








Figure 11-6. W328M confers sensitivity to pentobarbital but not carisoprodol.
A, in wild-type homomeric p1 receptors, neither pentobarbital (300 pM) nor carisoprodol
(1 mM) enhanced GABA (ECy)-gated current. In W328M mutant receptors,
pentobarbital, but not carisoprodol, could enhance GABA-activated currents. The GABA
ECy is denoted as control current amplitude. B, similar phenomenon existed with regard
to direct-gating effects. In the W328M mutant receptors, pentobarbital could directly gate
the channel to approximately 15% of the maximal current amplitude gated by GABA. In
contrast, carisoprodol was ineffective in direct gating in either wild-type or W328M
mutant receptors. Each data point represents the mean = S.E. of four cells. Maximal
GABA-gated current is denoted as 100%. *, significantly different from the wild-type

response (p < 0.05).
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Figure 11-7. Time course of carisoprodol- and meprobamate-induced locomotor
depression. Each panel shows mean ambulation counts per 10-min interval for one dose
of the test compound in comparison to the saline control in mice. Treatment with
carisoprodol (left, n = 16) resulted in depression of locomotor activity after 300 or 560
mg/kg p.o. Maximal depressant effects for these doses were evident after 10 min and
ended 40 or 110 min, respectively, following administration. Treatment with
meprobamate (right, N = 8) resulted in dose-dependent depression of locomotor activity
after 100 or 300 mg/kg i.p. Depressant effects of these doses were evident within 10 min
and ended 50 or 150 min, respectively, following injection. *, doses significantly

different (p < 0.05) from vehicle for the period 10 to 20 min after injection.
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Figure 11-8. Rate of onset for behavioral depression following carisoprodol or
meprobamate. Mean ambulation counts as a function of 4-min time periods for separate
groups of eight mice receiving carisoprodol orally, carisoprodol intraperitoneally,
meprobamate intraperitoneally, or the vehicle administered intraperitoneally or orally.
The dose administered to each drug group was 300 mg/kg. No difference in the rate of

onset of behavioral depression was evident after any of the drug treatments.
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Figure 11-9. Substitution for the discriminative stimulus effects of carisoprodol.
Top, percentage of total responses made on the carisoprodol-appropriate lever. Bottom,
rate of responding in responses per second (r/s). Carisoprodol, pentobarbital,
meprobamate, and chlordiazepoxide fully substituted for the discriminative stimulus
effects of 100 mg/kg carisoprodol. Carisoprodol produced a modest increase in response
rate, whereas chlordiazepoxide produced no effect, and pentobarbital markedly reduced

rates at the highest doses tested (n = 10 rats).
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Figure 11-10. Blockade of the discriminative stimulus effects of the training dose of
carisoprodol (100 mg/kg p.o.). Top, percentage carisoprodol-lever responding. Bottom,
rate of responding (r/s). The barbiturate antagonist bemegride fully antagonized the
discriminative stimulus effects of carisoprodol, whereas the benzodiazepine antagonist
flumazenil had little or no effect. Response rates were not significantly affected by either

compound. (n = 10 rats for bemegride and n =9 for flumazenil, except where shown).
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As demonstrated in the previous chapter, carisoprodol has the capacity to allosterically
modulate and directly gate GABAx receptors (GABAARS). Its effects in vitro and in vivo
cannot be fully explained by its metabolism to meprobamate, suggesting the actions of
carisoprodol, itself, are pharmacologically and physiologically relevant in their own right.
To this point, our studies focused on the most physiologically abundant GABAsR
configuration, a1B2y2. However, subunit diversity allows for a wealth of possible
receptor configurations, potentially contributing to the overall effects of carisoprodol. In
addition, while the interaction of carisoprodol with GABAARs is evident in the previous
studies, the site(s) of action for the drug on the receptor remain unclear. To address these
issues, subunit-dependence and potential sites of action for carisoprodol were

investigated and will be discussed in the following chapter.
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CHAPTER III

SUBUNIT-DEPENDENT ACTIVITY OF CARISOPRODOL

AT GABA, RECEPTORS

Lorie A. Gonzélez, Cathy L. Bell-Horner, and Glenn H. Dillon

ABSTRACT

Carisoprodol is a centrally-acting muscle relaxant with well-documented abuse potential.
Its sedative effects, which underlie its therapeutic and recreational use, are attributed to
interaction of its primary metabolite, meprobamate, with GABA4 receptors (GABAARS).
Previously, we demonstrated carisoprodol, itself, directly activates and allosterically
modulates human alp2y2 GABAsRs via sites distinct from barbiturate and
benzodiazepine sites of the receptor. In this study, we examine if carisoprodol
preferentially interacts with specific subunit configurations of GABAaRs, and we
identify domains of the GABAAR al subunit involved in mediating carisoprodol’s
actions. Whole-cell patch clamp recordings were obtained from HEK293 cells expressing
human o132 and axPzy2 (where x = 1-4 and z = 1-2) GABARs. Potentiation of GABA-
gated currents was observed for all configurations with carisoprodol being more

efficacious at a1P2y2 receptors; potency was not subunit-dependent. The rank order of

efficacy for direct activation by carisoprodol was olfBly2 > alB2 = alP2y2 =
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a2P2y2 = a4P2y2 >> a3B2y2. To identify domains of the o subunit involved in
mediating carisoprodol activity, we generated a chimeric subunit using carisoprodol-
insensitive GABA p1 and carisoprodol-sensitive GABA o1 subunits. Chimeric subunits
retained insensitivity to direct activation by carisoprodol, but gained sensitivity to the
modulatory effects of carisoprodol. Our findings indicate carisoprodol modulates
GABAARs in a subunit-dependent manner, with o and 3 subunits contributing to the
pharmacological profile of carisoprodol and possibly its abuse potential. Partial
restoration of the modulatory, but not the direct gating effect of carisoprodol suggests this

drug may mediate its effects via multiple sites on GABAARs.
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INTRODUCTION

v-Aminobutyric acid type A receptors (GABAsRs) are ion channel-coupled,
multi-subunit proteins that serve as the primary mediators of inhibitory neurotransmission
in the adult central nervous system (CNS). Functional receptors are composed of
individual subunits arranged in a pentameric manner. In mammals, the various subunits
and their isoforms have been divided into the following classes: a(1-6), B(1-3), y(1-3), p,
5, &, m, and 0 (Huang et al., 2006). Subunit architecture is highly conserved among
GABAARs with each subunit composed of an extracellular amino-terminal, four
transmembrane (TM) domains, a large intracellular loop, and an extracellular carboxyl-
terminal. Subunit composition determines channel conductance, kinetics, and gating
properties of the receptor (Verdoorn et al., 1990; Mathers, 1991) in addition to its
pharmacological profile (Sigel et al., 1990). Given their vital role in maintaining
inhibitory tone in the CNS, GABAsRs are the targets of several clinically relevant
compounds. These compounds include benzodiazepines, barbiturates, general and
inhalational anesthetics, and certain centrally-acting muscle relaxants.

Carisoprodol is a centrally-acting muscle relaxant indicated in the alleviation of
acute musculoskeletal conditions. However, recreational use of carisoprodol is an
increasing problem. The dangers associated with carisoprodol abuse, including severe
withdrawal leading to seizures and death, are well-documented (Adams et al., 1975;

Elder, 1991; Littrell et al., 1993; Rust et al., 1993; Reeves and Parker, 2003). Its illicit
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effects are generally attributed to the actions of its primary metabolite, meprobamate—a
controlled substance with barbiturate-like activity at GABAaRs (Rho et al., 1997). While
conversion to meprobamate likely contributes to the therapeutic and illicit effects of
carisoprodol, the pharmacological and physiological profiles of carisoprodol are not
entirely consistent with that of its metabolite, suggesting carisoprodol may have effects
independent of meprobamate.

In addition, we previously demonstrated carisoprodol allosterically modulates and
directly activates human a132y2 GABAaRs, and its actions are not mediated via reported
sites of action for benzodiazepines or barbiturates (Gonzalez et al., 2009). Although
receptors of al1B2y2 subunit composition are the prevalent configuration in the brain, a
vast array of GABAAR configurations have been shown to exist throughout the CNS,
with each configuration contributing to specific physiological and pharmacological
responses (Olsen and Sieghart, 2008). To gain a better understanding of the
pharmacological profile of carisoprodol at GABAaRs, we assessed potential subunit-
dependent interactions of the effects of carisoprodol at these receptors with the overall
goal of identifying critical domains involved in mediating the drug’s effects. Despite
having structural differences, other compounds with allosteric and agonistic actions at
GABAARSs exert their effects via common regions of the receptor. Most notably, amino
acids within the transmembrane domains—specifically TM2 and TM3—of the a and 3
subunits have been implicated in binding of or gating by these compounds (Korpi et al.,
2002). Given the similarities in the actions of these compounds and carisoprodol, we

assessed whether the transmembrane domains play an equally significant role in
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mediating the effects of carisoprodol. As demonstrated in the present study, carisoprodol
acts in a subunit-dependent manner at GABARs with potential sites of action located in

the transmembrane domains of the o subunit.
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MATERIALS AND METHODS
Cell Culture and Transfection. Both stably- and transiently-transfected cells were used
in the present study. Human embryonic kidney 293 (HEK293) cells were transiently-
transfected with human GABA, al, a3, and a4; human 1-2; and human y2s (short
isoform) cDNA in a 1:1:5 ratio using TransIT®-293 (Mirus Bio, Madison, WI) and used
for recording 24-48 h later. The y2s subunit will be referred to as y2 from this point
forward. Human GABA,4 al subunit cDNA was generously provided by Neil Harrison
(Weill Cornell Medical College). HEK293 stably expressing human o132y2 or a232y2
GABAARs were also used. A complete description of the preparation and maintenance of
these stable cell lines has been published previously (Hawkinson et al., 1996). Cells were
plated on glass coverslips coated with poly-L-lysine in 35-mm culture dishes. Cells were
incubated and maintained at 37°C in a humidified incubator with an atmosphere of 5%
COs,.
Subcloning of the Human GABAA al Subunit. The human GABA, ol subunit
(pCIS2) was subcloned into the vector pcDNA3.1/V5-His C (Invitrogen, Carlsbad, CA)
using Notl and Xhol restriction sites. Briefly, the following primers were synthesized and
used to introduce a new and silence an existing Xhol site, respectively:
1) 5-GATCCCCGGGGGCTCGAGCGCGAATTAAC-3’, corresponding to
bases 2418-2446 in the noncoding region of the human GABA, al cDNA

sequence and
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2) 5-GGTTCTATCGATTCTAGACCCGAGGTCCGCG-3’, corresponding to
bases 906-936 in the polylinker region of the pCIS2 vector.

The point mutations were introduced with the QuikChange® Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA). Incorporation of each mutation was verified by DNA
sequencing. Human GABA4 a1 cDNA was amplified with the following primers:

3) 5’-GAGGTCCGCGGCCGCGTTCGC-3’, corresponding to bases 927-944 of
the pCIS2 vector and bases 1-3 of the human GABA, ol ¢cDNA sequence
and

4) 5-GTTAATTCGCGCTCGAGCCCCCGG-3’, corresponding to bases 1473-
1493 of human GABAA a1l cDNA sequence and bases 945-947 of the pCIS2
vector.

The GABAA al amplification product was isolated via agarose gel electrophoresis and
eluted from the gel using Freeze ‘N Squeeze™ DNA Gel Extraction Spin Columns (Bio-
Rad®, Hercules, CA) according to the manufacturer’s specifications. The eluted DNA
was purified and concentrated via ethanol precipitation. Purified DNA was digested with
Notl and Xhol. The fragment of interest was isolated via agarose gel electrophoresis and
eluted from the gel as described previously.

The pcDNA3.1/V5-His C vector was digested with Notl and Xhol and

subsequently dephosphorylated with calf intestinal alkaline phosphatase (Invitrogen™,
Carlsbad, CA). The fragment of interest was isolated via agarose gel electrophoresis and

cluted from the gel in the manner described for the GABAA a1 subunit. The Notl-Xhol-
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digested al and pcDNA3.1/V5-His C fragments were ligated using T4 DNA ligase.
Subcloned products were confirmed by DNA sequencing.
Generation of the pl/al Chimera. A chimeric receptor was generated using wild-type
human GABA pl cDNA (in pcDNA3.1) and human GABA, al cDNA (in
pcDNA3.1/V5-His C). The wild-type human GABA p1 subunit was generously provided
by David Weiss (University of Texas Health Science Center at San Antonio).

The following oligonucleotides were synthesized and were used to introduce Kpnl
restriction sites in homologous regions at the start of TM2:

5) 5’-CGACCGCAGAGCGGTACCTGCCAGAGTCCCC-3’, corresponding to

bases 933-963 of the human GABA p1 cDNA sequence and
6) 5’-GGCTCAACAGAGAGTCGGTACCAGCAAGAAC-3’, corresponding
to bases 914-944 of the human GABA, al cDNA sequence.

The silent mutations were introduced with the QuikChange® Site-Directed Mutagenesis
Kit. Incorporation of each mutation was verified by DNA sequencing. The subunits were
subsequently digested with Kpnl, and the linearized DNA was isolated via agarose gel
electrophoresis. The fragments of interest were eluted from the gel as described
previously for the GABAs al cDNA. Following ethanol precipitation, the linearized
DNA was digested with Xhol. The fragments of interest were cluted from the gel,
purified, and concentrated via ethanol precipitation. The Kpnl-Xhol-digested a1 and p1
fragments were ligated using T4 DNA ligase, and the ligation reaction was used to

transform XL10-Gold"™ ultracompetent cells (Stratagene, La Jolla, CA). Plasmid DNA
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from resulting colonies was purified using the QIAGEN® Plasmid Mini Kit (QIAGEN.
Valencia, CA). Chimeric products were verified via DNA sequencing.

All restriction enzymes and T4 DNA ligase were obtained from Promega
(Madison, WI). Oligonucleotide synthesis and DNA sequencing were performed by
Eurofins MWG Operon (Huntsville, AL).

Electrophysiology. Whole-cell patch clamp electrophysiology was used to assess
GABA- or carisoprodol-activated CI" currents. All electrophysiology experiments were
conducted at room temperature (22-25°C) with the membrane potential clamped at -60
mV. Patch pipettes of borosilicate glass (1B150F; World Precision Instruments, Inc.,
Sarasota, FL) were pulled (Flaming/Brown, P-87/PC; Sutter Instrument Company,
Novato, CA) to a tip resistance of 4—-6 MQ. Patch pipettes were filled with a solution
consisting of 140 mM CsCl, 10 mM EGTA-Na®, 10 mM HEPES-Na', and 4 mM Mg*"-
ATP, pH 7.2. Coverslips containing cultured cells were placed in the recording chamber
on the stage of an inverted light microscope (Olympus [X71; Olympus, Tokyo, Japan)
and superfused continuously with an external solution consisting of 125 mM NaCl, 20
mM HEPES, 3 mM CaCl,, 5.5 mM KCl, 0.8 mM MgCl,, and 10 mM glucose, pH 7.3.
Agonist-induced Cl currents were obtained with an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA) equipped with a CV-203BU headstage. Currents were low-pass
filtered at 5 kHz, monitored simultaneously on an oscilloscope and a chart recorder
(Gould TA240; Gould Instrument Systems Inc., Cleveland, OH), and stored on a
computer using an on-line data acquisition system (pCLAMP 6.0; Axon Instruments) for

subsequent off-line analysis.
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Experimental Protocol. GABA (with or without carisoprodol) or carisoprodol was
prepared in external solution and applied to each cell by gravity flow using a Y-shaped
tube positioned adjacent to the cell. The modulatory effects of carisoprodol on GABA-
gated currents were assessed using an EC, gating concentration of GABA as the control.
This gating concentration was selected to ensure there was a sufficient range to observe
the full potential of carisoprodol. To ensure the gating concentration was approximately
an EC,, control responses were compared to the maximal GABA-gated current.
Carisoprodol was tested only if the gating concentration was within the EC;5.,5 range.
Control responses were established by observing two consecutive agonist-activated
currents that varied in amplitude by no more than +10%. For o}y configurations, GABA-
gated control currents were recorded in the presence of diazepam to confirm
incorporation of the y2 subunit. After establishing the control response, effects of the test
drug were determined. For studies investigating carisoprodol-mediated currents,
carisoprodol was dissolved in external solution and applied in the manner described
above.

Data Analysis. Concentration-response profiles for the positive modulatory actions of
carisoprodol were generated (Origin 5.0; OriginLab Corp., Northampton, MA) using the
equation 1/l,.x = [carisoprodol]/([carisoprodol]” + ECsq"), where | is the normalized
current amplitude at a given concentration of carisoprodol, lyax 1s the maximum current
induced by carisoprodol, ECsy is the half-maximal effective concentration of
carisoprodol, and n is the Hill coefficient. All data are presented as mean values + S.E.

Statistical significance (p < 0.05) between control and test conditions was determined
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using Student’s t-test (paired or unpaired) and one-way analysis of variance. Tukey-

Kramer post hoc test for multiple comparisons was performed as needed.
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RESULTS

Assessment of GABA Sensitivity in HEK293 Cells Transiently-Transfected with
GABAARs. To ensure equipotent concentrations were used for gating, GABA
concentration-response data were collected for human o132 and axBzy2 (where x = 1-4
and z = 1-2) GABAaRs (Table 1). From these data, ECyy and saturating GABA
concentrations were calculated for each configuration and used in subsequent
investigations of the allosteric and direct effects of carisoprodol, respectively.

Allosteric Modulatory and Direct Gating Effects of Carisoprodol Do Not Require
the y Subunit. To investigate the role of the y subunit on the allosteric and direct effects
of carisoprodol at GABAsRs, HEK293 cells were transiently transfected with human
o1B2 and a1B2y2 receptors. Micromolar concentrations of carisoprodol potentiated the
GABA-gated currents of al2 GABAARs in a concentration-dependent manner (Fig.
1A). At millimolar concentrations, rebound currents were observed upon termination of
drug application, and coapplication of 3 mM carisoprodol elicited an inhibitory effect on
GABA-gated currents during drug application. The patterns of potentiation and inhibition
by carisoprodol at o132 GABAARs were similar to those observed at a1p2y2 GABARs,
shown here (Fig. 1A) and previously using a stable a1p2y2 cell line (Gonzalez et al.,
2009). In our analyses of the modulatory effects of carisoprodol, peak current amplitude

was defined as the maximum current elicited by carisoprodol. For recordings where an
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inhibitory component of carisoprodol was present, the amplitude of the rebound current
amplitude was regarded as the peak current. Using these parameters, the estimated ECsy
for carisoprodol at a1B32 GABAARs was 121 + 8 uM compared to 131 + 21 pM for
receptors containing the y2 subunit, with direct gating by carisoprodol likely contributing
to maximal current amplitude elicited by higher concentrations of the drug. Maximum
potentiation of control currents occurred with 1 mM carisoprodol for each configuration
(Fig. 1B) with efficacies of 488 + 80% and 572 =+ 64% for o132 and a.132y2 GABARSs,
respectively. Thus, the y subunit did not significantly influence the potency or efficacy of
carisoprodol as an allosteric modulator (Table 2). Coapplication of 30 uM carisoprodol
yielded modestly enhanced potentiation of currents from a1p2 receptors (p < 0.05).
Moreover, the efficacy of carisoprodol as a direct agonist was unaffected by the y
subunit (Fig. 2B and Table 3). Peak current amplitude of carisoprodol-evoked currents
was 45 + 6% of the maximum GABA-gated current for o132 receptors whereas it was 34
+ 6% for a1P2y2 receptors. Together with the allosteric studies, these findings suggest
the y subunit is not essential for carisoprodol-mediated regulation of GABAAR function.
More importantly, GABAaRs composed solely of o and B subunits retain the site(s) of
action for carisoprodol; thus, the focus was shifted to these subunits.
Carisoprodol-Mediated Activity Is Influenced by the Isoform of the GABAA B
Subunit. The influence of the B subunit was investigated by comparing the modulatory
actions of carisoprodol at at1B1y2 and a1PB2y2 GABAaRs. Carisoprodol modulated the

GABA-gated currents of alfly2 GABAaRs in a manner previously described for
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alB2y2 GABAsRs—potentiation in a concentration-dependent manner accompanied by
offshoot currents and inhibition with millimolar concentrations (Fig. 3A). Carisoprodol
was equally potent at enhancing the currents of B1- and B2-containing receptors (88 = 19
uM and 131 + 21 pM, respectively), yet it was more efficacious at the latter. Maximum
efficacy was 357 + 36% of control values for f1-containing receptors, significantly less
than the value reported earlier for 32-containing receptors.

As reported for B2-containing receptors here and previously (Gonzalez et al.,
2009), carisoprodol elicited inward currents from alp1y2 GABAARs in the absence of
GABA. Direct activation occurred in a concentration-dependent manner with millimolar
concentrations producing significantly greater currents at f1-containing receptors (Fig. 4
and Table 3). This is in contrast to the pattern observed for the allosteric effects of
carisoprodol in which the drug was more efficacious at receptors containing the (32
isoform.

Carisoprodol-Mediated Activity Is Influenced by the Isoform of the GABAA a
Subunit. To assess the influence of the o subunit isoform on carisoprodol-mediated
activity, HEK293 cells were transiently transfected with axp2y2 (where x = 1-4)
combinations of GABAARs. The pattern of allosteric modulation described previously
was observed for each of the combinations tested with one exception. Inhibition of
GABA-gated currents was consistently observed at high concentrations of carisoprodol;
however, this was not the case for a3-containing receptors (Fig. 5, A and B). At all

concentrations tested, the allosteric effects of carisoprodol were significantly greater at
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al-containing receptors (Fig. 5B and Table 2). However, carisoprodol potency was not
dependent upon the a subunit isoform.

Moreover, carisoprodol directly activated each of the configurations tested,
evoking inward currents in the absence of GABA. Significant differences were not
observed with lower concentrations of carisoprodol (< 100 uM). In addition, responses
from al-, a2-, and a4-containing receptors were comparable at each concentration
tested, with maximal efficacies ranging from approximately 31-34% (Table 3). In
contrast, carisoprodol was significantly less efficacious at a3-containing receptors,
eliciting only 8 = 3% of the maximum GABA-gated current.
Chimeric pl/al Subunits Assemble Functional Homomeric Receptors. The fact that
subunit-dependent influences vary for allosteric and direct effects suggest the functional
domains for the effects may be distinct. To gain a better understanding of the critical
domains involved in mediating the two effects of this drug, we used a chimeric approach
in which domains were exchanged between carisoprodol-sensitive and -insensitive
subunits. Because homomeric pl GABA receptors are insensitive to the positive
modulatory effects of carisoprodol and its agonistic actions (Figs. 8 and 9) (Gonzalez et
al., 2009), a chimeric subunit was generated by exchanging the regions encoding TM2
through the carboxyl-termini of GABA, p1 and a1 subunits (Fig. 7) as these domains of
the a and 3 subunits have been implicated in mediating the effects of other compounds at
GABAARs (Korpi et al., 2002; Rudolph and Antkowiak, 2004; Hosie et al., 2006).

When expressed in HEK293 cells, chimeric subunits assembled homomeric

receptors that were kinetically distinct from either of its wild-type counterparts. Although
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the GABA sensitivity of the homomeric pl/al receptor was not significantly different
from that of wild-type p1 receptors (Table 1), moderate concentrations of GABA elicited
rapidly desensitizing currents from chimeric receptors—a property not associated with
wild-type pl receptors (Polenzani et al., 1991; Qian and Dowling, 1993). The functional
properties of the chimeric receptor generated in the current study, with respect to GABA
sensitivity and desensitization, were consistent with a previous report in which a similar
chimera was expressed in Xenopus oocytes (Martinez-Torres et al., 2000).
Desensitization, which could confound interpretation of the results, was not observed
with application of an EC,y concentration of GABA—the gating concentration used in
the investigation of the allosteric effects of carisoprodol.

Chimeric pl/al Receptors Are Insensitive to Direct Activation by Carisoprodol But

Sensitive to the Allosteric Effects of Carisoprodol. As seen in wild-type pl receptors,
pl/al receptors were insensitive to the agonistic actions of carisoprodol (Fig. 8, A and
B). Thus, the site(s) of action underlying direct activation of GABAARs by carisoprodol
are either located within or require interaction with regions that were not exchanged
between the subunits.

Calculations of the modulatory effects of carisoprodol at chimeric pl/al
receptors were conducted in the manner previously described for other configurations.
Coapplication of lower concentrations of carisoprodol had no significant effect on
GABA-gated currents whereas higher concentrations elicited an inhibitory effect
accompanied by rebound currents that were potentiated compared to control currents.

Despite significant inhibition during drug application, rebound currents demonstrated
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enhancement of control currents in a manner described for each of the other
configurations tested (Fig. 9A). The efficacy of carisoprodol was 201 + 17% of control at
pl/al chimeric receptors, indicating partial restoration of the allosteric effects elicited at
off and affy GABAARs. These findings suggest critical domains for the allosteric actions
of carisoprodol and its inhibitory effects at millimolar concentrations are located within
TM2 through the carboxyl-terminal of the a1 subunit.

The Modulatory Effects of Carisoprodol Are Not Mediated via the Large
Intracellular Loop of GABAARS. Given the lipophilicity of carisoprodol, this drug may
potentially act at an intracellular site of action as has been reported for neurosteroids
(Akk et al., 2005). The region that was exchanged between p1 and a1 subunits contained
a single intracellular domain—the large intracellular loop located between TM3 and
TM4. To assess whether allosteric modulation by carisoprodol requires interaction with
this domain, carisoprodol, at a concentration known to elicit robust potentiation, was
included in the pipette solution. Thus, dialysis of the intracellular contents with the
whole-cell patch clamp configuration facilitates access of the drug to its potential site of
action. Experiments were conducted with cells stably expressing human olf2y2
GABAARs. When carisoprodol was not included in the pipette solution, carisoprodol
potentiated GABA-gated currents by 201 + 21%, a value not significantly different from
the enhancement of GABA-gated currents (203 + 14%) when carisoprodol was included
in the pipette solution. These findings suggest the large intracellular loop of GABAARS is

not likely to mediate the allosteric actions of carisoprodol.
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DISCUSSION

Carisoprodol is a muscle relaxant that is frequently prescribed for the treatment of
acute musculoskeletal conditions. Despite its clinical merit, the use of this drug is
hampered by its abuse potential. Carisoprodol abuse, tolerance, and withdrawal are well-
documented in the literature (Adams et al., 1975; Elder, 1991; Littrell et al., 1993; Rust et
al., 1993; Reeves and Parker, 2003). The abuse liability of carisoprodol is often attributed
to meprobamate—the primary metabolite of carisoprodol and a controlled substance at
the federal level. However, we have demonstrated carisoprodol, itself, acts at GABAsRs
in a manner described for drugs of abuse that act via the GABAergic system (Gonzalez et
al., 2009). Interestingly, the abuse and dependence potential of these drugs are related to
their subunit-selective interactions with GABAARs (Ito et al., 1996; Ator, 2005; Wafford,
2005; Licata and Rowlett, 2008). Thus, we assessed whether the actions of carisoprodol
are subunit-dependent, potentially underlying its physiological effects and abuse liability.
Using different configurations of GABAARs, we demonstrated carisoprodol acts in a
subunit-dependent manner with o and 3 subunits mediating the allosteric and direct
effects of the drug. Based upon subunit-dependent assessments and chimeric studies, we
identified domains within the ol subunit that contribute to the modulation of GABAAR
function by carisoprodol.

The role of the y subunit has been established for several modulators of GABAAR
function. The most prominent example is the benzodiazepine class of drugs which require

the presence of a y subunit to potentiate GABA-gated currents (Pritchett et al., 1989). In
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contrast, our results suggest the y subunit does not play an essential role in mediating the
actions of carisoprodol at GABAARs because the modulatory and agonistic effects of the
drug were not significantly different between a12 and a1B2y2 configurations. These
findings support our assertion that carisoprodol does not act at the benzodiazepine site of
the receptor (Gonzalez et al., 2009). More importantly, GABAsRs composed solely of a
and 3 subunits retained the site(s) of action for carisoprodol, highlighting the contribution
of these subunits to the pharmacological profile of carisoprodol.

In the current study, the influence of B subunit isoforms was examined via
comparison of effects elicited from 1- and B2-containing receptors. Whereas the actions
of GABAergic compounds such as etomidate, loreclezole, and furosemide are dependent
upon incorporation of B2 or B3 subunits (Korpi et al., 1995; Korpi et al., 2002),
carisoprodol-mediated effects were observed at alf1y2 GABAaRSs, suggesting critical
domains for carisoprodol activity are located within regions conserved between the (1
and B2 isoforms. Comparison at the amino acid level reveals 78% homology between [31
and B2 with highest similarity between transmembrane regions and greatest variation in
the signal peptide and large intracellular loop (Hadingham et al., 1993). Although the
large intracellular loop has been identified as a site of action for neurosteroids (Akk et al.,
2005), the likelihood that carisoprodol acts at the transmembrane domains is greater
given our findings with the pl/al chimera (discussed below). Also, the lipophilicity of
carisoprodol may prompt its accumulation in the membrane, fostering its interactions

with sites located in the transmembrane domains. In further support of this hypothesis,
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sites within TM1, TM2, TM3, and TM4 have been implicated in mediating the effects of
other lipophilic, GABAergic compounds (Korpi et al., 2002; Huang et al., 2006).

Furthermore, the B subunit isoform influenced the efficacy of carisoprodol. For
allosteric modulation, carisoprodol was significantly more efficacious at f2-containing
receptors. Expression of the B2 isoform in the brain is virtually ubiquitous (Hevers and
Luddens, 1998), suggesting the majority of receptor configurations are susceptible to
modulation by carisoprodol. In contrast, direct activation by carisoprodol was
significantly greater at [1-containing receptors. This disparity suggests allosteric
modulation and direct gating by carisoprodol may be mediated by distinct sites of the 3
subunit.

Moreover, previous reports have implicated the o subunit isoform as a
determinant of GABA AR pharmacology. For instance, the efficacy of pentobarbital as an
agonist is greater than that of GABA only at a6-containing receptors (Drafts and Fisher,
2006). In addition, GABAARs containing a4 or a6 subunits are insensitive to allosteric
modulation by diazepam (Knoflach et al., 1996). Because carisoprodol has both allosteric
and direct effects, we investigated whether the o subunit isoform played a similar role in
determining carisoprodol-mediated activity at GABAsRs. We also sought to determine if
the functional domains for allosteric modulation and direct gating were comparable.

All a subunit isoforms were sensitive to the agonistic actions of carisoprodol with
significant differences observed at moderate to high concentrations (=100 uM).

According to case reports, blood or plasma concentrations of carisoprodol as low as 140

120



uM have proven to be fatal (Robertson and Marinetti, 2003). Interestingly, this
concentration correlates to the onset of direct activation. Receptors containing the a3
isoform were virtually insensitive to direct activation by carisoprodol with appreciable
currents elicited only with 3 mM concentrations; this suggests the a3 isoform may impair
receptor sensitivity to the agonistic activity of the drug.

For allosteric modulation, carisoprodol, at all concentrations, was more
efficacious at atl-containing receptors. Our findings indicate a preferential interaction of
carisoprodol with al-containing GABAARSs at concentrations that span the therapeutic
and toxic effects of the drug. Because the al isoform mediates the sedative properties of
benzodiazepines (Rudolph and Mohler, 2006), it is likely carisoprodol mediates its
sedative effects via interaction with ol-containing GABAaRs, contributing to its
therapeutic and illicit effects. In addition, recent studies suggest the efficacy of
benzodiazepine-type compounds at al-containing GABAsRs may predict their abuse
potential (Licata and Rowlett, 2008). In support of this, preferential agonist activity at
these receptors is adequate for a drug to promote reinforcement in self-administration
studies, indicating drugs acting at these configurations have the potential for abuse (Ator,
2005). Carisoprodol elicited robust potentiation at GABARs containing a2, a3, and a4
subunits. Coupled with the widespread distribution of ol subunits, this general
interaction of carisoprodol with GABARs suggests a universal mode of action in the
brain. Licata and Rowlett (2008) reported physical dependence is more likely to develop

with drugs that interact with all GABAAR subtypes as opposed to drugs exhibiting
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subtype-selectivity. Taken together, the pharmacological profile of carisoprodol is
consistent with its clinical effects and its potential for abuse.

Subunit-dependent studies suggested carisoprodol-mediated activity at GABAARs
is dependent upon o and B subunits. Ideally, the effects of carisoprodol would be
assessed using homomeric receptors consisting solely of a or B subunits, allowing
assessment of the contributions of each subunit. However, recombinant expression of
homomeric a or 3 receptors has been inconsistent and controversial at best (Sieghart et
al., 1999). In recombinant systems, pl subunits assemble functional heteromeric
receptors with other p isoforms or with y2 subunits, but not a or  (Olsen and Sieghart,
2008). These options would not further our knowledge of carisoprodol’s mechanism of
action since other p subunits may also be carisoprodol-insensitive, and carisoprodol
activity is unaffected by the y2 subunit. To circumvent these issues, chimeric strategies
were utilized to identify sites of action for other GABAergic compounds. Previous
chimeric strategies have included exchange of domains between different isoforms of the
same subunit class (Bianchi et al., 2002; Drafts and Fisher, 2006), between subunit
classes (Serafini et al., 2000; Jones-Davis et al., 2005), and between members of the
ligand-gated ion channel superfamily (Koltchine et al., 1996; Martinez-Torres et al.,
2000). Because physiologically relevant concentrations of carisoprodol elicited
significantly greater effects at al-containing GABARs, we chose to generate a chimeric
pl/al subunit in an attempt to identify domains that confer the direct gating and

allosteric modulatory effects of carisoprodol.
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Although the agonistic activity of carisoprodol was not restored, allosteric
modulation by carisoprodol was partially restored. Allosteric modulation was not
significantly different with intracellular application of carisoprodol, indicating sites of
action for this drug are not located within the large intracellular loop (Belelli et al., 1997).
This finding is consistent with the notion that lipophilic compounds mediate their effects
at GABA4Rs by acting at hydrophobic regions of membrane-embedded proteins.

Perhaps, the sites of action required for direct activation by carisoprodol are
located in regions not exchanged between the subunits. Given the complexity of
GABAAR pharmacology, however, this assertion is probably overly simplistic. Although
our subunit-dependence studies suggest o and [ subunits influence the effects of
carisoprodol, they do not reveal whether the subunits contribute equally. It is possible the
agonistic actions of carisoprodol may be mediated, to a greater extent, by the 3 subunit,
prohibiting us from restoring carisoprodol-sensitivity. In a recent study, activating
concentrations of anesthetics induced conformational changes associated with channel
opening; the structural changes leading to opening of the channel by anesthetics were
dependent upon the 3 subunit (Rosen et al., 2007). This may be the case for carisoprodol
as well. Moreover, general GABAAR function is dependent upon intra- and intersubunit
interactions. Thus, a scenario that seems more consistent with our findings is that the
allosteric and direct effects of carisoprodol require interactions between and within o and
B subunits—interactions that are not fostered by homomeric pl/al receptors. The
importance of intersubunit interactions in the allosteric modulation of GABAARs has

been described for pentobarbital. Homomeric 32 receptors are sensitive to the allosteric
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effects of pentobarbital whereas f2W328M receptors are not; however, coexpression of
ol with 2W328M restores pentobarbital-sensitivity (Amin, 1999). Thus, addition of an
o subunit provides an interaction that is absent in homomeric receptors. More
importantly, some drugs allosterically modulate and directly activate GABAARs via a
single site while others act as multiple sites (Muroi et al., 2009). In a recent analysis of
pentobarbital-induced tail currents, it was postulated pentobarbital—a drug with effects
similar to those of carisoprodol—may have as many as five sites of action on GABARs
(Gingrich et al., 2009). Although our findings do not definitively identify the number of
carisoprodol sites on the receptor, the fact that we were able to partially restore allosteric
modulation by carisoprodol without affecting direct activation suggests carisoprodol may
be acting at multiple sites on GABARs.

In the current study, we demonstrated carisoprodol preferentially interacts with
selective GABAAR subunits. Based upon our findings, the pharmacological profile of
carisoprodol at GABAARs is consistent with the therapeutic effects of the drug, and its
subunit-dependence may underlie its potential for abuse. Using a chimeric approach, we
identified functional domains of the a subunit that underlie the modulatory effects of
carisoprodol at GABAARs. Of equal importance, similar domains were not sufficient to
restore the direct gating effects of carisoprodol, suggesting the complex interactions of

carisoprodol may require multiple sites on the receptor.
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Table 111-1. GABA sensitivity of different GABAAR subunit configurations. GABA
ECsy values and Hill coefficients were calculated from concentration-response data for

each configuration.
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Receptor Hill Sample
Configupration ECs0 (M) Coefficient Sizg,
alp2 14.0+1.01 1.32+0.11 3-4
alp2y2 35.5+0.64 1.32+£0.03 5
a2p2y2 484+ 5.71 1.09+£0.12 3-9
a3p2y2 34.8 +2.09 1.04 +0.06 4-8
o4p2y2 4.48 +£0.29 1.36 £0.11 4-6
alply2 16.6 + 1.07 1.17 £ 0.09 5-6
pl 1.07 £0.04 1.79+0.13 3-8
El/ocl 1.40 £0.28 0.73 +£0.11 3-6
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Figure 111-1. Influence of the y subunit on allosteric modulation by carisoprodol.
A, representative traces demonstrating the potentiation of GABA-gated (ECy) currents
from human olP2 and alf2y2 GABAaRs by carisoprodol. At high concentrations,
offshoot currents were observed upon termination of drug application, and currents were

inhibited. B, concentration-response curves for the allosteric modulation of GABA-gated
currents from halPB2 and halP2y2 GABAsRs by carisoprodol. Each data point

represents the mean + S.E. from a minimum of three cells. *, p <0.05.
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Figure 111-2. Influence of the y subunit on direct activation by carisoprodol.
A, representative traces demonstrating carisoprodol activates human o1p2 and alp2y2
GABAARs in a concentration-dependent manner. Carisoprodol-activated currents are
presented relative to the maximum current elicited by GABA (100 uM and 1 mM GABA
for a1B2 and a1B2y2, respectively). B, concentration-response curves for carisoprodol-
mediated currents for halBf2 and halp2y2 GABAaRs. There were no significant

differences between the two configurations at each concentration tested (p > 0.05). Each

data point represents the mean + S.E. of a minimum of four cells.
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Figure 111-3. Influence of the B subunit on allosteric modulation by carisoprodol.
A, representative traces demonstrating the potentiation of GABA-gated (ECy) currents
from human alfly2 and alB2y2 GABAsRs by carisoprodol. Traces for olf2y2
receptors are replotted from Fig. 1A. At high concentrations, offshoot currents were
observed upon termination of drug application, and currents were inhibited. B,
concentration-response curves for the allosteric modulation of GABA-gated currents
from ha1pf1y2 and ha1B2y2 GABAARSs by carisoprodol. Carisoprodol was significantly
more efficacious at B2-containing receptors. The values for ha12y2 GABAARs were

replotted from Fig. 1B. Each data point represents the mean + S.E. of a minimum of four

cells. *, p <0.05; *** p<0.0001.
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Figure I111-4. Influence of the B subunit on direct activation by carisoprodol.
A, representative traces demonstrating direct activation of human alfly2 and alf2y2
GABAA\Rs by carisoprodol. Traces for alP2y2 receptors are replotted from Fig. 2A.
Carisoprodol-mediated currents are shown relative to the current elicited by a saturating
concentration of GABA (1 mM). B, concentration-response curves for carisoprodol-
mediated currents from half2y2 and halBly2 GABAaRs. Carisoprodol was
significantly more efficacious at B1l-containing receptors. The values for holp2y2
GABARs were replotted from Fig. 2B. Each data point represents the mean = S.E. of a

minimum of four cells. *, p <0.05; **, p <0.01.
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Figure 111-5. Influence of the a subunit on allosteric modulation by carisoprodol.
A, representative traces demonstrating the potentiation of GABA-gated (EC,g) currents
from human o3B2y2 and alf2y2 GABAsRs by carisoprodol. For a3-containing
receptors, concentrations of carisoprodol above 1 mM continued to potentiate GABA-
gated currents; the currents of other configurations were inhibited at these concentrations.
Traces for a1B2y2 receptors are replotted from Fig. 1A. B, concentration-response curves
for the allosteric modulation of GABA-gated currents from human al-, a2-, a3-, and
04B2y2 GABAARs by carisoprodol. The values for ha1B32y2 GABAaRs were replotted.

Each data point represents the mean = S.E. from a minimum of three cells. *, p <0.05.
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Figure 111-6. Influence of the o subunit on direct activation by carisoprodol.
A, representative traces demonstrating carisoprodol activates human a332y2 and o1p2y2
GABAARs in a concentration-dependent manner. Concentrations below 100 uM were not
tested on a3B2y2 receptors as moderate to high concentrations did not yield inward
currents. Traces for alB2y2 receptors are replotted from Fig. 2A. Carisoprodol-mediated
currents are shown relative to the current elicited by a saturating concentration of GABA
(1 mM). B, concentration-response curves for carisoprodol-mediated currents for human
al-, a2-, a3-, and a4B2y2 GABAaRs. The values for half2y2 GABAARs were
replotted from Fig. 2B. Each data point represents the mean + S.E. of a minimum of three

cells. *, p <0.05.
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Table 111-2. Comparison of the potency and efficacy of carisoprodol at various
GABAAR subunit configurations. There were no significant differences in the potency
of carisoprodol at each of the configurations tested (p > 0.05). Carisoprodol was
significantly more efficacious at al1p2y2 GABAARs (p < 0.05 relative to a4; p < 0.01
relative to a2 and a3). Significant differences in efficacy relative to al1p2y2 are denoted

by *, p <0.05.

139



Receptor ECso Hill Maximal Sample
Configuration SI:'V'Z Coefficient Efficacy (%) Size
olf2 120.9 £8.3 1.58 £0.17 487.4 £ 80.4 3
alp2y2 131.2+20.5 1.53+0.28 571.6 + 64.4 6-7
a2p2y2 69.1 £16.7 1.32+0.41 231.5+18.8* 4-6
a3p2y2 102.1 £9.5 1.07+0.11 252.4 +£43.8* 3-4
o4p2y2 108.3 £ 6.6 1.45+0.12 3439 £ 36.5%* 6-11
alply2 87.6 £18.5 0.68+0.19 357.4 +£35.7* 4-6

El/ocl 2445 +32.2 2.06 + 0.54 200.7 + 34.5 3-4
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Table 111-3. Comparison of the efficacy of carisoprodol as a direct agonist at various
GABAAR subunit configurations. The efficacy of carisoprodol was significantly less at

a.3-containing receptors relative to GABAARSs containing al, a2, or a4 subunit isoforms.

* p<0.05.
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Receptor Maximal Sample
Configuration Efficacy (% Size
alp2 45.4+5.6 4-5
olp2y2 33.7+5.9 4-8
a2P2y2 309+2.1 3-5
a3p2y2 8.11+2.8% 3-5
o4p2y2 33.5+4.7 4-6

alElx2 58.0+£2.7 4-9
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Figure 111-7. Description of GABA pl/al chimeric subunits. A, schematic depicting
the chimeric subunit generated via domain exchange between GABA p1 and o1 subunits
using Kpnl and Xhol restriction sites. The chimeric pl/al subunit is composed of pl
domains from the amino-terminal to the Kpnl restriction site located at the start of
transmembrane 2 (TM2); the remaining domains—TM?2 through the Xhol restriction
site—are derived from al. B, amino acid alignment of wild-type GABA al, pl, and
chimeric pl/al. Putative TM1 and TM2 domains are underlined and shown in boldface.

The location of the Kpnl restriction site, in the context of the amino acid sequence, is

denoted by an arrow.
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Figure 111-8. Direct activation of homomeric pl/al GABA receptors by
carisoprodol. A, representative traces demonstrating the agonistic actions of
carisoprodol at homomeric pl/al chimeric receptors. Carisoprodol did not elicit inward
currents at the concentrations tested. B, concentration-response data for direct activation
of alB2, wild-type pl and chimeric pl/al receptors by carisoprodol. Each data point
represents the mean + S.E. of at least three cells (n = 3-6). Data points for o132 receptors
were replotted for comparison. The direct gating effects of carisoprodol at chimeric

receptors were not significantly different from those of wild-type p1 receptors (p > 0.05).
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Figure 111-9. Allosteric modulation of homomeric pl/al GABA receptors by
carisoprodol. A, representative traces demonstrating the potentiation of GABA-gated
currents from homomeric pl/al chimeric receptors by increasing concentrations of
carisoprodol. Coapplication of carisoprodol concentrations (> 30 uM) inhibited currents
relative to control (GABA EC,). Upon termination of coapplication, offshoot currents
were observed; these currents were used to determine the modulatory effects of
carisoprodol. B, concentration-response curves for the allosteric effects of carisoprodol at
o 1B2, wild-type pl, and pl/al receptors. Each data point represents the mean + S.E. of
at least three cells (n = 3-7). Data for a1B2 receptors were replotted for comparison.
Carisoprodol had no significant effect on GABA-gated currents from wild-type pl
receptors; however, millimolar concentrations of the drug had an inhibitory effect.
Potentiation by carisoprodol was significantly greater for chimeric receptors than for
wild-type p1 receptors. The ECs for carisoprodol at chimeric receptors was 245 + 32

uM. *, p <0.05; ** p <0.01 relative to wild-type p1 receptors.
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Figure 111-10. Effects of intracellular application of carisoprodol on GABA-gated
currents recorded from human alp2y2 GABAAa receptors. A, representative traces
obtained from a single cell stably expressing human olf2y2 GABAsRs with
carisoprodol included in the pipette solution prior to coapplication. Enhancement of
GABA-gated currents by carisoprodol was observed upon coapplication of GABA (ECy)
and carisoprodol despite the drug’s access to intracellular domains of GABA4 receptors.
B, comparison of relative current amplitude recorded in the presence and absence of
carisoprodol in the pipette solution. GABA-gated currents were potentiated equally with
carisoprodol in the pipette solution (203.0 £ 14.4%, n = 4) or without inclusion of the

drug (201.0 + 20.6%, n = 17) (p > 0.05).
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CHAPTER IV

SUMMARY AND DISCUSSION

Carisoprodol is a centrally-acting muscle relaxant introduced in 1959. To date, it
remains one of the most frequently prescribed drugs in its class with approximately 10
million prescriptions issued in 2006 (United States Department of Justice Drug
Enforcement Administration Office of Diversion Control, 2008). Although it has been in
clinical use for decades, its true mechanism of action remains unclear. In light of
numerous reports highlighting its increasing abuse, it is of crucial importance to
determine the mechanisms underlying the therapeutic and illicit effects of this drug. Its
primary metabolite, meprobamate, acts at GABA4 receptors (GABAARS) in a barbiturate-
like manner (Rho et al., 1997); however, the pharmacological profile of carisoprodol
cannot be fully explained by its conversion to meprobamate. Given the structural
similarities between carisoprodol and meprobamate, we hypothesized carisoprodol, too,
may mediate similar effects via GABAaRs.

Initial studies were conducted at the whole-animal level to assess the likelihood
that carisoprodol acts via the GABAergic system. The discriminative stimulus effects of
carisoprodol were comparable to those of the GABAergic ligands pentobarbital,
chlordiazepoxide, and meprobamate, suggesting carisoprodol is mediating its effects, at
least in part, via GABAaRs. Although both benzodiazepines and barbiturates substituted

for carisoprodol, its effects were more consistent with those of barbiturates since its
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discriminative stimulus effects were antagonized by a barbiturate antagonist, but not an
antagonist at the benzodiazepine site of the receptor. The questions remained: is
pentobarbital substituting for carisoprodol because of the barbiturate-like actions of
meprobamate, or is carisoprodol mediating its own barbiturate-like effects? At the whole-
animal level, however, it is difficult to distinguish the effects of the parent drug from its
metabolite because metabolism begins virtually instantaneously.

To circumvent the issues of metabolism, the effects of carisoprodol were
examined using a simpler model system. Using stably- and transiently-transfected human
embryonic kidney 293 (HEK293) cells expressing various configurations of GABAaRs,
we demonstrated carisoprodol, like its metabolite, acts in a barbiturate-like manner at
these receptors. The barbiturate binding site remains elusive, preventing identification of
a true barbiturate site antagonist. In the absence of such an important pharmacological
tool, carisoprodol-sensitivity was assessed at barbiturate-sensitive pl W328M receptors.
Although the effects of carisoprodol were antagonized by a barbiturate antagonist, these
receptors were carisoprodol-insensitive, suggesting distinct sites of action exist for
carisoprodol and barbiturates on GABARs. Interestingly, reverse mutations in the 3
subunit (BM286W) reduce or abolish the effects of menthol (Watt et al., 2008), propofol
(Korpi et al., 2002), and etomidate (Stewart et al., 2008). This suggests the domains
involved in carisoprodol-mediated activity are not identical to domains utilized by these
compounds as well.

Based upon subunit-dependence studies, potential sites of action for carisoprodol

are located on o and/or [ subunits. Using a chimeric strategy, transmembrane domains 2-
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4 of the a subunit were identified as critical domains for the allosteric effects of the drug.
The role of the B subunit was not investigated; however, insensitivity of pl/al subunits
to direct gating by carisoprodol suggests the 3 subunit may be a large determinant in
mediating the agonistic effects of this drug. More importantly, we were able to partially
restore the modulation by carisoprodol independently of its direct gating effects. This
indicates there may be multiple sites for carisoprodol on GABAARs. Inhibitory effects,
indicated by rebound currents, were restored as well. Rebound currents were observed
with micromolar concentrations at pl/al receptors, but only with millimolar
concentrations at afy and afy configurations. It is unclear as to why sensitivity to the
inhibitory effect was shifted, but increased sensitivity to desensitization observed with the
chimeric receptors may contribute to the shift.

Carisoprodol abuse has been associated with dependence, tolerance, and
withdrawal (Heacock and Bauer, 2004; Reeves et al., 2007). The central nervous system
is constantly adapting to its environment; thus, it comes as no surprise that prolonged
exposure to compounds elicits compensatory changes at the receptor level. Although we
did not explore changes associated with chronic carisoprodol exposure, carisoprodol
abuse is likely to elicit fundamental changes in the GABAergic system. With chronic
opiate administration, GABAARSs in the ventral tegmental area transition from inhibitory
to excitatory signaling, acting as a switch for the dopaminergic reward pathway and
contributing to opiate dependence (Laviolette et al., 2004). Although opiates are not
GABAergic compounds, these findings serve as precedence for the involvement of

GABAARs in the development of drug dependence.
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Moreover, chronic use of drugs that act at GABAsRs modifies transmission in the
GABAergic system and may lead to tolerance; the extent of modification depends upon
the dose and duration of drug use (Korpi et al., 2002; Wafford, 2005). In general,
GABAARs are less sensitive to acute challenge following chronic exposure to a drug.
This phenomenon may be due to uncoupling of allosteric sites (Ito et al., 1996),
alterations in receptor turnover (Kumar et al., 2003; Pericic et al., 2003), or
desensitization. Whether expression of a subunit is upregulated or downregulated in
response to chronic use varies with its location in the brain (Wafford, 2005). In some
studies, downregulation of the a1 subunit has been observed (Ito et al., 1996; Wafford,
2005). It is usually accompanied by compensatory upregulation of other subunits. In our
studies, carisoprodol was most efficacious at al-containing receptors. Preferential
interaction with a1-containing receptors is significant in its own right as similar subunit-
dependence of other drugs has been implicated in their abuse liability (Ator, 2005).
Moreover, since carisoprodol is less efficacious at other receptor configurations,
replacing ol subunits with other isoforms may diminish the physiological effects of
carisoprodol. The shift towards configurations that are less sensitive to carisoprodol’s
effects may contribute to tolerance because higher doses are needed to achieve the same
effect. In addition, even subtle changes in inhibitory neurotransmission can have dire
consequences. Such compensatory mechanisms associated with chronic activation of the
GABAergic system are analogous to inhibitory dysregulation. Thus, abrupt removal of
the drug is likely to precipitate withdrawal symptoms as the central nervous system

attempts to restore normal inhibitory function.
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As mentioned previously, the abuse liability of carisoprodol is often attributed to
its primary metabolite. However, our findings demonstrate carisoprodol can mediate
effects similar to those of its metabolite, and it does so with greater efficacy and potency.
Furthermore, its pharmacological profile likely contributes to its abuse potential.
Interestingly, meprobamate is a controlled substance at the federal level, but its parent
drug is not. The United States Food and Drug Administration uses an eight-factor
analysis to determine whether a drug warrants legal scheduling (Balster and Bigelow,
2003). Factors include actual or relative abuse potential; the historical and current pattern
of abuse; the scope, duration, and significance of abuse; its risk to public health; its
potential for dependence liability; whether the substance is a precursor of a controlled
substance; the state of current knowledge concerning the substance; and scientific
evidence of pharmacological effects. Whereas abuse potential, dependence, and potential
health risks are well-documented, scientific evidence regarding carisoprodol’s
pharmacological effects is lacking in the literature. Thus, the findings reported herein
provide much needed information regarding carisoprodol. In these studies, the
pharmacological effects of carisoprodol were characterized in vivo and in vitro. Our
findings provide insight into the mechanisms underlying the therapeutic and illicit effects
of carisoprodol, and they suggest the nonscheduled status of carisoprodol should be

reevaluated.
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FUTURE DIRECTIONS

As mentioned previously, the pharmacological profile of carisoprodol is not
identical to that of meprobamate. These differences may be explained by distinct subunit-
dependent effects of the drugs or possibly distinct sites of action. Given the structural
similarities between carisoprodol and meprobamate, these reasons may not seem likely.
However, felbamate, a propanediol dicarbamate structurally similar to meprobamate and
carisoprodol, potentiates GABA-gated currents, but has no agonistic activity at these
receptors (Rho et al., 1997), suggesting slight differences in structure can lead to drastic
changes in drug-receptor interactions. To elucidate potential differences between the
parent drug and its metabolite, subunit-dependence and potential sites of action should be
assessed for meprobamate in the manner used for carisoprodol.

In the current studies, we investigated potential interactions between carisoprodol
and sites of action reported for other compounds. Although we focused on sites described
for compounds in clinical use, endogenous neurosteroids are potent modulators of
GABAAR function. Similar to other compounds, endogenous neurosteroids allosterically
modulate and directly activate GABAaRs (Korpi et al., 2002). Recently, a series of point
mutations was used to identify two sites of action for endogenous neurosteroids at
GABAARs (Hosie et al., 2006). These sites are located within the transmembrane
domains of a and P subunits. Interestingly, the potentiating effects of neurosteroids are
mediated by the o subunit whereas direct activation is dependent upon residues at the o/

interface (Hosie et al., 2006). This pattern is similar to what we predict for carisoprodol,
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so it would be interesting to determine whether these sites are involved in mediating the
effects of carisoprodol.

Moreover, we demonstrated carisoprodol acts in a subunit-dependent manner.
These studies were conducted using synaptic configurations of GABAARs. However, the
importance of tonic inhibition and its pharmacological modulation should not be
overlooked. Although our data suggest o and B subunits are sufficient to mediate the
allosteric and agonistic effects of carisoprodol, we cannot conclude that inclusion of a &
subunit will not affect the actions of this drug. Furthermore, the 6 subunit preferentially
assembles with a4 and a6 subunits in forebrain areas and cerebellar granule cells,
respectively (Olsen and Sieghart, 2008). Thus, studying the effects of carisoprodol at
native GABAAR subtypes will allow us to gain full appreciation of the regional effects of

carisoprodol in the brain that potentially contribute to its clinical use and abuse liability.
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