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Abstract

Rationale GABA, positive allosteric modulators (GABAA
PAMs), such as diazepam and zolpidem, are used clinically
for anxiety and insomnia, but abuse liability is a concern.
Novel GABA, PAMS may have lower abuse liability while
retaining clinical utility.

Objective The present study compared abuse-related effects
of the non-selective GABA, PAM diazepam, the ol-
selective GABA, PAM zolpidem, and three novel GABA
PAMs (JY-XHe-053, XHe-II-053, and HZ-166) using intra-
cranial self-stimulation (ICSS) in rats. These novel com-
pounds have relatively low efficacy at «l-, «2-, and «3-
containing GABA4 receptors, putative in vivo selectivity at
«2/x3-containing GABA 4 receptors, and produce anxiolytic-
like effects with limited sedation in non-human primates.
Methods Adult, male Sprague-Dawley rats (n = 17) were each
implanted with a bipolar electrode in the medial forebrain
bundle and trained to respond under a fixed-ratio 1 schedule
of reinforcement for electrical brain stimulation. The potency
and time course of effects were compared for diazepam (0.1—
10 mg/kg), zolpidem (0.032-3.2 mg/kg), and the three novel
compounds (JY-XHe-053, XHe-11-053, and HZ-166; all 3.2—
32 mg/kg).
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Results Zolpidem and diazepam produced transient facilita-
tion of ICSS at small doses and more sustained rate-
decreasing effects at larger doses. JY-XHe-053 and HZ-166
produced weak and inconsistent ICSS facilitation, whereas
XHe-11-053 had no effect on ICSS.

Conclusions These results support a key role for «1-
containing GABA, receptors in mediating GABA, PAM-
induced ICSS facilitation. These results are concordant with
drug self-administration studies in monkeys in suggesting that
GABA, PAMs with low «1 efficacy and putative «2/3 se-
lectivity have lower abuse liability than high-efficacy non-
selective or «l-selective GABA, PAMs.

Keywords Intracranial self-stimulation - ICSS - GABA 4
positive allosteric modulators - Abuse liability - Rats -
Diazepam - Zolpidem

Introduction

GABA, positive allosteric modulators (GABA , PAMs) such as
diazepam are used clinically for the treatment of anxiety
(Bellantuono et al. 1980; Chouinard 2004; Shader and
Greenblatt 1993), seizures (Dreifuss et al. 1998; Riss et al.
2008), alcohol withdrawal syndrome (Daeppen et al. 2002;
Mayo-Smith 1997), and insomnia (McClusky et al. 1991;
Pakes et al. 1981). Although GABA A PAMs are useful therapeu-
tics and are frequently prescribed (O’Brien 2005), concerns exist
regarding their abuse liability (Evans et al. 1990; Woods and
Winger 1995). All clinically available GABA, PAMs in the
USA are classified as schedule IV drugs by the Drug
Enforcement Agency, and after opioids, they are the second most
misused prescription drug class by people aged 12 or older in the
USA (Hughes et al. 2016). Furthermore, GABA PAMs carry a
high risk of diversion and are often co-abused with other
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substances, which may result in fatalities (Inciardi et al. 2006;
Jones et al. 2012; Pauly et al. 2011). GABA, receptors are
pentameric ligand-gated ion channels that can be categorized into
subtypes depending on their constituent subunit composition,
and different subtypes may contribute to different behavioral
and physiological effects. For example, much of the literature
suggests that subtypes containing &1 subunits mediate the rein-
forcing and sedative effects of GABA , PAMs, whereas subtypes
containing «2/o3 subunits have been implicated in anxiolytic
effects (Ator 2005; Rudolph et al. 1999; Tan et al. 2010). For
these reasons, novel GABA , PAM compounds selective for 2/
a3-containing GABA 4 receptors might have lower abuse liabil-
ity while still producing therapeutic effects such as anxiolysis
(Ator 2005; Mohler et al. 2001; Skolnick 2012).

Drug self-administration procedures have played a key role
in generating data on the abuse liability of GABA 5, PAMs and
the role of GABA 4 receptor subtypes in mediating that abuse
liability. For example, diazepam is a relatively non-selective
and high-efficacy ligand across GABA4 receptor subtypes,
and it is self-administered across a wide range of reinforce-
ment schedules in multiple species (Grant and Johanson 1987;
Griffiths et al. 1979; Pilotto et al. 1984; Roache and Griffiths
1989; Stewart et al. 1994). Zolpidem is a high-efficacy «1-
selective GABA, PAM clinically available for the treatment
of insomnia (Diindar et al. 2004; Sanna et al. 2002;
Siriwardena et al. 2008). Although zolpidem was originally
thought to be a sleep aid devoid of abuse-related effects (Holm
and Goa 2000; Victorri-Vigneau et al. 2007), it is also self-
administered by non-human primates (Griffiths et al. 1992;
Rowlett et al. 2005), and in humans, it produces subjective
effects similar to benzodiazepines (Evans et al. 1990) and is
abused (Griffiths and Johnson 2005; Hajak et al. 2003).
Conversely, «2/a3-selective GABA, PAMs are self-
administered at lower rates and across a narrower range of
experimental conditions than diazepam or zolpidem (Ator
et al. 2010; Rowlett et al. 2005; Shinday et al. 2013). For
instance, TPA023B and TP003, compounds lacking efficacy
at GABA, «ol-containing receptors, failed to maintain self-
administration in rhesus monkeys trained to self-administer
cocaine, and they maintained relatively low rates of self-
administration in monkeys trained to self-administer the
non-selective GABA, PAM midazolam (Shinday et al.
2013). Similarly, L.-838,417, an agonist at «2/«3/x5-contain-
ing GABA4 receptors and an antagonist at «1-containing
GABA, receptors, maintained low self-administration rates
in thesus monkeys trained to self-administer the barbiturate
methohexital (Rowlett et al. 2005). GABA , PAMs that selec-
tively activate «2/x3-containing GABA 4 receptors have not
been approved for clinical use, and their actual abuse liability
in humans remains to be determined; however, these data from
drug self-administration studies have contributed to the im-
pression that abuse-related effects of GABA , PAMs are me-
diated primarily by GABA 4 receptors containing 1 subunits.
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Intracranial self-stimulation (ICSS) is another family of
procedures that has been used to assess abuse liability of drugs
(Carlezon and Chartoff 2007; Negus and Miller 2014). In
ICSS procedures, subjects are trained to emit an operant re-
sponse reinforced by pulses of brain stimulation delivered via
an electrode to a brain reward area, and many drugs of abuse
increase (or “facilitate”) ICSS. Consistent with its reinforcing
effects in drug self-administration procedures and its abuse
liability in humans, diazepam has been shown previously to
facilitate ICSS in rodents (Caudarella et al. 1982; Reynolds
et al. 2012; Straub et al. 2010; Tracy et al. 2014). However,
zolpidem has been examined in only one study, where it failed
to facilitate ICSS in mice (Reynolds et al. 2012), and effects of
«2/o3-selective compounds have not been examined. Thus,
the degree to which GABA 5, PAM effects in ICSS procedures
parallel results from drug self-administration procedures has
not been extensively investigated. Accordingly, the goal of
this study was to compare the potency, efficacy, and time
course of diazepam, zolpidem, and three novel GABA 4
PAMs in an ICSS procedure that has been used previously
to examine effects of opioids, monoamine transporter ligands,
and other classes of drugs (Negus and Miller 2014). The novel
GABA , PAMs selected for study were JY-XHe-053, XHe-II-
053, and HZ-166. In vitro data on receptor binding and func-
tional activity suggest that, in comparison to diazepam, these
compounds have similar non-selective binding profiles but
progressively lower efficacies at «l-, «2-, and «3-
containing GABA 5 receptor subtypes (diazepam > JY-XHe-
053 > XHe-11-053 > HZ-166; Fischer et al. 2010; Rivas et al.
2009). This decline in efficacy also appears to result in x2/x3
selectivity of behavioral effects insofar as these compounds
retain sufficient efficacy to produce effects mediated by
GABA, receptors containing «2/«3 but not «l subunits.
For example, HZ-166 produced antinociception in mice that
was eliminated with mutated «2 subunits (Ralvenius et al.
2015), and both HZ-166 and XHe-II-053 produced anxiolytic
effects with reduced sedation compared to diazepam in rhesus
monkeys (Fischer et al. 2010). We hypothesized that, in agree-
ment with drug self-administration results, diazepam and
zolpidem would produce greater abuse-related ICSS facilita-
tion than JY-XHe-053, XHe-I1-053, or HZ-166.

Methods

Subjects Studies were conducted on a total of 17 adult
Sprague-Dawley rats (Harlan, Frederick, MD), and studies
were conducted in males to permit direct comparison to pre-
vious studies with other classes of drugs (Negus and Miller
2014). All rats had ad libitum access to water and rodent chow
and were housed individually on a 12-h light-dark cycle
(lights on from 0600 to 1800) in a facility accredited by the
Association for the Assessment and Accreditation of
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Laboratory Animal Care. At the time of surgery, rats weighed
between 300 and 350 g. Experiments were performed with the
approval of the Virginia Commonwealth University
Institutional Animal Care and Use Committee in accordance
with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals 8th edition (National
Research Council 2011).

Surgery Rats were anesthetized with 2.5-3% isoflurane
(Webster Veterinary, Phoenix, AZ, USA) in oxygen until un-
responsive to toe pinch before the stereotaxic implantation of
a stainless steel, bipolar electrode (Plastics One, Roanoke, VA,
USA). A cathode (0.25 mm in diameter, covered with poly-
amide insulation except at the tip) was implanted into the left
medial forebrain bundle at the level of the hypothalamus
(2.8 mm posterior to the bregma, 1.7 mm lateral to the mid-
sagittal suture, 8.8 mm ventral to the skull). Three screws were
placed into the skull, and the anode (0.125 mm in diameter,
non-insulated) was wrapped around one screw to serve as the
ground. Dental acrylic was used to secure the electrode to the
screws and to the skull. An intraperitoneal (IP) injection of
ketoprofen (5 mg/kg) served as postoperative analgesic imme-
diately and 24 h after surgery. Rats recovered for 7 days prior
to initiation of ICSS training.

Apparatus Studies were conducted in sound-attenuating box-
es containing modular acrylic and metal test chambers
(29.2 x 30.5 x 24.1 cm; Med Associates, St. Albans, VT,
USA). Each chamber contained a response lever (4.5 cm wide,
2.0 cm deep, 3.0 cm above the floor), three stimulus lights
(red, yellow, and green) centered 7.6 cm above the lever, a
2-W house light, and an ICSS stimulator. Electrodes were
connected to the stimulator via bipolar cables routed through
a swivel commutator (Model SL2C, Plastics One, Roanoke,
VA, USA). Programming software controlled all operant ses-
sions and data collection (Med PC-IV, Med Associates).

Training The behavioral procedure was similar to that de-
scribed previously (Negus and Miller 2014). After initial
shaping of lever pressing, rats were trained to respond under
a fixed-ratio 1 (FR 1) schedule of reinforcement for electrical
brain stimulation. Each lever press resulted in the delivery of a
0.5-s train of square wave cathodal pulses (0.1 ms per pulse)
and illumination of all stimulus lights above the lever. Under
the terminal schedule, daily sessions consisted of multiple 10-
min components. Each component consisted of 10 60-s trials,
and the available brain-stimulation frequency decreased in
0.05 log Hz increments from one trial to the next (158 to
56 Hz). In the first 10 s of each trial, five non-contingent
priming stimulations were delivered at the stimulation fre-
quency available during that trial, and responding had no
scheduled consequences. The remaining 50 s of each trial
consisted of a response period, during which responding

produced electrical brain stimulation under an FR 1 schedule.
Training continued until frequency-rate curves were not sta-
tistically different over three consecutive days as indicated by
a lack of a significant effect of “day” in a two-way ANOVA
with frequency and day as the two variables (see data analy-
sis). Some rats were tested acutely with other drugs prior to
initiation of studies reported here; however, all rats were drug-
free for at least 1 week and had stable frequency-rate curves
before transitioning to these studies.

Testing Testing was conducted using dose-effect and time-
course procedures. For dose-effect studies, test sessions consisted
of three sequential “baseline” ICSS components followed first
by a 15-min time-out period and then by two sequential “test”
ICSS components. Drugs were administered IP at the beginning
of the time out, and the drugs and doses tested were as follows:
diazepam (0.1-10 mg/kg), zolpidem (0.032-3.2 mg/kg), HZ-166
(3.2-3.2 mg/kg), JY-XHe-053 (3.2-32 mg/kg), and XHe-1I-053
(3.2-32 mg/kg). At the conclusion of each dose-effect study, one
or two doses of each drug were selected for time-course studies
(1 and 10 mg/kg diazepam, 0.32 and 3.2 mg/kg zolpidem, and
32 mg/kg for HZ-166, JY-XHe-053, and XHe-11-053). For time-
course studies, test sessions consisted of three consecutive base-
line ICSS components followed first by IP drug injection and
then by pairs of test components that began 10, 30, 100, 180, and
300 min after injection. If drug effects persisted after 300 min,
then an additional pair of test components was implemented 24 h
after drug injection. Drug doses were administered in a
counterbalanced order, dose-effect studies were completed be-
fore time-course studies, and all testing for one drug was com-
pleted before advancing to another drug. Additionally, vehicle
was tested before and after dose-effect testing with each drug,
and data from these vehicle tests were averaged. In the only
exception to this general rule, one rat in the zolpidem group lost
its electrode before testing with the largest dose and the second
vehicle administration, so, for this rat, only the completed vehicle
test contributed to data analysis. Test sessions were generally
conducted twice a week with at least 48 h between drug doses,
and three-component training sessions were conducted on all
other weekdays. Each dose-effect or time-course study was con-
ducted in a group of at least five rats, consistent with our previous
studies (Negus and Miller 2014).

Data analysis The first baseline component of each test session
was considered to be a “warm up” component, and data were
discarded. All remaining data were analyzed as previously de-
scribed (Bauer et al. 2013; Negus and Miller 2014). The primary
dependent measure was reinforcement rate in stimulations per
minute during each frequency trial. Raw reinforcement rates for
each rat from each trial were converted to percent maximum
control rate (%MCR), with MCR determined daily and defined
as the mean of the maximal rates observed at any trial during the
second and third baseline components for that day. Thus, %MCR
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values for each trial were calculated as {(reinforcement rate dur-
ing a frequency trial + MCR) x 100}. For each test session, data
from each pair of baseline ICSS components before drug injec-
tion and for each pair of test components after drug injection
were averaged to yield group mean baseline and test
frequency-rate curves, respectively. Test data were analyzed by
repeated-measures two-way ANOVA, with ICSS frequency as
one factor and drug dose or pretreatment time as the second
factor. A significant ANOVA was followed by Holm-Sidak post
hoc test. The criterion for statistical significance was P < 0.05.
Two additional dependent measures were calculated to sum-
marize data from frequency-rate curves. First, the total number of
stimulations across all 10 frequency trials was determined for
each test component. Test data were normalized and expressed
as a percentage of the average number of total stimulations per
component during the second and third baseline components: %
baseline total stimulations per component = (mean total stimula-
tions per test component)/(mean total stimulations per baseline
component) x 100. This approach includes all data from baseline
and test frequency-rate curves and permits calculation of summa-
ry data even under conditions of robust ICSS facilitation or de-
pression. ICSS facilitation is indicated by increases in % baseline
total stimulations per component. As a second summary mea-
sure, the threshold frequency () in log hertz required to main-
tain responding was calculated for each frequency-rate curve.
Specifically, 6, values were determined where possible using
linear regression through data on the linear portion of each
frequency-rate curve, and 6, was defined as the x-intercept of
this regression. Test data were normalized and expressed as the
difference from the mean 6, during the second and third baseline
components: Af, = (mean 8, per test component) — (mean 6, per
baseline component). Threshold calculations require application
of data filtering and correction procedures and can be applied
only to data sets that involve lateral shifts in frequency-rate
curves without robust ICSS facilitation or depression (Carlezon
and Chartoff 2007; Negus and Miller 2014). ICSS facilitation is
indicated by negative A, values. Paired ¢ tests were used to
compare Af, values for the dose of each drug producing maximal
ICSS facilitation with A, values after vehicle administration.

Drugs Diazepam (Hospira, Lake Forest, IL) and zolpidem
(Sigma-Aldrich, St. Louis, MO) were purchased from com-
mercial suppliers. HZ-166, JY-XHe-053, and XHe-II-053
were prepared by Dr. James Cook. Diazepam dilutions were
made with a vehicle of 40% polyethylene glycol, 10% etha-
nol, and 50% sterile water. Zolpidem, HZ-166, JY-XHe-053,
and XHe-II-053 were suspended in a vehicle of 60% polyeth-
ylene glycol, 20% ethanol, and 20% sterile water. All injec-
tions were administered IP in a volume of 1 mL/kg except
10 mg/kg diazepam, 32 mg/kg HZ-166, and the second vehi-
cle determination for HZ-166, which were administered in
volumes of 2 mL/kg.
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Results

Baseline data The mean + SEM MCR for the 17 rats used in
this study was 64.02 + 1.39 stimulations per trial. The
mean + SEM number of total baseline stimulations per com-
ponent was 301.14 £ 11.26 stimulations per component. The
mean + SEM 6, for all rats was 1.91 £ 0.01 log Hz.

Effects of diazepam Figure 1a shows that diazepam produced
biphasic effects on ICSS after a 15-min pretreatment time, and
two-way ANOVA indicated a significant dose x frequency
interaction [F(45,180) = 5.74, P < 0.0001]. Small doses
(0.1-1.0 mg/kg) of diazepam dose-dependently increased
rates of ICSS at intermediate brain-stimulation frequencies
(1.85-1.95 log Hz). A larger dose (3.2 mg/kg) of diazepam
also facilitated ICSS, though to a lesser degree than 1.0 mg/kg.
Lastly, 10 mg/kg diazepam only decreased ICSS at the six
highest frequencies (1.95-2.20 log Hz). Figure Ic, € shows
the time courses of effects for 1.0 and 10 mg/kg diazepam,
respectively. The smaller dose (1.0 mg/kg) of diazepam facil-
itated ICSS at five intermediate frequencies (1.85-
2.05 log Hz) after 10 min, but this effect dissipated after
30 min (significant time X frequency interaction
[F(27,108) = 1.67, P = 0.0337]). Conversely, the larger dose
(10 mg/kg) of diazepam depressed ICSS from 10 to 100 min
followed by weak facilitation at one frequency (1.9 log Hz)
after 300 min; ICSS recovered to baseline levels after 24 h
(significant time X frequency interaction [F(54,216) = 9.82,
P <0.0001]). Summary data for diazepam effects on the total
number of stimulations per component across all 10 brain-
stimulation frequencies are shown in Fig. 1b, d, f.

Effects of zolpidem Figure 2a shows that zolpidem pro-
duced biphasic effects on ICSS after a 15-min pretreat-
ment time, and two-way ANOVA indicated a significant
dose x frequency interaction [F(36,144) = 2.16,
P =0.0007]. Small doses (0.032-0.32 mg/kg) of zolpidem
dose-dependently increased rates of ICSS at intermediate
brain-stimulation frequencies (1.90-2.05 log Hz). A 1.0-
mg/kg dose of zolpidem only decreased ICSS at the four
highest frequencies (2.05-2.2 log Hz). The largest dose
(3.2 mg/kg) of zolpidem was tested in four rats and thus
was not included in statistical analysis, but it also only
decreased ICSS. Figure 2c, e shows the time courses of ef-
fects for 0.32 and 3.2 mg/kg zolpidem, respectively. The
smaller dose (0.32 mg/kg) of zolpidem produced a biphasic
effect on rates of ICSS (significant time x frequency interac-
tion [F(45,315) = 3.33, P < 0.0001]). Zolpidem produced the
greatest ICSS facilitation at intermediate frequencies (1.95—
2.05 log Hz) after 10 min, and weaker ICSS facilitation was
still apparent after 30 min. From 100 to 300 min, zolpidem
depressed ICSS at intermediate frequencies (2.0-2.1 log Hz).
After 24 h, rates of responding returned to baseline. The larger
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Fig. 1 Effects of diazepam (0.1-10 mg/kg) on ICSS in rats. Left panels
(a, ¢, e) show drug effects on frequency-rate curves. Abscissae Frequency
of electrical brain stimulation in log hertz. Ordinates ICSS rate expressed
as percent maximum control rate (%MCR). Filled symbols indicate
frequencies at which ICSS rates after diazepam were different than
those observed after vehicle (a) or at baseline (¢, ) as determined by
the Holm-Sidak post hoc test following a significant two-way ANOVA.
Right panels (b, d, f) show summary data expressed as percent baseline

dose (3.2 mg/kg) of zolpidem depressed ICSS from 10 to
300 min, and ICSS returned to baseline after 24 h (significant
time x frequency interaction [F(45,315) = 2.65, P < 0.0001]).
Summary data for zolpidem effects on the total number of
stimulations per component across all 10 brain-stimulation
frequencies are shown in Fig. 2b, d, f.

1I0 30 160 18IO 360 24I H

Time (min.) after administration
total stimulations delivered across all frequencies of brain stimulation per
test component. Abscissae Drug dose (mg/kg) or time (min or h) after
drug administration. Ordinates % baseline total stimulations per
component. Upward/downward arrows indicate significant drug-
induced increases/decreases, respectively, in ICSS relative to vehicle or
baseline for at least one brain-stimulation frequency as determined by
analysis of full-frequency rate curves in the leff panels. All points show
mean + SEM for five rats

Effects of JY-XHe-053, XHe-I1-053, and HZ-166 Figure 3a
shows that JY-XHe-053 produced small effects on ICSS,
and two-way ANOVA indicated a significant dose x fre-
quency interaction [F(27,108) = 2.34, P = 0.0011]. A
small dose (3.2 mg/kg) of JY-XHe-053 had no effects
on ICSS, but larger doses (10 and 32 mg/kg) of JY-
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Fig. 2 Effects of zolpidem (0.032-3.2 mg/kg) on ICSS in rats. Left
panels (a, ¢, e) show drug effects on frequency-rate curves. Filled
symbols indicate frequencies at which ICSS rates after zolpidem were
different than those observed after vehicle (a) or at baseline (¢, e) as
determined by the Holm-Sidak post hoc test following a significant
two-way ANOVA. Right panels (b, d, f) show summary data expressed
as percent baseline total stimulations delivered across all frequencies of
brain stimulation per test component. Upward/downward arrows indicate

XHe-053 increased ICSS at one frequency
(1.95 log Hz). Figure 3¢ shows that no dose of XHe-
I1-053 affected ICSS at any frequency of brain stimula-
tion. Figure 3e shows that HZ-166 produced small ef-
fects on ICSS, and two-way ANOVA indicated a signif-
icant dose x frequency interaction [F(27,135) = 1.70,
P = 0.0268]. The small dose (3.2 mg/kg) of HZ-166
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Time (min.) after administration

significant drug-induced increases/decreases, respectively, in ICSS
relative to vehicle or baseline for at least one brain-stimulation
frequency as determined by analysis of full-frequency rate curves in the
left panels. All points show mean + SEM for four to eight rats (dose-effect
curve: 0.032-3.2 mg/kg n =5, 3.2 mg/kg n = 4; time courses: n = 8). The
asterisk in panel b indicates that results with 3.2 mg/kg zolpidem were not
included in the statistical analysis because one rat lost its headcap before
this dose was tested. Other details as in Fig. 1

had no effects on ICSS at any frequency of brain stim-
ulation. The medium (10 mg/kg) and large (32 mg/kg) doses of
HZ-166 increased ICSS at 2.0 and 1.95 log Hz, respectively.
Summary data for effects of each drug on the total number of
stimulations per component across all 10 brain-stimulation fre-
quencies are shown in Fig. 3b, d, f. Larger doses for all three
compounds were not able to be tested due to limited
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Fig. 3 Effects of JY-XHe-053 (3.2-32 mg/kg), XHe-1I-053 (3.2—
32 mg/kg), and HZ-166 (3.2-32 mg/kg) on ICSS in rats. Left panels (a,
¢, e) show drug effects on frequency-rate curves. Filled symbols indicate
frequencies at which ICSS rates after test drug were different than those
observed after vehicle as determined by the Holm-Sidak post hoc test
following a significant two-way ANOVA. Right panels (b, d, f) show
summary data expressed as percent baseline total stimulations delivered

solubility. Time-course studies with these compounds are
included in Online Resource 1. Supplemental Fig. la—d
shows that 32 mg/kg of either JY-XHe-053 or XHe-1I-053
had no effect on ICSS at any time point. Supplemental
Fig. le—f shows that 32 mg/kg HZ-166 decreased ICSS
rates only 10 min after injection at the three highest
frequencies (2.1-2.2 log Hz) (significant time x frequency

HZ-166 Dose (mg/kg/inj)

across all frequencies of brain stimulation per test component. Upward/
downward arrows indicate significant drug-induced increases/decreases,
respectively, in ICSS relative to vehicle or baseline for at least one brain-
stimulation frequency as determined by analysis of full-frequency rate
curves in the left panels. All points show mean + SEM for five to six
rats (JY-XHe-053 and XHe-II-053: n=5; HZ-166: n = 6). Other details as
in Fig. 1

interaction [F(45,225) = 1.52, P = 0.0259]). Thus, none
of these GABA, PAMs facilitated ICSS in time-course
studies.

Drug effects on ICSS thresholds Figure 4 shows the maxi-

mum effect of each drug on ICSS thresholds (A, values).
Only diazepam (0.32 mg/kg) [#(4) = 4.628, P = 0.0098] and
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Fig. 4 Effects of GABA, PAMs [ Vehicle
on ICSS thresholds. Abscissa: Bl Test
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significant difference between 2 .0.054
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-0.15

1
Diazepam (0.32)

zolpidem (0.32 mg/kg) [#(4) = 3.076, P = 0.0371] produced
significant decreases in Af, values relative to their respective
drug vehicles.

Discussion

This study compared the effects of five GABA PAMs in an
ICSS procedure in rats. There were two main findings. First,
both diazepam and zolpidem produced dose- and time-
dependent ICSS facilitation consistent with the known abuse
potential of these compounds. Second, three lower-efficacy
PAMSs thought to produce behavioral effects primarily by act-
ing at «2/x3-containing GABA 4 receptors produced at best
only weak and inconsistent ICSS facilitation across a range of
doses. These results support evidence from drug self-
administration studies in non-human primates that implicates
«1-containing receptors as the principal GABA, receptors
contributing to abuse-related effects of GABA, PAMs.
These results also provide additional evidence for concor-
dance between rewarding drug effects on ICSS in rats and
reinforcing drug effects in drug self-administration procedures
in non-human primates.

Rewarding effects of diazepam The present results agree
with those of previous reports showing facilitation of ICSS
by diazepam in rodents under a variety of experimental condi-
tions. For example, one of the earliest studies examining diaz-
epam effects on ICSS showed that a single dose of diazepam
(5 mg/kg) increased the rate at which rats pressed a pedal to
receive electrical stimulation of the posterior hypothalamus
(Olds 1966). Diazepam also produced an increase in lever
pressing for brain stimulation in procedures that manipulated
diazepam dose and stimulation intensity in rats (Caudarella
et al. 1982; Gomita et al. 1983). Similarly, three previous stud-
ies in mice have shown that diazepam dose-dependently in-
creases ICSS rates in frequency-rate procedures (Reynolds
et al. 2012; Straub et al. 2010; Tracy et al. 2014) and ICSS
break points in a progressive-ratio procedure (Tracy et al.
2014). The facilitation of ICSS by diazepam in rodents is also
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consistent with the reinforcing effects of diazepam in drug self-
administration procedures in rats (Naruse and Asami 1987,
Pilotto et al. 1984) and non-human primates (Grant and
Johanson 1987; Griffiths and Weerts 1997; Rowlett et al.
2005; Stewart et al. 1994). For example, diazepam was self-
administered via multiple routes of administration (Grant and
Johanson 1987; Stewart et al. 1994) and across a range of
schedule conditions (Griffiths and Weerts 1997; Rowlett
et al. 2005) in rhesus monkeys and baboons. The rewarding
effects of diazepam in ICSS procedures and reinforcing effects
of diazepam in drug self-administration procedures are consis-
tent with the well-established abuse liability of diazepam and
other non-selective GABA, PAMs in humans (Evans et al.
1990; Griffiths et al. 1979; Woods and Winger 1995).

Rewarding effects of zolpidem This is the first study to in-
vestigate zolpidem effects on ICSS in rats, but the facilitation
of ICSS by zolpidem in this study is generally consistent with
the evidence for the reinforcing effects of zolpidem in non-
human primates (Ator 2002; Griffiths et al. 1992; Rowlett
et al. 2005). For example, zolpidem maintained self-
administration both in rhesus monkeys responding under a
progressive-ratio schedule (Rowlett et al. 2005) and in ba-
boons responding under a fixed-ratio schedule (Griffiths
et al. 1992). These preclinical results also agree with the clas-
sification of zolpidem as a scheduled IV substance by the US
Drug Enforcement Administration (DEA) and with evidence
for zolpidem abuse by humans (Griffiths and Johnson 2005;
Hajak et al. 2003). Taken together, these results support a role
for ol-containing subunits in mediating abuse-related effects
of GABA, PAMs.

One point of potential difference between the present ICSS
results in rats and drug self-administration studies in non-
human primates is the relative strength of abuse-related effects
produced by zolpidem in comparison to diazepam and other
non-selective GABA 4 PAMs. In the present study, the mag-
nitude of ICSS facilitation by zolpidem was not larger than
that produced by diazepam. In contrast, zolpidem has been
shown by several metrics to have higher reinforcing effective-
ness than diazepam and other non-selective GABA 5 PAMs in
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rhesus monkeys (Licata and Rowlett 2011; Rowlett and Lelas
2007; Rowlett et al. 2005). This difference in relative strength
of abuse-related effects for diazepam and zolpidem in rat ICSS
vs. monkey drug self-administration procedures contrasts with
the highly correlated metrics for ICSS facilitation and drug
self-administration produced by monoamine transporter sub-
strates (e.g., amphetamine) in these procedures (Bauer et al.
2013). The reason for this discrepancy is currently unclear and
could be related to either differences in species (rat vs. rthesus
monkey) or procedure (ICSS vs. drug self-administration).
Studies of zolpidem self-administration in rats might help to
clarify this issue, but such studies have yet to be reported.

One finding to suggest that species might be an important
factor is that the present results with zolpidem in rats disagree
with results obtained in a similar ICSS procedure in mice
(Reynolds et al. 2012). In that study, diazepam produced
ICSS facilitation, but zolpidem failed to facilitate ICSS and
produced only a dose-dependent decrease in responding.
Moreover, genetic mutation of «l subunits eliminated the
rate-decreasing effects of zolpidem but failed to eliminate
the ICSS-facilitating effects of diazepam; rather, ICSS facili-
tation by diazepam was blocked by mutations to «2 and 3
subunits. These results were interpreted to suggest that
GABA, receptors containing «2/3 subunits, but not those
containing «l subunits, play a key role in mediating ICSS
facilitation by GABA, PAMs in mice, a conclusion clearly
at odds with the present results from rat ICSS studies or pre-
vious results from drug self-administration studies in rhesus
monkeys. Overall, prevailing evidence suggests that abuse-
related effects of zolpidem are absent in mice, present but
roughly equivalent to those of diazepam in rats, and stronger
than those of diazepam in non-human primates.

Effects of JY-XHe-053, XHe-11-053, and HZ-166 This is the
first study to examine the effects of GABA, PAMs with pu-
tative «2/a3 selectivity on ICSS in any species, and relative to
diazepam and zolpidem, JY-XHe-053, XHe-II-053, and HZ-
166 produced weak and inconsistent changes in ICSS. Failure
to observe more robust effects of these compounds on ICSS is
not likely due to inadequate dosing for two reasons. First, a
dose of 10 mg/kg HZ-166 reduced physiological effects of
urinary bladder distension in rats (Kannampalli et al. 2017),
suggesting that doses of HZ-166 tested in this study are phar-
macologically relevant in rats. Second, JY-XHe-053, XHe-II-
053, and HZ-166 were all as effective as diazepam, and no
more than threefold less potent than diazepam, to increase
punished responding in monkeys (Fischer et al. 2010); but in
the present study, these compounds were tested at doses of up
to 320-fold higher than the lowest effective dose of diazepam.
Rather, the present results are consistent with evidence from
studies in non-human primates to suggest that high efficacy at
ol -containing GABA 4 receptors contributes to abuse-related
effects (Ator et al. 2010; Rowlett et al. 2005; Shinday et al.

2013) and sedative effects (Fischer et al. 2010) of GABA4
PAMs, whereas «2/x3-containing GABA, receptors play a
lesser role in mediating these effects. Despite their failure to
reliably facilitate ICSS in the present study, JY-XHe-053,
XHe-11-053, and HZ-166 all produced anxiolytic effects in
rhesus monkeys, and XHe-11-053 and HZ-166 produced
anxiolysis with less sedation than diazepam (Fischer et al.
2010). Taken together, these results support the proposition
that anxiolytic and abuse-related effects of GABA, PAMs
can be dissociated.

Rate-decreasing effects of GABA, PAMs In addition to
facilitating ICSS at lower doses, both diazepam and zolpidem
also reliably depressed ICSS at higher doses. Conversely, JY-
XHe-053, XHe-11-053, and HZ-166 not only failed to reliably
facilitate ICSS but also failed to reliably depress ICSS as well.
These results are consistent with other evidence to suggest that
«1-containing GABA 4 receptors mediate sedative as well as
abuse-related effects of GABA, PAMS (Mohler et al. 2001)
and suggest that lower levels of stimulation of «1-containing
GABA, receptors are required to produce rewarding ICSS
facilitation than ICSS depression.

Implications for use of ICSS for abuse liability testing
Drug self-administration is the most widely accepted proce-
dure for preclinical abuse liability assessment (Carter and
Griffiths 2009; O’Connor et al. 2011). ICSS is an alternative
method for preclinical abuse liability assessment, and in gen-
eral, there is a high degree of correlation between results from
drug self-administration and ICSS procedures (Negus and
Miller 2014). ICSS is especially advantageous for some ap-
plications, such as assessment of abuse-related effects in drug-
naive subjects, simultaneous assessment of both abuse-related
ICSS facilitation and abuse-limiting rate-decreasing effects,
assessment of the time course of drug effects, and evaluation
of compounds that may be difficult to deliver via the intrave-
nous route of administration commonly used for drug self-
administration (Lazenka and Negus 2017; Negus and Miller
2014). Results of the present study provide new data that
permit comparison of results from ICSS studies in rats and
drug self-administration studies in non-human primates. In
general, results across procedures are similar in showing
greater abuse-related effects by high-efficacy non-selective
and «ol-selective GABA, PAMs than by lower-efficacy
PAMs that produce behavioral effects mediated primarily by
«2/3-containing GABA, receptors. Similarly, both proce-
dures support a key role for «c1-containing GABA 4 receptors
in mediating the abuse-related effects of GABA, PAMs.
Overall, these results provide further pharmacological evi-
dence to support use of ICSS as a complement to drug self-
administration procedures for preclinical abuse liability
testing.
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