced by a single admin-
istration of non-benzodiazepine drugs preferentially acting on extra-
synaptic inhibitory GABA, receptors. Particularly, we reveal the
neuroplasticity-inducing effects of 4,5,6,7-tetrahydroisoxazolol[4,5-
c]pyridine-3-ol (THIP) (gaboxadol), which is a GABA site agonist
preferring extrasynaptic high-affinity GABA , receptors (Chandra et
al., 2006, 2010; Stérustovu and Ebert, 2006). We show that the effect
of THIP on VTA DA neuron plasticity is lost in GABA, receptor
S-subunit-deficient mice (Mihalek et al., 1999) that are devoid of
extrasynaptic benzodiazepine-insensitive GABA , receptors (Wei et
al., 2003; Zhang et al., 2007). We also used behavioral tests of passive
(mouse) and voluntary (mouse and baboon) drug administration to
link THIP-induced plasticity with motivational processes.

Materials and Methods

Animals

For electrophysiological and THIP dose testing behavioral assays, we
used 3- to 4-week-old transgenic Th-EGFP (male and female) mice
(Gong et al., 2003). GABA,, receptor §-subunit knock-out (8 /~) and
the littermate 8 */* mice (males and females) were used in electrophys-
iological experiments at the age of 3—4 weeks (Mihalek et al., 1999).
Behavioral experiments trying to establish the addiction potential of
THIP were performed with 8- to 10-week-old male C57BL/6] mice
(Charles River). Th-EGFP mouse line expressing enhanced green fluo-
rescent protein (EGFP) under the control of the tyrosine hydroxylase
promoter was maintained as heterozygous. Heterozygous Th-EGFP
males were backcrossed to inbred C57BL/6] female mice at least six
generations. The animals were weaned at the age of 21 d and geno-
typed for the presence of EGFP by PCR. 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. Study of addiction potential in non-
human primates was performed in three adult male baboons (Papio
hamadryas anubis, olive baboons; Primate Imports). Weights were
38—-40 kg for baboon CR, 32-33 kg for HC, and 33-34 kg for SI. All
had previous experience in assessment of one to six other compounds
(almost exclusively ligands for the benzodiazepine site) under the
procedures used in the present study. Details of housing and care were
the same as those in the study by Ator et al. (2010). Experimental
procedures in baboons were approved by The Johns Hopkins Univer-
sity Animal Care and Use Committee.

Electrophysiology

For electrophysiology, the mice were naive or injected intraperitone-
ally between 8:00 and 9:00 A.M. with either THIP (1, 3, or 6 mg/kg) or
ethanol (2 g/kg, 10% w/v) or a comparable volume of saline as a
vehicle control, and decapitated 24 h to 6 d later. Drugs were admin-
istrated at a volume of 100 ul (THIP) or 200 ul (ethanol) per 10 g of
body weight.

Brain slice preparation

Horizontal midbrain slices were prepared, as described previously
(Heikkinen et al., 2009). Briefly, brains were quickly dissected out,
and 225-um-thick slices were cut and stored for at least 1 h at 37°C in
carbogen-bubbled recovery solution containing the following (in mm):
126 NaCl, 21.4 NaHCO;, 2.5 KCl, 1.2 NaH,PO,, 2.4 CaCl,, 1.2 MgSO,,
11.1 p-glucose, and 0.4 ascorbic acid, pH 7.4 (Nugent et al., 2007). The
slices were transferred to a recording chamber and submerged in
carbogen-bubbled artificial CSF (ACSF) containing the following (in
mwm): 126 NaCl, 18 NaHCO,, 1.6 KCl, 1.2 NaH,PO,, 2.5 CaCl,, 1.2
MgCl,, and 11 p-glucose.
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Electrophysiological recordings

Measurement of synaptic responses was performed using whole-cell
patch-clamp technique. In Th-EGFP mice, the DA neurons were visual-
ized using a microscope (Olympus BX51WI) equipped with a filter for
EGFP fluorescence channel (485/20 nm excitation filter) and a digital
camera (Hamamatsu C8484). In 8/~ and 8 /" mice, the DA neurons
were identified if a clear I}, 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), low-
pass filtered at 1.6 kHz, and digitized at 20 kHz (Molecular Devices).
Electrodes had a resistance of 3—5 M{) when filled with the following (in
mwm; pH adjusted to 7.2-7.25 and 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 EPSC recordings (Heikkinen et al., 2009);
and 30 potassium-gluconate, 100 KCl, 4 MgCl,, 1.1 EGTA, 5 HEPES, 3.4
Na,ATP, 10 creatine-phosphate, and 0.1 Na;GTP for sIPSC recordings
(Tan et al., 2010). The access and membrane resistances were monitored
throughout the experiment. Recordings were discarded if the access re-
sistance changed >20% during the experiment.

AMPA/NMDA receptor current ratio

To assess AMPA/NMDA receptor current ratio of VTA DA neurons,
EPSCs were induced by stimulating glutamatergic afferents at 0.1 kHz
frequency using bipolar stimulus electrode. Neurons were clamped at
+40 mV in the presence GABA, receptor blocker picrotoxin (100 um).
EPSCs were recorded for 10 min before and after the application of
NMDA receptor blocker p-(—)-2-amino-5-phosphonopentanoic acid
(AP5) (50 uMm). The ratio was calculated by dividing the peak amplitude
of AMPA receptor current with that of NMDA receptor current. AMPA
current was averaged from 30 EPSCs recorded in the presence of AP5.
NMDA current component, in turn, was calculated by subtracting the
AMPA current from the total current detected in the absence of AP5
(Ungless et al., 2001; Saal et al., 2003; Heikkinen et al., 2009).

mEPSC and sIPSC recordings, paired-pulse ratio, and

rectification index

VTA DA neurons were clamped at —70 mV at 30-32°C. Spontaneous
AMPA receptor-mediated miniature EPSCs (mEPSCs) were recorded for 5
min in the presence of tetrodotoxin (1 um), picrotoxin (100 um), and AP5
(50 um). Spontaneous GABA , receptor-mediated IPSCs (sIPSCs) were re-
corded for 5 min before, during, and after bath application of 1 um THIP at
the continuous presence of kynurenic acid (2 mm). sIPSCs were abolished by
100 uMm picrotoxin (data not shown). Series resistance was compensated by
70%. Recorded events were filtered at 1.6 kHz, digitized at 20 kHz, and
analyzed automatically with Mini Analysis program (Synaptosoft) with an 8
pA amplitude threshold, and then all qualified events were visually verified
according to their rise and decay times.

Recordings of evoked AMPAR-EPSCs were performed in the presence
of picrotoxin (100 um) and AP5 (50 um). Paired-pulse ratio was deter-
mined by giving two stimuli at 50% of maximal response. The intervals
between two stimuli were 20, 50, and 100 ms, and the recordings at each
interval continued for 5 min at 0.1 kHz. The ratio was calculated as a ratio
between peak amplitudes of the second averaged response to the first
one. Recordings for the estimation of rectification indices were per-
formed using freshly made spermine (100 wm) in the pipette solution,
and AMPAR-EPSCs were evoked at holding potentials of —70 and +40
mV. The rectification index was calculated as the ratio between evoked
AMPAR-EPSC peak amplitudes at —70 mV to those at +40 mV.

Th-EGFP transgenic mouse line (Gong et al., 2003) was used to obtain
heterogeneous population of VTA DA neurons independently on their
different electrophysiological and molecular properties (Margolis et al.,
2006; Lammel et al., 2008, 2011). In a post hoc manner after the record-
ings, anatomical localization of the VTA DA neurons in dorsoventral and
rostrocaudal dimensions was determined from photomicrographs ac-
cording to mouse brain atlas (Franklin and Paxinos, 2008) blind to the
responses of individual neurons: ventral VTA was corresponded to
—4.56 mm and dorsal VTA to —4.12 mm from the brain surface of the
adult mouse.
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Behavioral experiments

Spontaneous locomotor activity. Effects of THIP (1, 3, and 6 mg/kg) on
locomotor activity were tested 1.5 h immediately after acute injection
(intraperitoneal). Effects of 6 mg/kg THIP on locomotor activity was
estimated also at 24 h after the injection. Young mice were adapted to the
experimental room for 2 h, after which their locomotor activities were
monitored individually in Plexiglas cages (45 X 22.5 X 15 cm; Tecni-
plast) by Ethovision Color-Pro 3.1 video-tracking system (Noldus Infor-
mation Technology) (Heikkinen et al., 2009).

Intravenous drug self-administration in mice. The self-administration
(SA) procedure in adult mice was based on one that has been used as a
rapid screening procedure to evaluate drug reinforcement (Criswell and
Ridings, 1983; Vekovischeva et al., 2004). The SA apparatus (RITEC)
consisted of four identical opaque plastic chambers (8 X 8 X 8 cm). Each
chamber was fitted with an infrared sensor and a nose-poke hole (1.5 cm)
on the frontal wall and a vertical slot (5 mm) at the bottom of the back
wall for extending and fixing the tail. Mice were placed into the individ-
ual chambers so that their tails were taped outside the chambers. From
that position they could easily reach the holes. Opaque covers prevented
the mice from moving out of the chambers. SA was determined in mouse
pairs (active and yoked control). The pairs were matched based on sim-
ilarity of nose poke activity during 10 min pretests. Within 1 h after the
pretest, the matched pairs were placed into the neighboring chambers.
Needles (27 ga) connected to 1 ml syringes in a two-syringe infusion
pump were inserted into the lateral tail vein of each animal. During a 20
min test, each nose poke of the active mouse resulted in a simultaneous
infusion of the same fluid (1.7 ul; 1 s duration) to both active and yoked
mice. Nose pokes of the yoked mouse were counted as well, but did not
result in an infusion. As a measure of reinforcement effect, R factor was
calculated as the difference between the logarithm (log,,) of the ratio
between cumulative numbers of nose pokes by active and yoked mice
during the SA session and the logarithm of the ratio of their nose pokes
during the pretest session (Kuzmin et al., 1994). Effects of the drug were
considered aversive, reinforcing or neutral when the R factor was nega-
tive, positive, or close to zero, respectively. The following concentrations
of the drugs were tested: p-amphetamine (0.5 mg/ml), THIP (0.1, 0.5, 1,
and 3 mg/ml).

Intravenous self-administration in baboons. The equipment and proce-
dures, including animal care, were the same as those described by Ator et
al. (2010) and standard for abuse liability assessments (Ator and Grif-
fiths, 2003). Briefly, the baboons” home cages had been outfitted with an
intelligence panel equipped with cue lights and operanda, which was
interfaced to computer control in an adjacent room. The cages were not
enclosed and the baboons could see and hear other baboons housed in
the same area. Each baboon had a chronically indwelling intravenous
catheter that exited in the midscapular region and was protected by a
tether/vest system that permitted free movement within the cage. Exper-
imental conditions were in effect 24 h/d during study of each dose. Data
were recorded at approximately 8:30 A.M. daily, and any drug changes
were made at that time (but with no interruption of the behavioral pro-
gram). Onset of a 5 s tone and cue light were correlated with availability
of a self-injection dependent on completion of the response requirement
of 160 operations of a plunger device. Completion of the requirement
initiated operation of a peristaltic pump that delivered the drug dose (5
ml across ~90 s) and began a 3 h time-out. Maximum possible self-
injections/24 h was 8. Food pellets (1 g banana-flavored pellets; Bio-Serv)
were available 24 h/d under a response requirement of 20 or 30 responses
per pellet, depending on the baboon; two pieces of fresh fruit were deliv-
ered around 11:00 A.M. each day. Under the single-subject design that
was used, each baboon served as his own control and replication across
subjects determined generality of the finding. A standard baseline sub-
stitution procedure was used in which each test dose was substituted for
a dose of cocaine (0.32 mg/kg) that reliably maintained high rates of
self-injection in each baboon. The cocaine baseline was in effect for a
minimum of 3 d with performance at the criterion rate of 6-8/24 h
before each test condition. Each dose (THIP, 0.1, 0.18, 0.32, and 1.0
mg/kg, or the saline vehicle, studied in a mixed order within and across
baboons) was available for self-injection for 15 d. A physical examina-
tion, weighing, and care of the catheter exit site occurred at the end of the
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15 d before return to the cocaine baseline condition for study of the next
THIP dose. A dose of triazolam (0.01 mg/kg) known to be reinforcing in
baboons under the same study conditions in our laboratory (Griffiths et
al., 1991) was made available as a GABAergic positive control in baboon
ST after study of THIP; this drug had been studied earlier in the other two
baboons. Drug reinforcement was defined as a mean rate of self-injection
in the last 5 d of drug availability that was >2 SDs higher than that
maintained by the saline vehicle in its last 5 d of availability (i.e., analo-
gous to a one-tailed test).

Place conditioning. The procedure was performed in eight Plexiglas
cages (45 X 22.5 X 15 cm; Tecniplast) covered with transparent Plexiglas
lids with ventilation holes (Nuutinen et al., 2010). Two types of floor
material were used as conditioning stimuli: (1) plastic material consisting
of 1.2-cm-wide flat bars separated by 0.5 cm gaps, and (2) metal grid
material of 1 mm spaced wire mesh. The materials had been preselected
on the basis of 15 min preliminary tests for material preference using a
separate batch of naive mice and several different floor material choice
pairs. The animals showed no preference for either one of the above floor
materials (data not shown), which allowed us to follow the unbiased
conditioned place preference procedure (Cunningham et al., 2006) con-
sisting of three phases: habituation, conditioning, and preference testing.
Two independent batches of adult mice were used for these experiments.

In the habituation phase, the mice were weighed, injected with saline,
and placed into conditioning cages without the conditioning-floor ma-
terials. The conditioning phase consisted of 30 min presentations of floor
materials that were differentially paired with THIP and saline pretreat-
ments. The mice were randomly assigned to one of the two conditioning
subgroups (metal+ and metal —). Mice in the metal+ subgroup received
THIP paired with the metal grid floor [conditioning stimulus+ (CS+)
trial] and saline paired with the plastic floor (CS—). Mice in the metal—
subgroup received THIP paired with the plastic floor (CS+) and saline
paired with the metal grid floor (CS—). Mice received four CS+ and four
CS— trials on alternating days, resulting in eight conditioning trials in
total. After the first 4 d, there was a 2 d break. Each group was counter-
balanced for the direction of the floor materials inside the cages and for
the order the trials were presented.

The place preference test (30 min) was performed 24 h, 11 d, and 30 d
after the last conditioning trial. Then the cage floor was covered half and
half with plastic and metal grid materials, thereby bisecting it into two
distinct virtual zones where the mice could move according to their
preference. The animals were injected with saline and then placed in the
center of the cage. Spatial orientation of the materials was counterbal-
anced within each group. Time spent on the metal grid was used as the
primary dependent variable in data analysis. Locomotor activity and
location were determined by Ethovision Color-Pro 3.1 video-tracking
system. Between the trials, all cages and floor materials were thoroughly
washed with water and dried to remove odors. The mice were habituated
to the experimental room for 1 h before the testing. The experiments
were performed between 8:00 and 12:00 A.M.

Drugs

THI§ (gaboxadol hydrochloride; H. Lundbeck A/S), p-amphetamine
sulfate (Dexedrine; GlaxoSmithKline), ethanol (Altia Oyj), and cocaine
hydrochloride (Sigma-Aldrich) were dissolved in 0.9% saline for intra-
peritoneal and intravenous injections. Triazolam (Upjohn) was dis-
solved in propylene glycol and diluted by one-half with 0.9% saline. All
stock solutions for mice were prepared on the day of the treatment. Stock
solutions of picrotoxin, D-(—)-2-amino-5-phosphonopentanoic acid
(AP5), tetrodotoxin (all from Tocris Bioscience), and THIP were diluted
in ACSF, and added to perfusion medium when needed. Solutions for
baboons were prepared and filter sterilized (0.22 wm filters; Millipore)
just before each test condition and replenished as needed.

Statistical analyses

Statistical analysis was performed using Prism 5.0 software (GraphPad
Software). Statistical significance of the differences between data groups
with equal variances was assessed with ¢ test or one-way ANOVA fol-
lowed by Dunnett’s or Bonferroni’s posttest (p < 0.05). Nonparametric
Mann—-Whitney test or Kruskal-Wallis test followed by Dunn’s multiple-
comparison test were used with data with unequal variances.
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Figure 1. Time course of the effects of preferential extrasynaptic GABA, receptor agonist

THIP on spontaneous locomotor activity in young mice. A, Locomotor activity after acute injec-
tion of THIP (1 mg/kg, n = 9; 3 mg/kg, n = 20; 6 mg/kg, n = 21) and saline (n = 22) in
Th-EGFP mice (3— 4 weeks of age). The data are given as the mean distance traveled for 15 min
periods preceding the time points (SEM values are within the symbols). B, Cumulative locomo-
toractivity for 60 min after injection for the mice shown in 4. ***p << 0.001 for the significance
of difference from saline group (ANOVA followed by Bonferroni’s test). Data are presented as
mean distance traveled + SEM.

Results

Effects of THIP on locomotor activity of mice

We searched for slightly sedative doses of THIP after acute injec-
tions and found that THIP at 3 and 6 mg/kg produced a transient
reduction in locomotor activity of young mice, while 1 mg/kg
dose of THIP did not affect the activity (Fig. 1A). The drug effects
lasted for 45-60 min. A 1 h measure of cumulative locomotor
activities was decreased (F(; 44 = 10.24; p < 0.0001) by both
higher doses of THIP compared with saline (Fig. 1 B). The THIP-
reduced activity returned to the baseline by 90 min after the
injections (Fig. 1A) and remained at the saline level also at 24 h
after 6 mg/kg THIP [14.6 = 0.5 m/45 min (n = 18) vs 13.8 = 0.4
m/45 min (n = 26) for saline- and THIP-treated mice, respec-
tively; p > 0.05, t test]. There were no sex differences in the
locomotor activity acutely or 24 h after the THIP treatment (cu-
mulative distance: F; 45y = 2.76, p > 0.05,and F(, 5,) = 0.50,p >
0.05, respectively).

Single in vivo doses of THIP induce long-lasting potentiation

in the VTA DA neurons

In VTA DA neurons of midbrain slices from THIP- and ethanol-
treated mice obtained 24 h after the injection, the peak height
ratios between evoked AMPA and NMDA receptor-mediated ex-
citatory currents were significantly higher than those in neurons
from saline-treated mice (Fig. 2A,B; Kruskal-Wallis statistic,
16.04; p = 0.003). THIP produced a dose-dependent increase in
the ratio, as the dose of 6 mg/kg was different from the saline
values, while the 1 and 3 mg/kg doses were not. The effect of THIP
at 6 mg/kg was similar to the effect of ethanol at 2 g/kg, the
ethanol results being in agreement with those of Heikkinen et al.
(2009) (Fig. 2B).

In the above experiments, DA neurons were identified by the
presence of fluorescent marker EGFP expressed under tyrosine
hydroxylase gene promoter, and not by the magnitude of I, cur-
rent (Margolis et al., 2006; Lammel et al., 2008). This strategy
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in VTA DA neurons of midbrain slices obtained ex vivo 24 h after the drug injection. A, Repre-
sentative examples of AMPA and NMDA receptor-mediated current traces for saline-, ethanol
(EtOH) (2 g/kg)-, and THIP (6 mg/kg)-treated transgenic Th-EGFP young mice. B, AMPA/NMDA
receptor ratios for saline (n = 11, where nis the number of tested animals), EtOH (n = 7), and
THIP (1mg/kg, n = 7;3mg/kg, n = 9; 6 mg/kg, n = 21) are shown as average bars (+ SEM).
*p << 0.05 and **p < 0.01 for the significance of the difference from saline group (Kruskal—
Wallis test followed by Dunn’s test).

allowed evaluation of overall population of VTA DA neurons. We
found that both I, current-positive and -negative EGFP-labeled
cells had similar responses to THIP treatment (data not shown)
(p > 0.05). Furthermore, in the analysis of recordings according
to cellular localizations after the experiments had been per-
formed, no statistically significant differences (p > 0.05) after
THIP treatment were observed in the AMPA/NMDA ratios be-
tween the ventral and dorsal VTA DA neurons (Fig. 3A,B; n =
6—13 cells per group) nor between the caudal and rostral VTA DA
neurons (Fig. 3A,C; n = 7-11 cells per group).

The effect of THIP administration lasted long, as the signifi-
cant increase (p < 0.05) in the AMPA/NMDA ratio was still
evident at least 6 d after the single 6 mg/kg THIP injection (Fig.
4A; treatment effect, F, ,;, = 80.81, p < 0.0001, two-way
ANOVA). The controls examined at each time point (1,4,and 6 d
after the saline injection; n = 3—4 mice in each group) did not
differ significantly from one another (Fig. 4A; p > 0.05).

Mechanisms of THIP-induced glutamate plasticity

To investigate possible mechanisms of THIP-induced potentia-
tion, we first examined the paired-pulse ratio in the VTA DA
neurons. This method has been used at various synapses to assess
the possible presynaptic mechanism oflong-term plasticity (Mal-
lart and Martin, 1968; Maren and Fanselow, 1995). Increased
paired-pulse ratio typically implies a decrease in the probability
of neurotransmitter release and vice versa. We compared the
evoked AMPAR responses to paired pulses at different time
intervals in neurons from saline- and 6 mg/kg THIP-treated
mice. The paired-pulse ratios in each case were close to 1.0 and
did not differ between the THIP- and saline-treated groups
(Fig. 4 B; p > 0.05).

Second, we examined whether THIP administration modifies
AMPA receptor responses in the VTA DA neurons. Spontaneous
miniature AMPA receptor-mediated EPSCs (mEPSCs) were re-
corded in the VTA DA neurons from saline- and 6 mg/kg THIP-
treated mice. The amplitudes of the mEPSCs were increased (Fig.
4 D; p < 0.001, Mann—Whitney test), and the interevent intervals
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Third, we tested the I-V relationships
of AMPAR EPSCs and calculated the rec-
tification index since different drugs of
abuse, including the benzodiazepines, in-
duce potentiation in the VTA DA neurons

+ -increased ratio
© - unaltered ratio

SNR

through insertion of new GluA2-lacking B *% * C * *kk

receptors (Bellone and Liischer, 2006; Tan

etal., 2010). This can be seen as increased b °

rectification at positive holding potentials 1.21 ° o 1.2 °

when the pipette solution contains poly- ° ° ° o 0

amines that selectively block the GluA2- o o

lacking receptors (Dingledine et al., ® p .'E o

1999). We found that the normalized cur- < 0.8 o0 ° < 0.8 oo .

rents at the +40 mV holding potential g oo g ° .

were decreased in VTA DA neurons ob- Z e i = e

tained 24 h after 6 mg/kg THIP adminis- < %50 TOTTTTT ry < 2 .
: : : L |o ®e® . o ® 50T

tration compared with those obtained S o4l © ° = (o] o9

from saline-treated mice (Fig. 5A,B; p < < ™ e —o2 o0 < 0.44 0e® —D-Q °

0.05, Mann—-Whitney test) and that the o L A4 o °° o

calculated rectification indexes were e © ° o

higher for THIP-treated neurons (3.3 =

04,1 =6,vs2.1 = 0.1,n = 6;p < 0.01). 0.04+— ; ; 0.01— ' . .
Finally, direct effects of THIP on VTA

DA neurzns were tested in acute midbrain el STHIESSal SHIE Sal THIP Sal THIP

slices of young Th-EGFP mice and bath WTA dVTA cVTA rVTA

application of 1 um THIP. The applica-

tion of THIP in vitro reduced the GABA Figure 3.  Distribution of cells recorded and their AMPA/NMDA ratios in slices obtained from various regions of the VTA in

receptor-mediated sIPSC frequency and
amplitude (Fig. 6A). This can be seen in
cumulative probability plots as shifts to
lower amplitudes and longer interevent
intervals of the sIPSCs in the presence of
THIP (Fig. 6 B; p < 0.001, Mann—Whitney
test). The THIP concentration applied
here (1 uM) corresponds to brain levels of
THIP after an intraperitoneal dose of 6
mg/kg (Cremers and Ebert, 2007).

These results suggest that the AMPA
responses are increased after THIP ad-
ministration, at least in part, by insertion
of new GluA2-subunit-lacking AMPA receptors with a mecha-
nism consistent with disinhibition of VTA DA neurons.

nigra pars reticulata.

THIP-induced glutamate plasticity in the VTA DA neurons is
abolished in 6™/~ mice

THIP acts preferentially on 8-subunit-containing extrasynaptic
GABA, receptors both in recombinant receptors and animal
models, THIP acting as a superagonist with efficacy higher than
that for GABA (Brown et al., 2002; Krogsgaard-Larsen et al.,
2004; Chandra et al., 2006, 2010; Stérustovu and Ebert, 2006).
Recently, functional extrasynaptic GABA, receptors have been
found on GABAergic terminals targeting VTA DA neurons (Xiao
et al.,, 2007). Also, immunohistochemical studies show that
&-subunit is found in the VTA in neurons and neuronal processes
(Pirker et al., 2000; Schwarzer et al., 2001) and a single-cell PCR
and in situ hybridization study shows that the §-subunit is not

Th-EGFP mice 24 h after 6 mg/kg THIP treatment. A, Whole-cell recordings were made in horizontal brain sections containing
ventral or dorsal VTA. DA neurons were identified by EGFP fluorescence and their localizations assessed after recordings using
photomicrographs. The boundary between rostral and caudal VTA is marked by the dashed line in the ventral and dorsal VTA slices
(Franklinand Paxinos, 2008). The neurons were categorized by their AMPA/NMDA ratios, with positive ones (+) having their ratios
>99% confidence limit for the corresponding saline ratios and with negative ones (—) being within below the upper 99%
confidence limit. B, Cluster plot of AMPA/NMDA ratios for individual neurons recorded in the ventral and dorsal VTA (n = 6-15
cells in each group) after saline or THIP treatments. Means are shown for each cluster (short solid lines) as well as the upper 99%
confidence limits for the saline groups (dotted lines). C, Cluster plot of AMPA/NMDA ratios for individual neurons recorded in the
rostral and caudal VTA (n = 7-13 cells in each group) after saline or THIP treatments. From some animals, two DA neurons were
recorded, each from a different slice. *p << 0.05, **p << 0.01, and ***p << 0.01 for the significance from the corresponding saline
group (one-tailed ¢ test). r'VTA, Rostral VTA; cVTA, caudal VTA; vWTA, ventral VTA; rVTA, rostral VTA; MT, medial terminal nucleus of
the accessory optic tract; ml, medial lemniscus; IPF, interpeduncular fossa; SNC, substantia nigra pars compacta; SNR, substantia

found in the VTA DA neurons (Okada et al., 2004). Thus, THIP
might act through activation of 8-subunit-containing GABA,
receptors on VTA GABAergic interneurons or GABAergic pro-
jection terminals on VTA DA neurons, which would lead to dis-
inhibition of VTA DA neurons. This effect would then be similar
to the effect of benzodiazepines that activate synaptic alvy2-
subunit-containing GABA, receptors on interneurons (Tan et
al., 2010).

To test this idea, we examined whether THIP has an effect on
VTA DA neurons in §-subunit-deficient mice (Mihalek et al.,
1999) that are known to have reduced behavioral responses to
THIP and other GABA site agonists (Chandra et al., 2006, 2010).
In 8/~ mice, THIP administration (6 mg/kg) 24 h before pre-
paring midbrain slices did not have an effect on AMPA/NMDA
current ratio in the VTA DA neurons, in contrast to the increased
ratio in littermate 8 */* mice (Fig. 7A, B; p < 0.01). The wild-type
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Figure4. Time course and physiological mechanism of the glutamate receptor plasticity of
VTA DA neurons after 6 mg/kg THIP exposure in Th-EGFP mice. A, Time course of the effects of
saline and THIP administration on AMPA/NMDA ratio of VTA DA neurons is shown as means =
SEM (n = 5-7, where n is the number of tested animals) obtained 1, 4, and 6 d after the
injection. The THIP effect was significant at least for 6 d. ***p << 0.001, ANOVA with Bonferro-
ni'stest. B, Paired-pulse ratios at various interstimulus intervals (20, 50, and 100 ms) showed no
differences between saline- and THIP-treated groups 24 h after the treatments (n = 7-8). C,
Examples of mEPSCs recorded at —70 mV from DA neurons obtained 24 h after saline and THIP
treatments. Traces from two different animals are shown for both treatments. Calibration: 10
pA/50 ms. Cumulative probability plots for amplitudes (D) and interevent intervals (E) of the
mEPSCs recorded from the VTA DA neurons of saline- and THIP-treated animals 24 h after the
treatments. The plots and the means == SEM (n = 8-9) given inside the plots for both treat-
ments indicate that THIP increased the amplitude and the frequency compared with saline.
***p < 0.001, Mann—Whitney test.

littermate 8 */* mice demonstrated increased AMPA/NMDA ra-
tios after THIP administration (Fig. 7A, B; p < 0.01), similarly to
the transgenic Th-EGFP mice. Thus, even if in some transgenic
BAC-EGFP mouse lines the DAergic system has been abnormally
modified (Bagetta et al., 2011; Kramer et al., 2011), the EGFP
labeling or mouse background line were not responsible for the
THIP-induced plasticity in this study.

Intravenous self-administration of THIP in naive mice

Since THIP treatment was associated with the development of
glutamate receptor neuroplasticity in VTA DA neurons, it was
important to test whether THIP would be reinforcing or reward-
ing in adult behaving mice. No such data exist in the literature to
our knowledge. First, we studied whether THIP would acutely
increase nose-poking behavior in naive mice. The results demon-
strate that acute intravenous self-administration of THIP at dif-
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Figure5. THIP treatment (6 mg/kg) triggered insertion of new GluA2-lacking AMPA recep-
tors in the VTA DA neurons 24 h after the injection in Th-EGFP mice. A, Examples of traces
recorded at —70and +40mV after saline and THIP treatments. B, Averaged /—V plots of AMPA
receptor-mediated currents in the VTA DA neurons of saline-treated (n = 6, where n is the
number of tested animals) and THIP-treated (n = 6) animals. *p << 0.05, Mann—Whitney test.
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Figure6.  Reduced inhibitoryinput onto VTA DA neurons of midbrain slices by application of
THIP in vitro. A, Example traces of sIPSC recordings obtained before (control), during, and after
bath application (wash) of 1 um THIP. Calibration: 50 pA/500 ms. B, Cumulative probability
plots for amplitudes and interevent intervals of the sIPSCs recorded from the VTA DA neurons
before (control) and during bath application of THIP. THIP decreased sIPSC amplitudes and
frequencies (n = 11). The insets show the means = SEM. ***p << 0.001, Mann—Whitney test.
sIPSCs were abolished with picrotoxin (100 M) (data not shown).

ferent doses did not differ from that of saline (Fig. 8 A; F(, 5,) =
2.23, p = 0.076). The THIP dose self-administered at the highest
THIP concentration (3 mg/ml) corresponded well to the intra-
peritoneal dose of 6 mg/kg used in our electrophysiological and
place conditioning experiments (Fig. 8 B).

We also included another group of mice to test for the rein-
forcing capability of D-amphetamine (0.5 mg/ml) over saline as a
positive control. The mice acquired a significant nose-poking
behavior for D-amphetamine (+ = 3.88, df = 42, p < 0.001; Fig.
8A), as an indication of the reinforcing effect. Thus, the validity
of the method was confirmed by the fact that the number of nose
pokes of active and yoked control mice was not different when
having an access to saline (p > 0.05), whereas the number of nose
pokes of active mice with an access to b-amphetamine infusions
selectively increased.
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Figure7.  Asingle administration of 6 mg/kg THIP failed to evoke glutamate receptor plas-
ticity in VTA DA neurons 24 h after the treatment in GABA, receptor 8 '~ mice. A, Represen-
tative examples of AMPA and NMDA receptor-mediated current traces after THIP treatment for
wild-typelittermate 8 */* miceand 8 '~ mice. B, AMPA/NMDA receptor peak current ratios
after saline and THIP treatments for & */* (saline, n = 6, and THIP, n = 8, where n is the
number of tested animals) and 8 '~ mice (saline, n = 6, and THIP, n = 6). Calibration: 20
pA/50 ms. Values are shown as means + SEM. **p < 0.01, Mann—Whitney test.

Intravenous self-administration in baboons
All three baboons reliably self-administered the baseline dose of
cocaine in the criterion range of six to eight self-injections per day
for 3 d preceding substitution of test conditions (Fig. 8C); grand
means ranged from 7.3 to 7.4 injections per day across baboons.
Under the cocaine baseline procedure, the probability of self-
injection and, thus, experiencing the effects of the test condition
is high in the first couple of days after substitution. Across the
subsequent days, self-injection can stabilize (or a cyclical pattern
can develop) and the rate of self-injection in the last 5 of 15 d is
taken to represent the reinforcing efficacy of the dose compared
with vehicle under the same conditions. When saline or THIP
was made available at 0.1, 0.18, 0.32, or 1.0 mg- kg~ ' - injec-
tion ', self-injections on day 1 ranged from 2 to 5 across doses
and baboons, and all baboons experienced the effects of THIP
multiple times across the period of availability. By the last 5 d of
availability, self-injection decreased and no dose of THIP main-
tained a significantly greater rate of self-injection than did saline
in any baboon. That is, mean rate of THIP self-injection was not
greater than the critical value of 2 SDs above the saline mean
(values to be exceeded were 3.4, 4.0, and 2.4 injections per day for
baboons CR, HC, and SI, respectively). Although blood analyses
after intravenous THIP were not performed in the baboons in the
present study, later assessment in four, comparably sized, adult
male baboons found that THIP plasma concentrations increased
dose-dependently and were highest at the time of the first sample,
which was ~5 min after the injection (N. A. Ator and B. Ebert,
unpublished data). Values ranged, across baboons, from 0.53 to
1.24 uM (mean, 0.85 uM) at 0.1 mg/kg, from 3.1 to 4.3 um (mean,
3.5 uMm) at 0.32 mg/kg, and from 3.7 to 8.2 uM (mean, 5.4 uM) at
1.0 mg/kg, which suggests that relevant levels of compound were
received in self-injections by the baboons in the present study.
For comparison of self-injection of another GABAergic com-
pound to THIP in the baboons in the present study, data are
presented for a known reinforcing dose (0.01 mg/kg) of the ben-
zodiazepine triazolam (Fig. 8C). In original study of triazolam in
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Figure8. Intravenous self-administration of THIP in mice and baboons failed to indicate any
reinforcing property for the drug. 4, Reinforcement scores for self-administration of different
doses of THIP in (57BL/6J mice, with p-amphetamine as a positive control. Drug-naive adult
mice were allowed to intravenously self-administer saline (n = 22, where n is the number of
tested pairs of active and yoked-control mice) or different doses of THIP (0.1mg/ml,n = 11,0.5
mg/ml,n = 8; 1mg/ml,n = 12;3mg/ml, n = 9) during 20 min sessions. A positive reinforce-
ment factor indicates positive reinforcement. o-Amphetamine (D-AMPH) (0.5 mg/ml; n = 22)
inducedsignificant self-administration. Data are means = SEM. ***p << 0.001, ttest. B, Cluster
plot with means depicting the cumulative intravenous doses of p-amphetamine and THIP dur-
ing 20 min self-administration sessions under various infusion concentrations of THIP. Note that
the total THIP dose at the infusion concentration of 3 mg/ml was at the same level as the THIP
dose that was effective in intraperitoneal single dose experiments (6 mg/kg). C, Self-
administration of THIP in baboons (n = 3) with cocaine (Coc) and triazolam (TRZ) as positive
controls. Sessions ran round the clock in the home cage; each intravenous self-injection was
followed by a 3 h time-out limiting total per day to a maximum of 8. Cocaine maintained 6 — 8
injections per day on at least 3 d before each test condition; the grand means of the last 3 d
before each test condition are shown for each baboon. Each dose of THIP and its vehicle, saline
(Sal), were substituted for the baseline dose of cocaine (0.32mg - kg " - injection ") as was
triazolam (0.01 mg/kg) ata dose previously shown to be reinforcing in every baboon tested (see
text) [TRZ means for CR and HC were published in the study by Ator (2000)]. Each TRZ, Sal, and
THIP data point represents the mean of the number of self-injections on each of the last 5 d of
the 15 d substitution period for each baboon. The horizontal lines indicate mean self-injection
rate for the three baboons.

our laboratory, this dose maintained the highest mean rate of
self-injection (5.6 injections per day; # = 4 baboons), which was
reinforcing compared with the triazolam vehicle (Griffiths et al.,
1991). Triazolam (0.01 mg/kg) was studied in baboons CR and
HC before the THIP study (Ator, 2000), and the results are shown
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Figure9.

for various THIP dose groups. Data are presented as means == SEM.n = 5-14.

in Figure 8C along with the results for this dose for baboon SI
obtained at the end of the study of THIP. In the last 5 d of avail-
ability, all three baboons self-injected triazolam in the range of
4-6 injections per day (mean rates were 4.4—5.2 injections per
day; Fig. 8C). Although triazolam vehicle was not studied for
baboon SI, triazolam reinforcement compared with vehicle could
be concluded for baboons CR and HC (Ator, 2000).

THIP-induced place conditioning

The conditioned place preference test is often used to study the
rewarding potential of drugs, and here we tested different doses of
THIP in 4 d place conditioning tests. During the conditioning
trials, no effect of THIP on locomotor activity was observed with
any of the doses (dose and drug effects, F(3 49y = 1.41, p > 0.05,
and F; 149 = 0.231, p > 0.05, respectively; the first 6 mg/kg THIP
dose tended to reduce activity; p = 0.063). The trial factor was
significant (trial effect, F(; 4,5, = 19.27, p < 0.001), indicating
that locomotor activity slightly changed over the conditioning
trials in all groups. However, no significant interactions were
observed between trial, dose, and drug. Locomotor activity dur-
ing the conditioning trials is depicted in Figure 9A.

One day (24 h) after the conditioning trials, expression of
THIP-conditioned place preference/avoidance was tested after
saline administration. Only the mice conditioned with the THIP
dose of 6 mg/kg expressed place conditioning (dose by condition-
ing subgroup interaction, F; 45, = 3.345, p = 0.024). However,
these THIP-conditioned animals expressed place aversion, not
preference (Fig. 9B). Test trial locomotor activity (Fig. 9C) was
similar after conditioning with all THIP doses (dose effect,
Fis60) = 0.592, p > 0.05).

To find out whether the observed aversive conditioning was
persistent over time, the test trial was repeated at two later time
points. Both at 11 and 30 d after the initial place conditioning test,
the mice that were conditioned with 6 mg/kg THIP kept express-
ing robust place aversion [11 d: conditioning metal+ subgroup,
799 * 187 s, n = 9; metal— subgroup, 1114 * 269s,n =9 (t =
2.89, df = 16, p = 0.011); 30 d: metal+ subgroup, 817 = 247 s,
n = 9; metal— subgroup, 1119 * 1485, n = 9 (t = 2.96, df = 16,
p=0.010)].

Discussion

Glutamate receptor neuroplasticity in VTA DA neurons has been
recently strongly linked to effects of various drugs of abuse
(Liischer and Ungless, 2006), including the benzodiazepines
(Heikkinen et al., 2009; Tan et al., 2010). Here, we extend this list

THIP dose (mg/kg)

Place conditioning with THIP inadult C57BL/6J mice. A, Locomotor activity during each conditioning trial with various
doses of THIP (CS+) and with saline (CS—) (saline trial data from all dose levels and conditioning subgroups were combined).
Conditioning time for each saline and THIP trial was 30 min. B, Animals conditioned with THIP at the dose of 6 mg/kg expressed
place aversion at 24 h after the last conditioning session, while those conditioned with the lower doses failed to express any
preference or aversion. Test trial time after saline injection was 30 min. **p < 0.01, t test. ¢, Locomotor activity during test trials
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administration, and to our surprise
produced aversive behavior in place con-
ditioning test. Thus, our results call for
reassessment of the role of VTA DA neu-
rons as a specific target for addictive
drugs, and indeed, Saal et al. (2003) have
already reported that a short-term stress
produces a similar glutamate receptor
neuroplasticity as drugs of abuse.

Mechanisms of THIP-induced glutamate receptor plasticity
The THIP-sensitive benzodiazepine-insensitive extrasynaptic
GABA, receptors are composed of a-, B-, and 8-subunits,
whereas synaptic benzodiazepine-sensitive receptors usually har-
bor a3y2 receptors (Farrant and Nusser, 2005; Korpi and Sink-
konen, 2006; Glykys and Mody, 2007). Our findings here show
that the effects of THIP on DA neurons were dependent on acti-
vation of af38 receptors since they were absent in 8-subunit-
deficient mice.

Glutamate receptor neuroplasticity in VTA DA neurons can
be induced by activation of these neurons by various mechanisms
(Lischer and Ungless, 2006). Even engineered light-sensitive ex-
citatory channels on DA neurons can serve for the induction of
this neuroplasticity (Brown et al., 2010) and lead to conditioned
place preference in mice (Tsai et al., 2009). The mechanisms also
include indirect ones, such as inhibition of GABAergic interneu-
rons, leading to disinhibition of DA neurons. This has been
shown for benzodiazepines acting through a1 3y2 GABA , recep-
tors (Tan et al., 2010) and for opioids acting via p-opioid recep-
tors (Johnson and North, 1992; Saal et al., 2003; Heikkinen et al.,
2009). Importantly, 8-subunit-containing receptors exist in VT A
GABAergic interneurons (Pirker et al., 2000; Okada et al., 2004;
Xiao et al., 2007), providing a route for disinhibition of DA neu-
rons by THIP, too. This hypothesis was supported by THIP re-
ducing both the frequency and amplitude of spontaneous
GABA, receptor-mediated IPSCs of VTA DA neurons in per-
fused midbrain slices (Fig. 6). The disinhibition hypothesis is also
consistent with increased firing of DA neurons in vivo by intra-
venous THIP (Waszczak and Walters, 1980). Here, we propose
that the activation of DA neurons by in vivo THIP treatment
induced insertion of new GluA2-subunit-lacking AMPA recep-
tors, as shown by increased rectification of AMPA currents at
positive holding potentials and increased frequency and ampli-
tudes of AMPA mEPSCs (Fig. 4). Paired-pulse ratios were not
changed, and, therefore, the results suggest a postsynaptic en-
hancement of AMPA responses (Citri and Malenka, 2008).
Buildup of novel spines might explain these findings, as has been
suggested for cocaine-induced neuroplasticity (Sarti et al., 2007).
Further study is still warranted on detailed mechanisms of THIP
effects on various types of neurons.

Lack of rewarding effects of THIP in mice and baboons
We initially predicted that THIP would show potential for re-
warding behavioral effects. Benzodiazepines induce preference
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for a place previously associated with their effects in rodents
(Spyraki et al., 1985; Imaizumi et al., 2000); and in rats,
diazepam-induced place preference can be prevented by an
AMPA receptor antagonist (Gray et al., 1999). However, THIP
demonstrated an opposite effect, as it induced a long-lasting
conditioned place aversion. We used an unbiased condition-
ing procedure to eliminate possible interference of anxiety and
anxiolysis during the test (File, 1986; Parker et al., 1998), al-
though THIP has poor anxiolytic efficacy in wild-type mice
(Saarelainen et al., 2008). Although changes in the locomotor
activity could have interfered with the expression of place
preference (Gremel and Cunningham, 2007), this is unlikely
because the locomotor activity during the tests was similar for
the low-dose groups not showing aversion or preference and
for the highest dose (6 mg/kg) group showing aversion. Con-
sistent with a pharmacological dose-response, THIP doses <6
mg/kg failed to induce any significant glutamate receptor plas-
ticity (Fig. 2) or aversion compared with saline (Fig. 9). THIP-
induced sedation was not sufficient for the neuroplasticity
since 3 and 6 mg/kg doses induced similar sedation in young
mice (Fig. 1), and the adult mice showed little sedation even at
the highest dose (Fig. 9A).

THIP also failed to induce intravenous self-administration
in naive mice and in baboons experienced in drug self-
administration (Fig. 8). Importantly, the mice increased their
nose-poking responses that produced D-amphetamine, confirm-
ing reinforcement by the stimulant and serving as a positive con-
trol for the assay using yoked control mice. This approach in mice
is considered to be valid for initial drug screening of abuse liabil-
ity (Criswell and Ridings, 1983; Kuzmin et al., 2000). Similarly
when nonhuman primates, baboons, were provided the oppor-
tunity to self-administer THIP under a procedure that has been a
standard for assessing reinforcing effects of novel, centrally acting
compounds (Griffiths et al., 1991; Ator and Griffiths, 2003; Ator
et al., 2010), no evidence for THIP reinforcement was obtained,
while responding for cocaine and the benzodiazepine triazolam
was evident. Our results thus support the idea that THIP has
little, if any, behaviorally rewarding efficacy.

Role of neuroplasticity of VTA DA neurons in rewarding and
aversive responding

It remains unclear whether the VTA DA neuron plasticity in-
duces further plasticity in other neuronal populations of the cir-
cuitry, such as neurons in the nucleus accumbens, and leads to
behavioral changes underlying chronic addiction (Liischer and
Malenka, 2011). There are contradictory results from several
studies attempting to link VTA plasticity with behavioral sensiti-
zation or conditioned place preference (Harris et al., 2004; Dunn
et al., 2005; Engblom et al., 2008; Panhelainen et al., 2011). Ad-
ministration of AMPA directly into the VTA does not induce
conditioned place preference, but produces conditioned aversion
within the anterior (rostral) VTA (Ikemoto et al., 2004). Oppo-
site results suggesting that modulation of the posterior (caudal)
VTA leads to conditioned aversion have been reported (Olson et
al., 2005; Brischoux et al., 2009; Lammel et al., 2011). Interest-
ingly, in mice, different VTA DA neurons respond to rewarding
and aversive stimuli (Lammel et al.,, 2011). Hence rewarding
stimuli may exclusively modify those DA neurons projecting to
the medial shell of the nucleus accumbens, while aversive stimuli
might selectively modify a distinct population of DA neurons
projecting to the medial prefrontal cortex (Lammel et al., 2011).
Since we used Th-EGFP labeling to identify DA neurons, we stud-
ied a neuronal population with mixed projection targets (e.g., to
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striatal, limbic, and cortical areas). Our analysis with respect to
the location of the DA neurons recorded did not reveal any dif-
ference in THIP-induced glutamate receptor plasticity in either
dorsoventral or rostrocaudal dimension of the VTA (Fig. 3).
However, this was done in a post hoc manner, with most recorded
neurons being close to the VTA center; but our data indicated
large neuron-to-neuron variability in THIP-induced plasticity
(Fig. 3), and, therefore, it cannot be fully excluded that THIP
would affect only a specific aversion-responsive DA neuron
population.

It is possible that the behavioral effects of THIP are mediated also
by other brain regions than VTA, possibly by brain areas important
for aversion. Various aversive behaviors induce c-Fos immunoreac-
tivity as a marker of neuronal activity in amygdala, pontine parabra-
chial nucleus, medial prefrontal cortex, VTA, and ventral
hippocampus (Ma et al., 1993; Navarro et al., 2000; Valenti et al.,
2011). However, the primary targets of THIP might also be the ones
with the highest densities of 8-subunit-containing GABA, recep-
tors, such as the thalamus, hippocampus, and cerebellum (Korpi
and Sinkkonen, 2006; Belelli et al., 2009). The effect of THIP on VTA
DA neurons lasted atleast 6 d, and the conditioned aversion induced
by four repeated THIP administrations lasted longer than 1 month.
Therefore, THIP might have induced persistent neuroplasticity in a
number of brain regions in addition to the VTA.

THIP has been tested in several clinical studies for insom-
nia, being well tolerated and showing efficacy in promoting
sleep maintenance (Walsh et al., 2008; Hajak et al., 2009; Roth
et al., 2010). However, it was not submitted for regulatory
approval due to variable efficacy in primary insomnia and
because of increased psychiatric side effects at high doses in a
small group of drug abusers (http://www.firstwordplus.com/Fws.
do?articleid=BD22D048CEDD423FA137C73120BA75D8). Our
results suggest that, without efficacy problems, THIP might have
made an excellent therapeutic due to its low addiction potential.
Addiction is the most serious adverse effect of the commonly
used benzodiazepines (O’Brien, 2005). It remains to be studied
whether THIP-induced plasticity affects the rewarding effects of
other drugs of abuse.

In summary, we report here that a preferential extrasynaptic
GABA , receptor activator THIP (gaboxadol) induces neuroplas-
ticity changes in midbrain dopamine neurons similar to benzo-
diazepines and other drugs of abuse. However, THIP produced
persistent aversive place conditioning and did not maintain self-
administration in either mice or baboons. The present results
might help to dissect brain pathways or perhaps specific DA pro-
jections that are essential for addictive, reinforcing, and aversive
behaviors.
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