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Abstract

Rationale Zolpidem is a short-acting, non-benzodiazepine
hypnotic that acts as a full agonist at «c1-containing GABA
receptors. Overall, zolpidem purportedly has fewer instances
of abuse and dependence than traditionally used benzodiaze-
pines. However, several studies have shown that zolpidem
may be more similar to benzodiazepines in terms of behavior-
al tolerance and withdrawal symptoms.

Objectives In the current study, we examined whether sub-
chronic zolpidem or diazepam administration produced defi-
cits in zolpidem’s locomotor-impairing effects, anxiety-like
behaviors, and changes in GABAAR subunit messenger
RNA (mRNA).

Methods Mice were given subchronic injections of either
zolpidem (10 mg/kg), diazepam (20 mg/kg), or vehicle twice
daily for 7 days. On day 8, mice were given a challenge dose
of zolpidem (2 mg/kg) or vehicle before open field testing.
Another set of mice underwent the same injection regimen but
were sacrificed on day 8 for qRT-PCR analysis.

Results We found that subchronic zolpidem and diazepam
administration produced deficits in the acute locomotor-
impairing effects of zolpidem and increased anxiety-like be-
haviors 1 day after drug termination. In addition, we found
that subchronic treatment of zolpidem and diazepam induced
distinct but overlapping GABA AR subunit mRNA changes in
the cortex but few changes in the hippocampus, amygdala, or
prefrontal cortex. Levels of mRNA measured in separate mice
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after a single injection of either zolpidem or diazepam re-
vealed no mRNA changes.

Conclusions In mice, subchronic treatment of zolpidem and
diazepam can produce deficits in the locomotor-impairing
effects of zolpidem, anxiety-like withdrawal symptoms, and
subunit-specific mRNA changes.

Keywords Benzodiazepines - Zolpidem - Diazepam -
GABA - Generegulation - mRNA - Tolerance - Open field

Introduction

Over the past decade, the imidazopyridine zolpidem has re-
placed benzodiazepines (BZs) as the most common prescrip-
tion for patients suffering from insomnia (Benca 2005;
Hoffman et al. 2007; IMS-Health 2011). The hypnotic effects
of zolpidem and BZs are induced by enhancing the actions of
the gamma-aminobutyric acid (GABA) at GABA type A
receptors (GABAsRs). These receptors are heteromeric com-
plexes composed of multiple subunits (Barnard et al. 1998;
Burt and Kamatchi 1991; Mehta and Ticku 1999). Whereas
classical nonselective BZs can bind to GABARs containing
«l, x2-, «3-, or a5-subunits, zolpidem preferentially binds to
receptors containing the ocl-subunit (Low et al. 2000; Sanna
et al. 2002), has limited affinity for the «2- and «3-subunits,
and almost no affinity for the «5-subunit (Sanna et al. 2002).
The sedative-hypnotic effects of BZs and zolpidem are medi-
ated by GABAARs containing the ocl-subunit, which are the
largest subtype population, representing about 60 % of all
GABA,Rs (McKernan and Whiting 1996).

While zolpidem is purportedly safe within clinical dose
levels (Greenblatt and Roth 2012; Roehrs et al. 2012), numer-
ous cases of zolpidem abuse and dependence have been
reported in individuals using supratherapeutic doses (Hajak
et al. 2003; Victorri-Vigneau et al. 2007). In humans, the
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prevalence of zolpidem abuse and dependence is higher in
those who have a history of psychiatric disturbances and
substance abuse, including BZ and alcohol abuse (Gericke
and Ludolph 1994; Huang et al. 2007; Victorri-Vigneau et al.
2013). The development of tolerance after repeated treatments
and the presence of withdrawal symptoms have been impli-
cated as causal factors in BZ abuse and dependence (Lader
2011). However, there is conflicting evidence as to whether
repeated zolpidem treatments can induce similar behavioral
tolerance and withdrawal-like symptoms in rodent models that
are traditionally used to elucidate the mechanisms underlying
drug tolerance and dependence. Some studies have reported
behavioral tolerance and withdrawal-like symptoms after
prolonged zolpidem treatments in rodents (Auta et al. 2008;
Murphy et al. 2011; Vlainic and Pericic 2009), while others
have failed to show either tolerance (Ebert et al. 2008; Sanger
and Zivkovic 1987, 1992) or withdrawal symptoms (Elliot
and White 2000; Perrault et al. 1992). The degree to which
repeated administration of zolpidem can produce
neuroadaptive changes that may give rise to tolerance and
dependency is uncertain. Past studies have identified plausible
neuroadaptive mechanisms underlying BZs tolerance and
withdrawal, including alterations in GABAAR subunit mes-
senger RNA (mRNA) expression (Uusi-Oukari and Korpi
2010; Vinkers and Olivier 2012). Surprisingly, few studies
have examined whether repeated zolpidem administration
also alters GABA AR subunit mRNA expression.

In the current study, we examined whether a subchronic
(7 days) treatment of either zolpidem or diazepam decreases
the locomotor-impairing effects of zolpidem and/or produces
anxiety-like symptoms in open field testing 1 day after treat-
ment termination. Next, we investigated whether these treat-
ment regimens induced changes in GABAAR subunit and
GABAergic associated mRNAs by using quantitative RT-
PCR.

Materials and methods
Animals

Male C57BL/6J mice about 3 months old and weighing
about 25 g (Jackson Laboratories, Maine) were used in
this study. Mice were housed in standard group cages (n=4),
allowed full access to food and water, and maintained on a
12-h light/dark cycle (light on from 7:00 a.m.).
Experiments were performed during the light cycle and
were approved by the UTHSC Institutional Review
Board. All experiments followed the principles and stan-
dards of animal care outlined by the NIH publication
“Guide for the Care and Use of Laboratory Animals”
(Clark et al. 1997).
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Drugs

Diazepam and zolpidem (Sigma, St Louis, MO) were
suspended in saline with 0.3 % Tween-80 (vehicle). Drugs
were administered intraperitoneally (i.p.) at a volume of
10 ml/kg. Mice were treated twice a day (8:00 am and
5:00 pm) for either 1 day (acute) or seven consecutive days
(subchronic) with 5 mg/kg of zolpidem (ZOLP), 10 mg/kg
of diazepam (DZP), or vehicle (VEH). Treatment doses
were based on previous experiments designed to study the
development of tolerance to diazepam or zolpidem (Ebert
et al. 2008; Fernandes et al. 1999; Pugh et al. 1992; van
Rijnsoever et al. 2004; Vinkers et al. 2012; Vlainic and
Pericic 2009). On day 8, mice were administered with
2 mg/kg of zolpidem and were placed back in home cage
for 2 min prior to testing. The test dose was selected from
dose-response curves indicating the 50 % effective dose
(EDsg) for the locomotor-impairing effects of zolpidem in
rats and mice ranging from 1.0 to 2.5 mg/kg (Griebel et al.
1999; Perrault et al. 1990). A 2-min latency between test
drug injection and testing onset has been successfully used
to identify the tolerance to the locomotor-impairing effects
of the BZ midazolam (King et al. 1987), which, like
zolpidem, is a relatively short acting and rapidly eliminated
(Pieri et al. 1981). Animal weights were recorded before all
drug injections. Daily injections and behavioral testing
were conducted in distinct environments to prevent
context-specific tolerance (Siegel 1989).

Behavioral testing and apparatus

Locomotor and exploratory activity was measured by exam-
ining open field behaviors during a 60-min test session (Vogel
and Vogel 2002). Animals were treated with zolpidem
(ZOLP), diazepam (DZP), or vehicle (VEH). On day 8, mice
were given a test injection of zolpidem (ZOLP-ZOLP, n=13;
DZP-ZOLP, n=13; VEH-ZOLP, n=13) or vehicle (ZOLP-
VEH, n=8; DZP-VEH, n=9; VEH-VEH, n=9). Two minutes
after test injections, mice were individually placed in open
field chambers constructed from a clear polycarbonate and
equipped with four 24-beam infrared arrays across the base of
each chamber wall (MED Associates, Model ENV-520).
Horizontal motor distance (in centimeters), vertical activity
(rearing counts), time spent in the center and periphery zones,
and number of zone transitions were automatically recorded
and collected via a computer with the MED Associates’
Activity Monitor Data Analysis software. The central zone
was defined as the compartment of the floor centrally located
8 cm from the perimeter of the chamber walls. Testing was
conducted under standard test room lighting (100 lux), and
each animal was tested once. Testing was conducted 18-24 h
after the last treatment injection.
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RT-PCR analysis

To investigate whether 7-day drug treatments induced changes
in mRNA levels, mice were given injections following the
same treatment regimen used in the behavioral studies and
euthanized on day 8 without test injections or open field
testing (ZOLP, n=8; DZP, n=9; VEH, n=6). Similarly, chang-
es in the mRNA expression after acute drug treatment were
evaluated in mice euthanized 1 day after zolpidem, diazepam,
or vehicle treatment regimen (ZOLP, n=7; DZP, n=6; VEH,
n=>5).

Tissue isolation, RNA extraction, and RT-PCR analysis

Whole mouse brains were rapidly isolated and immediately
frozen on crushed dry ice. Tissue isolation was performed by
sectioning brains (300-pm thick) on a Leica cryostat, followed
by dissection of the prefrontal cortex (mPFC), somatomotor
cortex, basolateral amygdala, and the dorsal hippocampus
(CA1, CA3, dentate gyrus) using pa sterecomicroscope and a
scalpel blade under RN Ase-free conditions. After the collec-
tion, samples were stored in buffer RLT Lysis buffer
(QUIAGEN) at —20 °C. Samples were then homogenized by
sonication and RNA was isolated with the RNeasy protect
mini kit (QIAGEN). RNA concentration and purity were
determined using a microplate reader in conjunction with a
Take3™ Micro-Volume plate (BioTek Instruments, Inc.,
Winooski, VT). The ratio of absorbance at 260 and 280 nm
of samples were commonly in the range of 1.8-2.2. Samples
with A260/A280 of less than 1.8 were considered to be
contaminated by protein and excluded from further analyses.
RNA integrity was determined using the Agilent Bioanalyzer
2100 (Agilent Technologies, UK) to generate an

electropherogram and an RNA integrity number (RIN). RIN
scores ranged between 5.3 and 9.4.

RNA was transcribed to cDNA using Transcriptor first-
strand cDNA synthesis kit (Roche) following the manufac-
turer’s instructions. One reaction consisted of 2 pl. Anchored-
oligo(dT) primer (2.5 uM), 4 uL random hexamer primer
(60 uM), 8 uL reaction buffer 5x (§ mM), 1 uL protector
TNase inhibitor (20 U), 4 uL deoxynucleotide mix (1 mM),
and 1 puL reverse transcriptase (10 U). Varying volumes of
RNA (amounting to 100 ng) and PCR-grade water were added
for a 20-pL reaction mixture. Complementary DNA (cDNA)
was transcribed using an Eppendorf Mastercycler thermal
cycler (Eppendorf) gradient PCR machine. Reverse transcrip-
tion incubation conditions were 25 °C for 10 min, 55 °C for
30 min, and 85 °C for 5 min.

The relative expression levels of «1-5, 31-3, y1-2 and §
subunits, GABA, clustering protein gephyrin, GABA
receptor-associated protein (GABARAP), and GABA trans-
porter 1 (GAT-1) were measured in mice given 7 days of
treatment. Measurements for mice given acute administration
were limited to o1-3, &5, 32, v2, GABARAP, and GAT-1.
Primer and probe combinations were designed using
ProbeFinder software (version 2.45; Roche Applied
Science). The oligonucleotide sequences used for the primers
(Integrated DNA Technologies) and gene transcript IDs are
shown in Table 1.

To determine PCR efficiencies, we generated standard
curves for each target and reference genes (3-tubulin, (3-
actin, cyclin D, hypoxanthine phosphoribosyltransferase 1,
ribosomal protein S19, and TATA-binding protein) by plotting
the threshold value (Ct) versus the log of the amount of serial
dilutions of cDNA (2 png—0.2 ng). Separate standard curves
were generated for each brain region analyzed. The amplifi-
cation efficiencies of target and reference genes were within

Table 1 Primer sequences and gene transcript IDs for real time RT-PCR

Gene ID Forward primer sequence Reverse primer sequence Ensembl transcript ID

GABRAI1 5'-CTT TTC TCC CGG GTC TGG-3' 5'-TCT TCATCA CGG GCT TGC-3' ENSMUST00000169305
GABRA2 5'-ACA AAA AGA GGATGG GCT TG-3' 5-TCATGA CGG AGC CTT TCT CT-3' ENSMUST00000000572
GABRA3 5'-CTT GGG AAG GCA AGA AGGTA-3' 5'-GGA GCT GGT GTT TTC TT-3' ENSMUST00000137517
GABRA4 5'-AAA GCC TCC CCC AGA AGT T-3' 5'-CAT GTT CAA ATT GGC ATG TGT-3' ENSMUST00000031121
GABRAS 5'-GAC GGA CTC TTG GAT GGC TA-3’ 5'-ACC TGC GTG ATT CGC TCT-3' ENSMUST00000068456
GABRBI1 5'-CCC TCT GGA TGA GCA AAA CT-3' 5'-AAT TCG ATG TCA TCC GTG GTA-3’ ENSMUST00000031122
GABRB2 5'-CGATGG CAC TGT CCT GTATG-3' 5'-ATA CCG CCT TAG GTC CAT CA-3’ ENSMUST00000169077
GABRB3 5'-CGT GGG TGT CCT TCT GGA T-3’ 5-ATG GTG AGC ACG GTG GTA AT-3’ ENSMUST00000085240
GABRGI1 5'-AGG CAG GAA GCT GAA AAA CA-3' 5-TTC ATG GGA ATG AGA GTG GA-3' ENSMUST00000101143
GABRG2 5'-ACA GAA AAT GAC GCT GTG GA-3' 5’-CAT CTG ACT TTT GGC TTG TGA A-3’ ENSMUST00000070725
GABRG3 5'-CGG AGG TGATGA ACT TCA AAT-3' 5'-ATG TAG ACG CCC CGG TTC-3' ENSMUST00000030925
GEPHYRIN 5-TGATCT TCA TGC TCA GAT CCA-3' 5'-GCA AAT GTT GTT GGC AAG C-3’ ENSMUST00000052472
GABARAP 5-GCG AGA AAATCC GAA AGA AA-3' 5'-GAT CAG AAG GCA COCA GGT ATT T-3' ENSMUST00000018711
GAT-1 5'-GCC TGG TCA ATA COCA COCA AC-3’ 5-CCATCT GTC ACT TGG TGC AT-3' ENSMUST00000032454
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an acceptable slope range of —3.6 to —3.1, corresponding to
efficiencies close to 100 %. TATA-binding protein was used as
the endogenous reference gene and amplified in parallel with
target genes. This reference gene showed stable expression
across samples and between brain regions. PCR efficiencies
between the target and reference genes were relatively equal.
Real-time PCR was performed using the TagMan detection
method (for review, see Giulietti et al. 2001) and
LightCycler® 480 System (Roche). Each reaction was per-
formed in triplicate and consisted of 0.1 puL of UPL probe
(10 uM), 0.1 uL of forward primer (20 uM), 0.1 uL of reverse
primer (20 puM), 5 pL of LC 480 2X master mix (Roche),
2.7 uL of PCR grade water, and 2 pL of cDNA (10 ng). The
PCR reaction consisted of initial incubations at 95 °C for
5 min followed by 50 amplification cycles of 95 °C for 10 s,
60 °C for 30 s, and 72 °C for 10 s.

Data reduction and statistical analyses

To examine group differences, analyses were conducted
on distance traveled, number of vertical counts, number
of center zone entries, and percent of center zone time
during each 10-min block using a three-way ANOVA
with treatment (VEH, DZP, and ZOLP) and test (VEH
and ZOLP) as between-subject factors and time (blocks
1-6) as a within-subject factor. Follow-up analyses were
done with lower order ANOVAs and Bonferroni ¢ tests
where appropriate.

Calculations of standard curves, CT values, and quantifi-
cation of mRNA expression levels were performed by Gene
Scanning software (version 1.5.0) provided with the
LightCycler® 480 Instrument (Roche Applied Science). The
comparative CT method (AACT=ACT reference-ACT tar-
get) was used to compare expression levels of mRNAs be-
tween the control (VEH) and treatment (ZOLP and BZP)
groups. For ease of presentation, data in tables and figures
are expressed as relative fold change by applying the
2-AACT equation. Statistical comparisons were carried out
for each analyzed region (cortex hippocampus, amygdala, and
prefrontal cortex) and treatment protocol (1-day, 7-day), inde-
pendently. Statistical analyses were performed by ANOVA
with Dunnett's ¢ test for pairwise comparisons against a single
control (VEH) to maintain a 0.05 error rate for each analysis.
Comparisons of ACT values indicated that the expression
profile of GABAAR subunit mRNAs were similar to previ-
ously published report (Duncan et al. 1995; Heldt and Ressler
2007; Tietz et al. 1999; Wisden et al. 1992). In vehicle-treated
animals, the relative abundance of mRNA was as follows:
cortex, ol >y2>p2>a3>0d>p3>5>a5>B1>a2>y1; hip-
pocampus, y2>5>B3>al>p2>0d>B1>a2>a3>0>v1;
amygdala, y2>a3>p2>xl>33>x4>y1>p1>a5>x2>6;
and PFC, a1>a3>y2>R2>p3>02>pB1>a5>5>0d>yl1.
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Results
Behavioral testing

The three-way ANOVA for locomotor activity revealed
significant main effects of test, F(1, 59)=61.68, p<0.01,
and time, Fs(5, 295)<7.48, p<0.01. The analysis also
yielded significant interactions of test x time, F(5,
295)=130.99, p<0.01, treatment x time, F(10, 295)=
5.47, p<0.01, and treatment x test x time, F(5, 295)=
491, p<0.01. To examine the three-way interaction,
groups receiving ZOLP and VEH during testing were
analyzed separately using two-way ANOVAs with treat-
ment and time as factors.

For mice receiving ZOLP during testing, the two-way
ANOVA vyielded significant main effects of treatment,
F(2, 36)=10.03, p<0.01, time, F(5, 180)=119.77,
p<0.01, and a reliable treatment X time interaction,
F(10, 180)=9.35, p<0.01, signifying performance over
time was differentially affected by drug treatment.
Overall, ZOLP-ZOLP and DZP-ZOLP groups showed
greater activity than the VEH-ZOLP group, ps<0.05
(Fig. la). No differences were detected between
ZOLP-ZOLP and DZP-ZOLP groups for overall activity
(»>0.05). Simple one-way ANOVAs at each level of
time revealed group differences on blocks 1, 2, and 3,
Fs(2, 36)>12.30, ps<0.01. Post hoc ¢ tests revealed that
the activity in ZOLP-ZOLP and DZP-ZOLP groups was
significantly greater than the VEH-ZOLP group during
blocks 1-3, ps<0.01. No other differences were
detected.

For the group receiving VEH during testing, the two-
way ANOVA showed reliable main effects of treatment,
F(2, 23)=7.65, p<0.01, and time, F(5, 115)=318.57,
p<0.01. The treatment x time interaction was marginal-
ly significant, F(10, 115)=1.96, p=0.05. Overall, DZP-
VEH and ZOLP-VEH groups showed less activity than
VEH-VEH mice, ps<0.05. No reliable differences were
detected between DZP-VEH and ZOLP-VEH groups in
terms of overall activity. One-way ANOVAs at each
level of time identified significant treatment effects dur-
ing the blocks 1, 2, 3, and 5, Fs(2, 23)<3.52, ps<0.05.
Post hoc comparisons showed that VEH-VEH mice
displayed more activity than DZP-VEH mice on blocks
1-3 and 5, and more activity than ZOLP-VEH mice on
blocks 1 and 2 (Fig. 1b).

The VEH-VEH test group spent a greater percentage of
time in the central zone, had a greater number of center zone
entries, and a higher frequency of rearing. For percent of
central zone time, the ANOVA yielded main effects of
treatment, F(2, 23)=5.27; p<0.02, time, F(5, 115)=8.36;
p<0.01, and a significant treatment x time interaction,
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Fig. 1 Decreased locomotor-impairing effects of zolpidem after sub-
chronic zolpidem or diazepam treatment. Distance traveled in open field
after test administration of 2 mg/kg of zolpidem (a) or vehicle (b) in mice
previously given subchronic treatment of zolpidem (ZOLP), diazepam
(DZP), or vehicle (VEH). Analyses of each 10-min block showed that
differences between groups were most evident in the first half of the 60-
min test session. Data are presented as mean + sem. Black star denotes
VEH-ZOLP<ZOLP-ZOLP and DZP-ZOLP groups (p<0.05)

F(10, 115)=2.49; p=0.01. Overall, ZOLP-VEH and DZP-
VEH groups spent significantly less percentage of time in
the center zone compared to VEH-VEH mice, ps<0.01.
One-way ANOVAs followed by Bonferroni ¢ tests indicated
significant differences during the second half of open field
testing (Fig. 2a). For the number of center zone entries, the
main effects of treatment, F(2, 23)=8.20; p<0.01, and time,
F(5, 115)=41.67; p<0.01, were significant, as w the treat-
ment X time interaction, (10, 115)=2.67; p<0.01.
ANOVAs followed by ¢ tests indicated that ZOLP-VEH
and DZP-VEH groups had fewer center zone entries during
the blocks 1 and 2 (Fig. 2b). Analyses of rearing data
showed reliable effects of time, F(5, 115)=6.28; p<0.01,
and treatment, F(2, 23)=41.67; p<0.01. Overall, the fre-
quency of rearing was lower in both ZOLP-VEH and DZP-
VEH groups in comparison to the VEH-VEH group
(Fig. 2c¢). Analyses and figures showing the effects of
zolpidem treatment on the number of vertical counts,
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Fig. 2 Changes in open field (OF) exploratory behaviors after cessation
of subchronic zolpidem or diazepam treatment. Percent of center time (a),
number of center zone entries(b), and frequency of rearing (c) in open
field after test administration of vehicle (VEH) in mice previously given
subchronic treatment of zolpidem (ZOLP-VEH), diazepam (DZP-VEH),
or vehicle (VEH-VEH). Analyses were conducted on means of each 10-
min block. Data are presented as mean + sem. Black star denotes VEH-
VEH significantly different than ZOLP-VEH and DZP-VEH groups
(»<0.05). Number sign denotes VEH-VEH significantly different than
DZP-VEH group (p<0.05). Asterisk denotes main effect of treatment,
VEH-VEH>ZOLP-VEH and DZP-VEH groups (p<0.05)

number of center zone entries, and percent of center zone
time are given in online resource 1.
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RT-PCR analysis: subchronic treatment
Cortex

As illustrated by Fig. 3a, subchronic treatment of
zolpidem and diazepam induced distinct and overlapping
GABAAR subunit changes in the cortex. Both zolpidem
and diazepam caused a decrease in the expression of
«l-, «3-, f2-, and 0-GABAAR subunits in the cortex.
Diazepam, but not zolpidem, induced significant de-
creases in expression of «od-, «5-, B1-, and y2-
GABAR subunits after chronic treatment. These find-
ings were identified by one-way ANOVAs, which
showed significant group differences, Fs(2, 17)>4.39,
ps<0.05. Follow-up Dunnett’s t tests revealed relative
low expression levels of «l-, a3-, f2-, and -GABA,R
subunits in ZOLP and DZP groups compared to VEH
controls (ps<0.05). Levels of a4-, «5-, B1-, and y2-
GABAAR subunits were significantly lower in DZP
mice compared to VEH controls (ps<0.05). In addition
to subunits, group differences were identified for the
GABAergic-associated genes gephyrin and GAT-1,
Fs(2, 17)>4.95, ps<0.05. For both of these transcripts,
expression levels were significantly lower in DZP mice
compared to VEH controls (ps<0.05).

Fig. 3 Relative levels of mRNA

in the somatomotor cortex (a) and 200%
dorsal hippocampus (b) following 175%
7-day administration of zolpidem N
(ZOLP), diazepam (DZP), or 150% +

vehicle (VEH). Histograms
comparing levels of transcripts
are expressed as mean percentage
of VEH control (100 %).
Statistical analyses were
performed by ANOVA with
Dunnett’s ¢ test for pairwise
comparisons against a VEH. Data
are presented as mean + sem.
Black star denotes VEH &
significantly different than ZOLP

Relative mRNA Level (sem)

and DZP treatments (p<0.05); b
Number sign denotes VEH 200%
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Hippocampus

As shown by Fig. 3b, the expression profile observed in the
hippocampus was different in comparison to that of the cortex.
Overall, significant group differences were limited to expres-
sion levels of «5- and y2-GABAAR subunits, Fs(2, 17)>
4.39, ps<0.05. The expression of both of these transcripts
was lower in the hippocampus of DZP- compared to VEH-
treated mice, ps<0.05.

Prefrontal cortex and amygdala

No significant group differences in mRNA transcript levels
were identified in the amygdala or prefrontal cortex. Changes
in amygdala or prefrontal cortex mRNA expression levels are
given in online resource 2.

RT-PCR analysis: acute treatment

To examine whether mRNA expression changes seen in the
subchronic treatment may be due to acute effects of drug
administration, we measured the expression level in a subpop-
ulation of genes after acute (1 day) zolpidem and diazepam
administration. One-way ANOVAs revealed no significant
group differences in candidate genes. The relative fold

* # t K * % #
OVEH
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changes in mRNA expression after acute administration are
presented in online resource 3.

Discussion

The current study reveals that mice previously exposed to
zolpidem or diazepam treatment for 7 days are less sensitive
to the locomotor-impairment of subsequent zolpidem treat-
ment compared to those given prior vehicle injections. The
reduced impairing effect of zolpidem does not appear to be
due to increases in activity caused by cessation of subchronic
treatments as zolpidem and diazepam groups showed mild
decreases, rather than increases, in motor activity relative to
vehicle-treated animals. Also, during a drug-free open field
test 18-24 h after treatment termination, mice given either
zolpidem or diazepam showed anxiety-like behaviors, includ-
ing decreases in activity, rearing, and center zone entries.
These mice also showed a progressive decrease percent of
time in center zone, suggesting a gradual increase in anxiety
during testing.

While tolerance has been widely reported in rodents fol-
lowing repeated BZs treatments (Fernandes et al. 1999;
Galpern et al. 1991; Miller et al. 1989), there is conflicting
evidence concerning the development of tolerance to
zolpidem. Our findings are in agreement with Vlainic and
Pericic (2009), who show that mice develop tolerance to the
locomotor-impairing effects of zolpidem and diazepam after
10 days of treatment. Tolerance to zolpidem’s ataxic, hypo-
thermic, and anticonvulsant effects have been observed in
rodents and primates (Auta et al. 2008; Elliot and White
2000; Griffiths et al. 1992; Vlainic and Pericic 2009; Voss
et al. 2003). Other studies have reported no tolerance after
zolpidem administration in rodents (Ebert et al. 2008, 1992;
Pesold et al. 1997). The detection of zolpidem tolerance in
past studies is likely influenced by numerous factors; howev-
er, one major difference between ours and previous rodent
studies was the latency between test drug injection and the
onset of tolerance testing. In most studies, the time between
zolpidem injection and behavioral testing onset is 15-30 min.
In the current study, the time between the test injection and
start of testing was 2 min. As seen in Fig. la, the motor-
impairing effects of zolpidem are clearly evident during the
first 30-min following drug injection, after which activity
increased to levels seen in vehicle animals (Fig. 1b).
Because zolpidem is relatively short acting and quickly me-
tabolized, longer latencies between drug injection and the
testing onset may prevent detection of tolerance.

The current study also identified diazepam cross-tolerance,
as indicated by the diminished motor-impairing effects of
zolpidem in diazepam-treated mice. While numerous studies
have documented cross-tolerance between BZs in rodents
(e.g., Cohen and Sanger 1994; File 1985; Marin et al. 1999),

relatively few have examined cross-tolerance between
zolpidem and BZs (Auta et al. 2008; Perrault et al. 1992).
Vinkers et al. (2012) showed that mice chronically adminis-
tered with diazepam displayed tolerance to diazepam’s hypo-
thermic, locomotor-impairing and anxiolytic effects, while
chronic zolpidem treatment resulted in the development of
cross-tolerance to diazepam-induced hypothermic and
anxiolytic-like effects but not to its locomotor-impairing ef-
fects. Point-mutated mice lacking diazepam binding at either
ol- or oS- containing GABA RS failed to display any seda-
tive tolerance (van Rijnsoever et al. 2004). These findings
suggest that chronic BZ treatments causes cross-tolerance to
zolpidem, whereas the detection of cross-tolerance to other
BZs after chronic zolpidem administration is less likely. In
addition, this implies that zolpidem-induced locomotor-
impairing effects are mediated by «1-GABAARs, whereas
the locomotor-impairing effects of diazepam and other nonse-
lective BZ may be due to the activation of x1-GABAARs in
combination with other GABA 4R subtypes.

In nonhuman primates and rodents, chronic BZ ad-
ministration can produce physical dependence as detected
by the occurrence of withdrawal symptoms after treat-
ment termination (Allison et al. 2002; File 1990;
Griffiths and Weerts 1997; Lukas and Griffiths 1984;
Yanagita and Takahashi 1973). Our results from
diazepam-treated mice are consistent with previous stud-
ies showing anxiety-like behaviors in the elevated plus
maze and open field when assessed 1-3 days after
prolonged treatments (Acikmese et al. 2012; Allison
et al. 2002; Divljakovi¢ et al. 2013; Steppuhn and
Turski 1993; Ward and Stephens 1998). Animal studies
investigating withdrawal-like symptoms following
zolpidem treatment are varied. In nonhuman primates,
spontaneous and flumazenil-induced withdrawal effects
are reliably observed after chronic treatment with
zolpidem (Weerts et al. 1998; Weerts and Griffiths
1998). In rodents, some studies have identified
withdrawal-like symptoms (Ebert et al. 2008; Metten
et al. 1998; Renger et al. 2004), while others have not
(Elliot and White 2000; Perrault et al. 1992;
VonVoigtlander and Lewis 1991). The distinctive with-
drawal profile in rodents and primates may be due to
differences in the distribution of x1-GABAAR subtypes
and/or the binding characteristics of zolpidem (Benavides
et al. 1993; Duncan et al. 1998; Schmid et al. 1995). Our
study identified subchronic zolpidem treatment produced
open field anxiety-like behavior after drug termination.
Along with methodological differences between our and
previous negative findings, it is possible that detection of
anxiety-like behaviors may be more easily identified than
other withdrawal-like symptom measured after prolonged
zolpidem treatments (e.g., seizure thresholds).
Interestingly, Murphy et al. (2011) have shown EPM
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anxiety-like behaviors in rats both during and after
zolpidem administration. In the context of our study,
these data may suggest that repeated zolpidem treatment
produces an anxiogenic-like state that is still evident
after treatment termination.

While it is possible that the decreases in activity were
associated with the residual drug effects during testing, evi-
dence from previous studies suggest this is not the case. In
rats, the elimination half-life (t;,) from the plasma is approx-
imately 30 min for zolpidem (Benavides et al. 1988; Garrigou-
Gadenne et al. 1989; Lau et al. 2002) and 70 min for diazepam
and its active main metabolite desmethyldiazepam (Friedman
et al. 1986; Markowitz et al. 2010; Walker et al. 1998). In the
case of zolpidem, daily injections do not change t; , values or
result in plasma or brain drug accumulation (Trenque et al.
1994). Repeated injection of zolpidem for up to 28 days is
virtually undetectable 3—4 h after the last injection (Trenque
et al. 1994), and the degradation of zolpidem does not lead to
the formation of metabolites that can accumulate and sustain
drug action (Diaz-Garcia et al. 1992; Drover 2004). Likewise,
daily diazepam injections do not change t;,, values (Walker
et al. 1998), and most studies (Auta et al. 1994; Loscher and
Schwark 1985; Smith and Darlington 1994), but not all stud-
ies (Fernandes et al. 1996), reveal no plasma accumulation of
diazepam or its metabolite after long-term treatments (Auta
et al. 1994). These data argue against dramatic changes in the
pharmacokinetics as the basis for the detection of behavioral
tolerance or anxiety-like behaviors.

In humans, the abrupt cessation of prolonged BZ treat-
ments can be followed by unpleasant withdrawal symptoms
including anxiety (e.g., Petursson 1994), which are believed to
play a role in BZ abuse and dependence (Lader 2011). The
abrupt cessation of supratherapeutic doses of zolpidem can
also lead to a BZ-like withdrawal syndrome (Aragona 2000;
Cubala and Landowski 2007; Huang et al. 2007; Kripke 2007,
Sethi and Khandelwal 2005). It is hypothesized that zolpidem
withdrawal and tolerance are due to long-term
supratherapeutic dose activation of the x2- and «3-subunits
along with ocl-subunit containing GABARs (Liappas et al.
2003). While zolpidem binds to «l-subunits with an affinity
that is five- to tenfold greater than «2- and o3-subunits
in vitro (Petroski et al. 2006; Sanna et al. 2002), the relatively
high dose of zolpidem used in this study might be sufficient to
activate these lower-affinity subunits in vivo and contribute to
deficits in the locomotor-impairing effects of zolpidem and
anxiety-like behaviors. Subchronic treatment of zolpidem and
diazepam produced subunit- and region-specific reduction of
GABA AR mRNAs. In Fig. 3a, there were trends in decreased
mRNA levels for many subunits after subchronic zolpidem
and diazepam treatments. Significant decreases in the expres-
sion of «l-, «3-, f2-, and J-subunits in the cortex were
identified after both treatments. There were also decreases in
the cortical expression of a4-, 31-, and y2-subunits with
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diazepam treatment. Group differences in other subunits
may have become significant with higher or longer treatment
regimens. Levels of mRNA were not affected in separate mice
after a single injection of zolpidem or diazepam.

Past studies have revealed numerous GABAAR subunit
mRNA changes that might contribute to tolerance develop-
ment and withdrawal after long-term BZ treatment regimens
(for review, see Uusi-Oukari and Korpi 2010). In rats, chronic
diazepam treatments have been shown to alter «1-subunit
mRNA expression in the cerebral cortex (Auta et al. 2008;
Heninger et al. 1990; Impagnatiello et al. 1996; Longone et al.
1996; Pesold et al. 1997; Tietz et al. 1999), although this was
not observed in all studies (Holt et al. 1996; Vinkers and
Olivier 2012; Zhao et al. 1994). Likewise, Holt et al. (1997)
reported that long-term zolpidem treatment decreases ol
mRNA in cerebral cortex after 14 days of treatment in rats.
Decreased cortical o1-subunit mRNA in the current study
concurs with many of these past observations. We also ob-
served decreases in levels «5- and y2-subunit mRNAs in the
hippocampus after diazepam treatment. This latter finding is
consistent with some reports (Wu et al. 1994; Zhao et al.
1994), but not all (Impagnatiello et al. 1996). The current
study found no significant «l mRNA changes in other areas.
In rats, others have shown that diazepam treatment decreases
ol -subunit mRNA in the hippocampus (Impagnatiello et al.
1996) and prefrontal cortex (Auta et al. 2008). However, in
these studies, diazepam was administered three times daily for
14 days at increasing doses (5-20 mg/kg). Thus, more
prolonged exposure and/or higher dose levels of diazepam
may be necessary for prefrontal cortex changes. It is also
important to note that rats have been historically used to
investigate mRNA changes associated with tolerance and
withdrawal after BZ treatments, while mice have been used
in only a few studies (Fahey et al. 1999; Kang and Miller
1991). Neuroanatomical and behavioral differences between
these two species may contribute to published discrepancies
(Asan et al. 2005; Blanchard et al. 2001; Jardim et al. 1999).

Our study observed cortical decreases in «3- and J-subunit
mRNA after both treatments and «4-subunit mRNA after
diazepam treatment. Holt et al. (1996) found that long-term
treatment with diazepam increased &3 and o4 mRNA expres-
sion in the cerebral cortex, whereas other studies have found
no such effects (see also, Arnot et al. 2001; Impagnatiello et al.
1996; Wu et al. 1994). An upregulation of a4 mRNA in the
cortex has also been identified after long-term treatment with
zolpidem (Holt et al. 1997). No previous studies have noted
changes in § mRNA after long-term diazepam or zolpidem
exposure in vivo (Holt et al. 1997; Impagnatiello et al. 1996).
Both o4- and é-containing GABAARs are usually found in
perisynaptic and extrasynaptic regions of the brain, including
the cortex (Korpi et al. 2002; Pirker et al. 2000). These
receptors are insensitive to BZs and zolpidem, indicating that
changes in GABAAR mRNA levels are not necessarily
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dependent on direct drug-receptor interaction. In cultured
cells, withdrawal from long-term treatment of diazepam and
zolpidem has been shown to increase a4-subunit and decrease
«1-subunit expression (Biggio et al. 2003; Follesa et al.
2001), suggesting that the molecular events that underlie
withdrawal may involve a shift from BZ-sensitive to BZ-
insensitive GABA AR subtypes.

While zolpidem preferentially binds to oc1-GABARSs, it
also possesses some agonistic action on «3-subunit contain-
ing receptors at high doses (Araujo et al. 1996; Sanna et al.
2002), which may mediate the decrease in «3 mRNA after
zolpidem treatment. It is noteworthy that the anxiolytic effects
of BZs are putatively mediated by «2- and «3-GABAAR
subtypes (Atack et al. 2005; Crestani et al. 2001; Low et al.
2000). While no mRNA changes were detected in the amyg-
dala, which is known to be involved in fear and anxiety (Davis
2000), changes in function of these receptors in the cortex may
play a role in processing of sensory information that mediate
anxiety-like behavior seen in vehicle-tested drug groups.

Alterations in mRNA levels of GABAAR subunits after
continuous BZ exposure likely contribute to mechanisms
underlying tolerance and withdrawal; however, the
neuroadaptive changes associated with these alterations are
unclear. Some studies observed decreased number of BZ
binding sites after long-term BZ treatment (e.g., Miller et al.
1989). Receptor uncoupling, internalization, and degradation
of GABAAR subunits have been proposed as mechanisms
underlying BZ tolerance (Ali and Olsen 2001; Gravielle
et al. 2005; Jacob et al. 2012; Vinkers and Olivier 2012).
While these mechanisms are not fully understood, posttrans-
lational processes, such as phosphorylation, are likely to play
key roles (Bateson 2002; Kittler et al. 2000). Other studies
have demonstrated that altered mRNA levels induced by
chronic BZ exposure can correlate to their respective protein
levels in vivo (Impagnatiello et al. 1996; Pesold et al. 1997).
Thus, it is conceivable that mRNA changes seen in this study
coincide with changes in the expression of their respective
proteins. However, the relationship between changes in
mRNA levels and corresponding protein level is not well
characterized. While mRNA serves as an intermediate be-
tween DNA and protein, they are subject to posttranscriptional
processing by RNA-binding proteins that bind to multiple
sites on numerous RNAs to function in diverse time-
dependent processes (Glisovic et al. 2008).

As reviewed elsewhere (Vinkers and Olivier 2012), alter-
ations in other neurotransmitter systems have also been im-
plicated as neuroadaptive mechanisms underlying the devel-
opment of tolerance and withdrawal to BZ-like drugs, includ-
ing an upregulation of the glutamatergic system (Allison and
Pratt 2003). Increases in the expression of AMPA receptor
subunit mRNAs and AMPA receptor ligand binding have
been reported in a number of brain areas after BZ withdrawal
(Allison et al. 2002, 2005). Electrophysiological data indicate

that a single in vivo dose of zolpidem or diazepam can
produce an increase in the AMPA/NMDA current ratio and
activity of mesolimbic dopamine neurons (Heikkinen et al.
2009). A single high dose of diazepam (30 mg/kg) given to
wild-type mice can also produce brain-region-dependent re-
duction in the expression level of mRNA transcripts involved
in the regulation of synaptic plasticity such as c-Fos, CaMKII,
and BDNF (Huopaniemi et al. 2004). Interestingly, many of
the transcript changes induced by diazepam in wild-type mice
are not altered in mice with «1-GABARs that have been
rendered diazepam-insensitive via point mutations, indicating
that these transcript changes are specifically mediated by «1-
containing GABAARs. Gene-targeted mice lacking the GluR-
A subunit of AMPA-type glutamate (Zamanillo et al. 1999)
receptors show less tolerance to a number of the acute behav-
ioral effects of flurazepam (e.g., loss of righting reflex, walk-
ing beam impairments) after high-dose treatments (Aitta-aho
et al. 2009). In contrast, greater flumazenil-induced
withdrawal-like symptoms are seen after treatment termina-
tion. Together, these findings suggesting alterations in AMPA
receptors are involved in mediating the processes involved in
BZ tolerance and withdrawal.

In summary, this study found that subchronic zolpidem and
diazepam administration can produce acute deficits in the
locomotor-impairing effects of zolpidem and anxiety-like be-
haviors upon drug termination. In addition, our results dem-
onstrate that zolpidem and diazepam treatments have differing
effects on GABA AR subunit mRNA expression, mainly in the
cortex, which may partially contribute to mechanisms under-
lying the behavioral phenomena. Elucidating the mechanisms
behind zolpidem tolerance is necessary due to the ongoing
usage of subunit-specific GABAergic drugs and the potential
molecular and cellular mechanisms underlying adaptive
changes of receptor function.
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